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An award up to a total of £150 for books and equipment to research 
workers in pharmaceutical chemistry will be offered in 1971 72 
by the Corfield Memorial Trust. Preference will be given to 
research workers who are intending to offer papers on their work 
for presentation at an annual meeting of the British Pharmaceutical 
Conference.

The Corfield Memorial Trust was established in 1948 to perpetuate 
the memory of Charles Edwin Corfield by the creation of a memorial 
fund to provide books and/or other material for the encouragement 
of research in pharmaceutical chemistry. Charles Edwin Corfield 
had for many years been Elonorary General Secretary of the British 
Pharmaceutical Conference, and the Trust Deed provides that in 
making awards the Trustees should bear in mind the desirability 
of encouraging presentation of science papers at the British Pharma
ceutical Conference.

No award has been made for some years and there is an accumula
tion of interest which enables the Trustees to make the present offer.

Application for an award should be addressed to Dr. G. R. 
Boyes, Corfield Memorial Trust, 17 Bloomsbury Square, London, 
WC1A 2NN, and should contain personal details of the applicant, 
particulars of the research being undertaken, and an indication of 
the books or other equipment required.

Closing date for applications is March 1, 1972.
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At the British Pharmaceutical Conference held annually under the 
auspices of the Pharmaceutical Society of Great Britain, both full length 
papers and communications of not more than 500 words in the sciences 
related to pharmacy are presented for discussion. The 1972 Conference 
is being held at Keele University, North Staffordshire, U.K., September 
11-15. The closing date for papers is February 1, 1972 and for 
communications, July 3, 1972. Full details are available from the Hon
orary Secretary, Conference Science Committee, 17 Bloomsbury Square, 
London WC1A 2NN.
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D .  G A N D E R T O N  A N D  B .  M .  H U N T E R

Department of Pharmacy, University of Manchester. Manchester, M 13 9PL, U.K.

Granules of lactose and calcium phosphate were prepared by pan 
granulation and by massing and screening. Capillary forces and the 
gentle action of tumbling in the pan were inadequate to compact the 
fine cohesive calcium phosphate but were highly effective with the 
less cohesive lactose where the absence of shear gave very high densifi- 
cation. Whereas massing and screening provided the necessary 
forces for consolidating calcium phosphate, with lactose a more 
open structure resulted which further dilated during screening.
Increase in both moisture content and time of mixing increased 
granule density but the degree varied with both method and material 
as did granule shape, strength and compressibility.

The manifold physical advantages of a large powder aggregate or granule over the 
component particles has led to the adoption of granulation by many industries. 
Development of these methods, empirical until 1958, has attracted little systematic 
study although important scientific contributions have been made in the field of 
fertilizers by Newitt & Conway-Jones (1958), Capes & Dankwerts (1965) and ores 
by Kapur & Fuerstenau (1964), using pan granulation. The method used, together 
with large granule size and high liquid-solid ratio employed, renders the application 
of findings to a granulation produced by massing and screening somewhat uncertain. 
Although granulation by this last method has been somewhat neglected Neff & 
Morris (1968) studied the effect of granulation conditions on the dispersibility, bulk 
density and porosity of ‘instantized’ dried milk and demonstrated the susceptibility 
of these properties to liquid-solid ratio. Fonner, Banker & Swarbrick (1966) 
prepared granules by five different methods but variation in the binder concentration 
from method to method reduced the value of this work as a comparative study.

Little information is available on the influence of time of mixing, type of mixer, 
solid-liquid ratio or particle properties on the properties of granules or the tablets 
made from the granules, although inferences are often drawn from the behaviour of 
powder-liquid systems in pans (Pilpel, 1969).

A comparison of the pan granulation process and the conventional pharma
ceutical method, using simple powder-liquid systems is therefore a first step in 
establishing the relation between granulation theory and pharmaceutical practice. 
Restricting the investigation to variation in solid-liquid ratio and mixing time, an 
examination of both process and product is made below.
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M A T E R I A L S  A N D  M E T H O D S

Materials
Lactose B.P. (Grade 350 A. Whey Products Ltd. Mean particle size 20 /xm) 

was granulated using water as binder over the range 15-34% v/v.*
Calcium phosphate B.P.C. (Tricalcium phosphate. Albright and Wilson Ltd. 

Mean particle size 4 /xm) was granulated with 10% w/v dextrose monohydrate B.P. 
solution, the quantity of binder varying between 117-191 % v/v.

Pan granulation
A hemispherical pan, 40 cm in diameter inclined at 30° to the horizontal and 

rotated at 32 rev/min, was used. A charge of 2 kg of powder was placed into the 
rotating pan and the binding liquid sprayed onto the powder surface, at 5 ml s-1, 
by means of a small atomizer. The pan was closed with a Perspex lid and after the 
prescribed process time the wet granules were discharged and tray dried, for 4 h at 
70°, in a hot air oven.

Granulation by massing and screening
One kg of powder was massed in a z-blade mixer (Duplex Model 00, Morton 

Machine Co. Ltd., Wishaw, Scotland) with blades operating at 65 and 103 rev/min. 
The binding liquid was added as a continuous stream and after the specified time 
of mixing, half the mass was discharged through an oscillating granulator (Jackson 
Crockatt Model 6) equipped with a 16 mesh screen and the granules tray dried at 
70°. The other half of the mass was dried unscreened. Both batches were dry 
granulated using a 12 mesh screen.

Characterization o f granules
Particle size analysis. The particle size distribution of the granules was established 

by sampling and sieve analysis (B.S. 410 test sieves).
Tapped density. The tapped density of —12 + 16 mesh granules was measured 

according to Neumann (1967). The measuring tube, 38-5 mm in diameter, was 
filled with 100 g of granules and dropped 200 times through a height of one centi
metre.

Intragranular porosity. The internal porosity of the —12 + 16 mesh granules 
was measured by the pycnometric method of Strickland, Busse & Higuchi (1956), 
the volume of mercury in the pycnometer being measured at intrusion pressures 
between 25 and 120 cm Hg.

Granule strength. The resistance of granules to fracture was measured by placing 
a —14 + 16 mesh granule between the platens of a miniature press. The lower 
platen was driven upwards at 0-08 mm s^1 and the reaction of the granule measured 
by a sensitive load cell attached to the fixed upper platen. Electrical output from 
the load cell was fed to an ultraviolet recording galvanometer to give a continuous 
record of the signal. The test was repeated 20 times for each batch.

* The percentage moisture content is expressed as
Vol of liquidM.C. (% v/v) = Vol of dry solid x 100

This method of expressing moisture content enables direct comparison to be made between 
results for different materials.



Granule shape. The shape of the —12 + 16 mesh granules was estimated by 
measuring the ratio of the square of the perimeter to the area of enlarged photo
graphic images (150x) using an opisometer and planimeter. Division of this value 
into that obtained for a circle, 12-57, gave a shape factor which approached unity as 
the granules became more spherical in shape. Measurement was made on five 
granules from each batch.

Granule compressibility. One g of —12 + 16 mesh granules was placed in a die 
19-05 mm in diameter closed at the lower end by a spigot. The instrumented upper 
punch was inserted and the assembly compressed, porosity of the granule mass 
being recorded as a function of pressure.

RESULTS

The particle size distribution of granules of lactose and calcium phosphate is given 
in Fig. 1.

C o m p a r i s o n  o f  g r a n u l e s  3 S

Fig. 1. Sieve analysis of granules prepared by massing and force screening. A. Lactose. 
Amount of binder added: A 15-3%v/v, O 18-4%v/v, V 23 0%v/v, □  30-6%v/v. B. Calcium 
phosphate. Amount of binder added: A  112% v/v, 0  125% v/v, ▼ 141 % v/v, ■  157% v/v.

Shape factors of typical massed and screened granules are compared to those o f  
the equivalent pan granulated material in Table 1. Neither moisture content nor 
time of mixing had a significant effect on the shape factor.

Table 1. Shape factors of granules prepared after 60 min processing.

Calcium phosphate 
157% v/v binder 

Lactose
30-6% v/v binder

Pan Massed and screened

Shape Standard Shape Standard
factor deviation factor deviation

0-93 0-04 0-78 0-05

0-94 003 0-64 0-02

The intragranular porosity is derived from the weight and apparent volume of 
the granules in the pycnometer. The apparent volume of the material under test is 
the difference between the vo'ume of the empty pycnometer and the measured



4 S D. GANDERTON AND B. M. HUNTER

volume of mercury in the chamber with the granules present. As the external 
pressure is increased, mercury first fills the pores between the granules, completely 
enveloping the granules and then begins to enter the intragranular pores. The 
intragranular porosity is calculated from the volume before any internal pores are 
filled.

l / ln t r u s io n  p re ss u re  (cm  H g ) 1
Fig. 2. Change in apparent volume of —12 +16 mesh granules during mercury penetration. 
Lactose, 30-6% v/v binder: O pan granulated, A massed and screened, □  massed only. Calcium 
phosphate, 157% v/v binder: % pan granulated, ^  missed and screened.

Fig. 2 shows that there is no change in the apparent volume of granules of calcium 
phosphate, pan granulated lactose and lactose which had been massed but not 
screened, when the pressure on the enveloping mercury was increased from 25 to 
100 cm Hg; this corresponds to a pore diameter range 56-14 /xm. Virtually no pores 
are therefore present in this range and the distinction between intragranular and 
extragranular pores is therefore clear. With massed and screened lactose granules 
however, significant penetration occurred over this pressure range from which it 
can be calculated that 22% of the pores existed between 56 and 14 /xm. The space 
which existed as voids greater than 50 fim was considered to be extragranular.

The total extragranular and intragranular porosities were derived from tap density 
and pycnometric measurements and are presented in Table 2.

A typical result of the strength test is given in Fig. 3. The test was considered 
complete at the last inflexion on the load curve, which corresponded to the last 
point of brittle failure. Little further work was then done on the plastic powder 
mass formed, the applied energy being almost completely transmitted to the load 
cell. The area under the curve represents the work done on the granules during 
crushing. Results for granules produced by the two methods of granulation are 
given in Table 3. The decrease in porosity when these granules are compressed in 
a die is given in Fig. 4.

Pan granulation
Increasing moisture content of calcium phosphate-dextrose solution mixes caused 

a slow but progressive increase in powder aggregation by layering; an increasing



Table 2. Effect o f moisture content on the porosities of —12 + 16 mesh granules 
produced after 10 min processing.

Comparison o f granules 5 S

Moisture Intragranular Extragranular Total
content porosity porosity porosity
% v/v y  /  0 V/o y/o

Pan
Calcium phosphate .. 126 72-8 36-5 82-5

157 69-7 40-0 82-0
174 68-4 39-0 81-0
191 56-8 material too large for tesi

Lactose. . 23-0 32-6 39-0 58-0
28-3 29-3 39-5 57-5
30-6 27-1 41-0 570
32-1 24-8 42-0 560

Massed and screened
Calcium phosphate .. 117 516 45-0 74-5

125 51-2 47-0 75-0
157 51-1 42-5 71-5

Lactose.. 15-3 38-6 48-5 68-5
18-4 37-6 49-5 68-5
27-5 33-1 50-5 67-5
30-6 32-0 500 660
33-7 25-5 50-0 62-5

D is p la c e m e n t o f  lo w e r  p la te n  (m m )

Fig. 3. Typical trace obtained from crushing a —14 +16 mesh granule. The shaded area is 
measured to calculate the work done.

Table 3. Work done in crushing granules produced after 10 min processing.

Calcium phosphate 
157% v/v binder 

Lactose
30-6% v/v binder

Pan Massed and screened

Work done s.d. Work done s.d.
J j J j

7 0 x 10-5 2-0 x IO“5 6-9 x 10-4 1-7 x 10-4

5-1 x 10-* 2-1 x 10-1 7-1 x 10-1 1-6 x  IO“4
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P ressu re  ( M N  m _ I )

F i g . 4. The effect of pressure on the porosity of —12 +16 mesh grandes. Lactose, 30-6% 
v/v binder: O pan granulated, A massed and screened. Calcium phosphate, 157% v/v binder: 
% pan granulated, A  massed and screened.

A

M o is tu re  c o n te n t  ( %  v /v )

F i g . 5 . A. The effect of moisture content on the porosity of —12 +  16 mesh calcium phosphate 
granules processed for 10 min. 0  pan granulated, A  massed and screened.

B. The effect of moisture content on the porosity of —12 +16 mesh lactose granules 
processed for 10 min. O pan granulated, A massed and screened.



percentage of the powder existing as balls with diameters greater than 1 mm until a 
moisture content of 174% v/v was reached. At this point very rapid ball growth 
suddenly occurred. This change in growth pattern only existed over a very narrow 
moisture content range (174-191% v/v). Above 191% v/v uncontrollable ball 
growth occurred.

Fig. 5A shows that the aggregation of powder over the moisture content range 
126-174% v/v is accompanied by a slow increase in the packing density of the powder 
within the granule, the intragranular porosity falling from 72-8 to 68-4 %. Conditions 
of rapid ball growth are also the conditions for sudden powder densification, the 
intragranular porosity falling from 68-4-56-8% when a further 17% v/v liquid was 
added.

Similar results were found with lactose. All the powder can be aggregated into 
granules by adding 8-5% v/v water. Controlled growth of these granules occurred 
provided the moisture content did not exceed 32% v/v. Above this level sudden 
ball growth occurred although Fig. 5B shows that the increased rate of densification 
was not as extensive as found with the calcium phosphate granules.

The effect of time on the density of the granules is shown in Fig. 6A. There is 
marked densification of the lactose over an hour in the pan and more gradual densifi
cation of the calcium phosphate.

Comparison o f granules 7 S

A

B

F i g . 6. A. The effect of time of processing on the porosity of —12 +16 mesh granules. Lactose, 
30-6% v/v binder: O pan granulated, A massed and screened. Calcium phosphate, 157% v/v 
binder: % pan granulated, A  massed and screened.

B. The effect of wet screening on the porosity of —12 +  16 mesh granules. Lactose, 
30-6% v/v binder: A massed and screened, □  massed only. Calcium phosphate 157% v/v 
binder : A  massed and screened, ■  massed only.
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Granulation by massing and screening
Granulation of calcium phosphate by this method produced suitable granules 

over a narrow moisture content range (117-157% v/v). Below this range the 
aggregates broke down to fines on screening and above it ‘worms’ were formed. 
Reference to Fig. 5A shows that within this range, moisture content had little effect 
on packing within the granules, the intragranular porosity in all conditions lying 
between 51 and 52%. Lactose, on the other hand, could be granulated over a wider 
range of moisture contents over which the intragranular porosity fell from 38-6 to
25-5% (Fig. 5B).

With both lactose and calcium phosphate, increase in moisture content led to the 
change in the particle size distribution given in Fig. 1 by elimination of the finer 
fractions. The limiting distribution reached with the wetter mixes was governed by 
the mesh used in wet screening.

Increase in the time of massing showed that the density of the wet mass increased 
over a period of 1 h. For lactose the porosity of the granules decreased from 32-5- 
28-5% (Fig. 6A).

Determination of the porosity of —12 + 16  mesh granules formed with and with
out wet screening (Fig. 6B) showed that there was little effect on a wet mass of 
calcium phosphate although material massed for only 1 min was densified. The 
intragranular porosity of the lactose was increased.

D I S C U S S I O N

A comparison of processes
A strict comparison of the data of pan granulation and granulation by massing 

and screening is not possible. This is because of the complex interaction of moisture 
content, the time for which the materials are in contact and the particular force 
system exerted on the mix during this time. Nevertheless, the following statements 
can be made.

Lactose
When water was added to lactose tumbling in a pan, granules typical of those 

used in tabletting processes were formed within the moisture range 15-30% v/v. 
Similar conditions were reported by Sherrington (1968) for agricultural granulation. 
A further increase in moisture causes very rapid ball growth and behaviour similar 
to that described for other materials by Newitt & Conway-Jones (1958), Kapur & 
Fuerstenau (1964) and Capes & Dankwerts (1965) is observed. The moisture range 
for ball growth is very limited because of the sudden fall in intragranular porosity. 
For any given moisture content, this densification will cause a larger proportion of 
the pores within the granules to become filled. Ultimately all voids become 
saturated, water appears on the surface of the balls and uncontrollable aggregation 
occurs These limiting conditions which occurred after 10 min tumbling when 
32T % v/v of water was added, gave dried aggregates with an intragranular porosity 
of 24-8%. Depending on the amount of lactose dissolved during tumbling and 
redeposited on drying, this porosity indicated that between 98 and 99 % of the intra
granular void space had been filled with liquid before drying.

Increased time of tumbling also causes densification of the mass and an increase 
in the fraction of the intragranular pores filled with liquid. This was most clearly



demonstrated when 31 % v/v water was added. Granules were first formed but 
after 50 min tumbling saturation of the mass occurred and large balls were formed.

In the pan, the forces producing densification are capillary forces and the gentle 
repacking of particles due to rolling. Increased moisture content decreases the 
intragranular porosity because the capillary forces increase. Eventually an extremely 
close packed system is produced (intragranular porosity 20-1 %) for material tumbled 
for 1 h This is far closer than any form of dry packing (tapped porosity 45%). 
Massing and screening, on the other hand, gave granules of higher intragranular 
porosity (Fig. 5B). The z-blade mixer employs a force system with a pronounced 
element of shear. In such a system, the deformation of closely packed aggregates 
must occur by making them less dense. The granules thus formed allowed slightly 
higher moisture contents to be tolerated before the mass became saturated. The 
additional shear encountered by the granules during screening causes further loss of 
density of the particles within the granules and as shown in Fig. 2 the pore size 
distribution within the granules is significantly widened over the range studied.

Calcium phosphate
Calcium phosphate is a very fine cohesive powder with a tapped porosity of almost 

80%. It required much more liquid for granulation than lactose, and granules 
formed by tumbling had porosities of 68-4-72-8 %. At this stage, the capillary 
forces appear to be far less effective in consolidating calcium phosphate than the 
coarser, less cohesive lactose. Even after the sudden densification which occurred 
when the moisture content exceeded 174% v/v, the limiting intragranular porosity 
was more than double that found for lactose.

When calcium phosphate was massed in the z-blade mixer and screened, the 
intragranular porosity of the dried granules was unaffected by change of moisture 
content.

Provided there was a mobile liquid layer to give capillary cohesion to the mass, 
mechanical agitation appeared to determine the degree of consolidation and much 
higher densification was obtained than in the pan. This closer packing limited the 
moisture content range over which granules could be successfully formed. This is 
in contrast to the behaviour of lactose where closest packing, and hence restriction 
of the range in moisture content, was found in the pan. Packing was not close 
enough, however, to produce the fall in density during additional shear, and screening 
had little effect on the porosity of the wet mass.

Granule shape, strength and compressibility
Pan granulated materials were almost spherical with shape factors approaching 

unity. Massed and screened lactose granules were irregular in shape, the calcium 
phosphate being much smoother with a higher shape factor. The almost spherical 
shape of the pan granulated material led to dense packing with extragranular 
porosities of 36-42%. Massed and screened lactose on the other hand packed 
with an extragranular porosity of 50%.

Massed and screened granules of calcium phosphate were much stronger than the 
equivalent pan granules. The strength of these aggregates is derived from the 
dextrose bonds formed at points of contact within the granule. The more dense 
massed and screened granules (porosity 51 %) will have many more point contacts 
per unit area than the pan granules (porosity 70%).

B
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Although pan granulated lactose was slightly more dense than granules that had 
been massed and screened, there was little difference in their strengths. Other 
factors, such as the rate of solution, may affect the strength of the bond formed by 
recrystallization.

The strength of the granules appears to play no part in the compressibility, and 
variation in this property is related to the amount of densification achieved in the 
granulation process. Thus the close packed granules of calcium phosphate formed 
by massing and screening are highly compressible, the component particles having 
already been moved to close juxtaposition so that compaction in the region investi
gated is largely the rearrangement of extragranular space by fragmentation—a 
relatively easy process. With pan granules, individual particles are less closely 
packed and more work must be done to achieve a compact of given porosity.

With lactose similar but less pronounced effects are found because intragranular 
porosities of the granules produced by the two methods differ by only 5 %.
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Solute migration during granule drying
K .  R I D G W A Y  A N D  M .  H .  R U B I N S T E I N

Department o f Pharmaceutics, The School o f Pharmacy, University of London, 
Brunswick Square, London, W.C.l, U.K.

Spherical granules of magnesium carbonate, 12 mm diameter, have 
been dried under controlled conditions in a drying tunnel at 44°, 
the rate of moisture loss being continuously recorded. The granu
lating agent was polyvinylpyrrolidone (PVP). Granules were 
removed at various times for analysis. By controlled attrition, 
successive layers of powder were removed from the granules. The 
powder was analysed for PVP by infrared spectroscopy, and the 
friability, modulus of elasticity and Brinell hardness of the granules 
were measured as a function of depth from the granule surface. The 
radial distribution of the PVP and its physical effect on the granule 
properties were thus found.

The effective preparation of pharmaceutical tablets depends upon the material to 
be compressed being in a free-flowing form. The usual method of achieving this 
is to wet-granulate the powder and to dry the granules. Although the process of 
wet granulation is intended to produce granules of a uniform composition, it is well 
known that under certain drying conditions the outer layers may have a different 
composition from the central portion. In particular, any binder included in the 
mass may form a crust around the granule periphery and the resultant granule, 
during subsequent tabletting, may deform differently from a granule with a uniform 
distribution. A tablet produced from granules in which the binder is concentrated 
in the outside layers of the granules is liable to have localized areas of high cohesion, 
thus resisting subsequent disintegration and dissolution. Any accidental attrition 
of non-uniform granules will also give fines which have a different composition from 
the main bulk; the non-uniformity can, in some circumstances, extend to the active 
constituent.

The drying rate of a surface-dried particulate material has been shown to exhibit 
a number of distinct drying periods (Fisher, 1932). The material dries at a constant 
rate until a definite moisture concentration, the critical point, is reached, when a 
decrease in the drying rate occurs. The first falling rate period then ensues, the 
drying rate decreasing in a linear manner. In the second falling rate period the 
decrease in rate is non-linear and is usually an asymptotic, exponential approach to 
zero moisture content with respect to time.

Ridgway & Callow (1967) have shown that, in the falling rate periods, a linear 
relation exists between the logarithm of the drying rate and the liquid content. 
Drying rates have also been shown to be modified by the presence of solutes. 
Krevelen & Hoftijzer (1949) dried single granules of nitrochalk, and found that, 
during the constant rate period, the dissolved ammonium nitrate formed an 
impermeable crystalline film around the granule, so reducing the rate of drying.

Newitt & Papadopoulos (1959) examined the drying of fertilizer granules, and also 
of sand containing aqueous sodium chloride solution. They found that solutes 
were transported to the outside of the granule forming a crust, but they made no
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quantitative analysis of the resultant solute distribution. Higuchi & Kuromoto
(1954) showed that polyvinylpyrrolidone (PVP), which is used as a binder for tablet 
granules was able to form complexes with many pharmaceuticals, and more recently 
(Higuchi, Simonelli & Mehta, 1969) found that the rate of release of sulphathiazole 
from compressed tablets containing PVP was increased if the drug had been previously 
co-precipitated with PVP. It thus seems possible that the non-uniformity of distri
bution of at least some drugs in granules may parallel the non-uniform distribution 
of PVP.

M E T H O D S

The powder used was heavy magnesium carbonate B.P. [3MgC03,M g(0H)2.4H20] 
(BDH Ltd.). The mean particle size was 20 jum, with 95% by weight being larger 
than 10/rm and 5% larger than 32 jim. Granules were made by mixing 290 g of 
powder with 170 ml of a solution containing 15 g of PVP (BDH Ltd.). The wet 
mass was passed through an 8 mesh sieve, remixed and repassed through the sieve. 
It was then rotated in an 11 inch diameter coating pan at 30 rev/min, 30° to the 
horizontal, to produce spherical granules. 25 of these, of the required size of 12 mm 
were selected for an experimental run.

The selected granules were placed in two concentric circles on a nylon platform, 
which was hung from the pan of an automatic recording balance in a drying tunnel 
(Ridgway & Callow, 1967), through which air at 44° was blown at a controlled 
velocity. After 30 min, 5 granules were taken from the tunnel, plunged into 
liquid nitrogen, and then dried in a laboratory freeze drier for 12 h. This procedure 
prevented any further migration of solute within the granule. Further groups of 5 
granules were removed from the tunnel after 1 ,̂ 3, 4, and 24 h.

The indentation hardness and elastic recovery of the outer surface of the granules 
were measured with the ICI pneumatic micro-indentation apparatus and technique 
described by Ridgway, Aulton & Rosser (1970). The granules were then separately 
treated in the multiple attrition cell apparatus (Fig. 1) to remove their outer layers. 
Each granule is placed in one of five cylindrical chambers, and rests inside a stain
less steel gauze cage. The cage has a central brass ring soldered to it. The ring 
rests on the inner flange of a duralumin canister, so that the cage can be both closed 
and held in position within the canister by means of a screwed rubber-lined lid and 
a spacer tube. The five duralumin canisters are held in a brass plate which replaces 
the sieve in a 4 inch deep 8 inch diameter brass cylinder suitable for clamping onto 
a Finex sifter (Russell Construction Co).

The granules are shaken for a measured time interval; they retain their spherical 
shape but are gradually worn away. The powder thus attrited from the granule is 
collected, weighed and analysed for PVP by infrared spectroscopy (Ridgway & 
Rubenstein, 1971). The core weight is recorded, the diameter is measured and the 
Brinell hardness number and elastic modulus are determined. The process is then 
repeated until the intact core weight is reduced to about 10% of the initial weight.

R E S U L T S  A N D  D I S C U S S I O N

The drying curve for 25 granules dried at 44° is shown logarithmically in Fig. 2. 
Three stages of drying can be seen. Initially the drying rate falls linearly to the 
critical moisture content. A further linear fall in rate occurs after 1 | h drying, and 
finally, there is a third fall to the equilibrium moisture content.
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F ig. 1. The multiple attrition cell apparatus. Up to five granules can be held in closed gauze 
baskets, held inside the duralumin containers which are mounted in a brass plate and sieve 
surround so that the entire assembly can be vibrated on a sieve shaker. In the exploded view 
shown, the parts are, from the top downwards, the screwed rubber-lined lid, the spacer tube, the 
gauze cage, the canister itself, and the locking ring.

M o is tu re  c o n te n t  g /g  d r y  g ra n u le

Fig . 2. The drying rate as a function of the moisture content of the granules.
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In the initial stages of drying, PVP migrates to the surface of the granule. It is 
at the air-solid interface that evaporation takes place, with the result that PVP is 
deposited at the granule surface forming a crust. This deposited PVP blocks the 
interstices between the magnesium carbonate particles, thereby reducing the surface 
area available for evaporation and limiting further solution being drawn to the 
surface by capillarity. Thus a reduction in drying rate occurs and this accounts for 
the initial fall in drying rate to the critical moisture content (as distinct from the 
normal constant rate drying period which is found for pure liquids evaporating from 
beds of powder). The decline in drying rate continues for about H h, when the 
critical moisture content is reached, and there is a sudden change in slope of the 
logarithmic drying rate line. At this point the surface of the granule is no longer 
wet enough to act as a free water surface.

F ig . 3. Variation of % w/vv PVP, Brinell hardness number and Young’s modulus of elasticity 
with depth from the granule surface. A after |  h drying. O after 3 h drying. •  after 4 h 
drying.



The surface menisci then recede into the surface voids, with a linear fall of drying 
rate during the period from \ \  to 3  ̂h. This period will end when all the surface 
menisci have receded into the voids and the surface will effectively be dry. The 
final falling rate period occurs after 31 h drying. Since the surface is now dry the 
evaporative interface recedes towards the centre of the granule. Removal of water 
is by internal vaporization; vapour diffusion to the surface is the limiting factor.

The PVP distribution, Brinell hardness number and Young’s modulus of elasticity 
against the radial distance is shown in Fig. 3 for three groups of granules dried for 
i ,  3 and 4 h. The outer layers of the granules have a relatively high PVP content 
and their Brinell hardness number and Young’s moduli are correspondingly high. 
Towards the middle of the granule the PVP content, Brinell hardness number and 
Young’s modulus decrease linearly in value. A point is reached where no further 
decrease is observed and the three parameters remain constant. This point gives a 
measure of the crust thickness.

Fig. 4 shows how the PVP content, Brinell hardness number and Young’s modulus 
at the surface and in the core of the granules, vary with decreasing moisture content. 
The top graph of PVP concentration against moisture content represents the total 
concentration of PVP: this is the sum of that deposited as well as that in solution. 
During the first \  h drying, the PVP concentration in the surface layer rises well 
above, and that in the core declines below, the initial uniform concentration (Fig. 4). 
Since there is now a greater concentration of PVP in the outer layers relative to the 
core, PVP must be migrating and concentrating in the outer surface of the granules. 
Subsequently, there appears to be a steady fall in the concentration of PVP in the 
surface layers as drying proceeds up to a point representing the end of the second 
falling rate period. The core concentration of PVP increases slightly over this 
period. This can be explained by considering that “back-diffusion” occurs. This 
is the diffusion of PVP from a point of higher concentration in the outer surface of 
the granule to a point of lower PVP concentration in the core. The movement of 
PVP is thus governed by evaporative and diffusional transport. In the initial stages 
of drying the evaporative rate is high and back-diffusion, although occurring, is 
negligible. As PVP is deposited and the drying rate is reduced, back diffusion of 
PVP in solution becomes more important; PVP moves under a concentration gradient 
into the interior of the granule from the surface layers—thus no more PVP will be 
deposited in the outer surface. Since PVP is soluble to the extent of more than 
50% w/w, once a crust has been built up and the evaporative rate reduced, it is 
unlikely that more PVP will be deposited. In addition; the concentration gradient 
causing back-diffusion will also be large. Thus in Fig. 4 the graph of % w/w PVP 
in the core of the granule against moisture content shows a steady increase in con
centration, due to back diffusion, until the end of the second falling rate period. 
The sudden rise in concentration during the third falling rate period is due to the 
deposition of PVP at the receding evaporative interface. Since that part of the 
granule between the outer surface and the receding evaporative interface is dry 
during the final falling rate period, diffusion of PVP cannot occur in this region, 
and it can be seen from Fig. 4 that the surface concentration of PVP does, in fact, 
remain constant during this final drying period.

Fig. 5 depicts the variation of crust thickness with moisture content. The thick
ness of the crust increases from 0T4 r to 0-22 r, where r is the radius of the granule, 
as PVP is deposited in the first falling rate period. After the end of the first drying

Solute migration during granule drying 15 S
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F ig . 4. The variation of PVP content, Brinell hardness and modulus of elasticity with granule 
moisture content. #  at the surface of the granules. ■  in the core of the granules.

D ry in g  t im e  (h )

F ig. 5. Variation of crust thickness with drying time.
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D ry in g  t im e

F ig . 6. The effect of moisture content on the granule friability, k is the gradient of the straight 
line representing the attrition time against the logarithm of the percentage weight intact, for 
granules shaken in the multiple attrition ceil apparatus.

period no more PVP is deposited, since by the process of back diffusion PVP now 
moves to the central core of the granule. Therefore, the thickness of the crust after 
the critical moisture content should remain constant and it did.

For each granule a plot of attrition time against the logarithm of the percentage 
weight intact was determined for each granule shaken in the multiple attrition cell 
apparatus. These graphs produced straight lines and the average slope of the lines 
within each group was calculated. This gradient, k, was plotted against the corre
sponding moisture content to produce Fig. 6. The value of k is a measure of 
friability: as it increases, a granular solid becomes more friable, and vice versa. 
Initially the granules are wet and the solid particles are held together by liquid 
surface tension forces. Thus, the granules will be appreciably resistant to attrition. 
As drying proceeds, the resistance to attrition is reduced and the graph of k reaches 
a peak at the end of the second falling rate period, when the surface is just dry and 
the solid particles are held together by pendular liquid rings. After this point the 
surface becomes totally dry and as the interior of the granule becomes dry during 
the final falling rate period, the binding effect of PVP increases the attrition resistance 
and the k value falls away accordingly.
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The effect of starch type, concentration and 
distribution on the penetration and disruption 

of tablets by water
D .  R .  F R A S E R  A N D  D .  G A N D E R T O N *

Department of Pharmaceutical Technology, University of Strathclyde,
Glasgow CA, U.K.

The effect of starch type, and its concentration and distribution, on 
the pore structure of tablets of aspirin and magnesium carbonate 
has been measured using air permeability and liquid penetration 
techniques. The addition of starch had no significant effect on the 
pore structure of the dry tablet but caused disruption and alteration 
of this structure when penetrated by water. When each starch was 
incorporated into the granules in wet massing the rate of disruption 
decreased in the order potato, maranta, wheat, corn, waxy corn and 
rice; but a more complicated pattern was produced when the starch 
was added to the granules as a pre-dried powder. Maximum break
up efficiency of magnesium carbonate tablets was produced when 10 % 
potato starch w'as incorporated internally and the tablet compacted 
to a porosity of 28%.

The physical and chemical properties of starch, its components and derivatives, 
have been extensively studied (Heilman, Boesch & Melvin, 1952; Hofstee, 1953; 
Samec, 1953; Nemitz, 1962; Schierbaum & Taeufel, 1963; Montgomery, Sexson & 
others, 1964; Goudah & Guth, 1965; Shotton & Harb, 1965). The unique charac
teristics of these materials have led to their use in tabletting as binders, glidants, 
lubricants and distintegrants, although their most important role is that of tablet 
disintegrants.

Starch may be incorporated as a granulating agent (binder) either in the form of 
a paste or as a dry binder in direct compression (Kwan & Milosovich, 1966). It 
can be added to granules as a pre-dried powder (Higuchi, Elowe & Busse, 1954) and 
this will be referred to as “external” starch. Added thus its distribution in the final 
tablet is uneven and is controlled by the configuration of the granules during packing 
and compression. The incorporation of starch powder into the granules during the 
wet massing process—“internal” starch—is the most common method and presents 
an even distribution of starch throughout the tablet. However, in some tablet 
formulations a percentage of starch, added as disintegrant, is incorporated before 
massing and the remainder added after granulation. Nair & Bhatia (1957) have 
suggested that the external starch would break the compressed tablets, on disintegra
tion, into granules and the internal starch would reduce these in;o particles with a 
size distribution similar to that of the original powder blend. Added concentrations 
of starch may vary from 5-20%, and, from disintegration studies, several authors 
agree that there is an optimum concentration of starch that can be added to a 
formulation to make disintegration efficient (Fakouhi, Billups & Sager, 1963; Bergman 
& Bandelin, 1965; Commons, Bergen & Walker, 1968; Nogami, Nagai & others,
1969). This optimum concentration is dependent on the physical properties of the

* Present address: I.C.I. Pharmaceuticals Division, Alderley Park, Cheshire.
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tablet constituents. It therefore appears that distribution and concentration are 
essential criteria when stating the efficiency of starch as a tablet disintegrant.

Starches from different botanical sources have been used as disintegrants and 
because of its availability and cost, the most popular is corn (maize) starch. 
Properties such as vapour sorption and swelling have been studied, although these 
cannot be related to disintegrating efficiency (Billups & Cooper, 1964). Some 
starches such as potato, wheat, rice, yam, cassava and moriyo have been examined 
along with ultra amylopectin, amylose and gelatinized starch (Horsch, Martin & 
Roppert, 1958; Patel & Chikhlia, 1963; Saber, Rahman & others, 1963; Krebs, 
1959; Patel & Paucholi, 1964; Mital & Ocran, 1968). In these comparative studies 
variations in disintegrating efficiency have variously been ascribed to amylose- 
amylopectin ratio, grain size, moisture absorption properties and to differences in 
fat content.

Although many starches have been examined as disintegrants, no conclusive 
agreement has been reached on their mechanism of action. Some authors (Fakouhi, 
Billups & Sager, 1963; Billups & Cooper, 1964; Patel & Hopponen, 1966) consider 
that swell'ng of the starch grains disrupts the tablet. Others (Curlin, 1955; 
Manudhane, Contractor & others 1969; Borzunov & Shevchenko, 1967; Ingram & 
Lowenthal, 1968) attribute the effect to improved capillarity of the starch-containing 
powder matrix. This inconclusive situation is partly due to the lack of control of 
the powder system as the starch type, concentration and distribution were varied. 
In this paper, these variables are allowed to affect powder aggregates prepared under 
closely controlled conditions.

Effect o f starch type on tablet disruption

M A T E R I A L S  A N D  M E T H O D S

Materials and granulation
The starches chosen were potato, rice, wheat, maranta (arrowroot), corn (maize) 

and waxy corn. Some properties of these starches are given in Table 1. Their 
grain size ranges were measured microscopically (mean of n grains).

Table 1. Some properties of various starches.

Amylose content Grain size range
Starch (%)

Potato . .. 20
Rice . 16
Maranta .. 20
Corn . .. 24
Wheat . . .. 22
Waxy corn . . 0

t/un) Grain shape
15 100 Egg-shaped

3-8 Polygonal
25-50 Egg-shaped

5-25 Round
2-35 Elliptical
5-25 Round

Heavy magnesium carbonate and aspirin were used as granules and these were 
prepared by wet massing with 10% acacia solution and absolute ethanol respec
tively. Heavy magnesium carbonate granulations were prepared with 2, 5, 10 and 
20% potato starch internally and 5% internally +  5% externally. It was also used 
in formulations to which each of the starches (10%) was added internally and in 
others to which the starches were added externally. Aspirin granulations were 
prepared with each of the starches (10%) internally.
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All granular material was screened and the fraction passing a 1000/xm (16 mesh) 
sieve but retained on a 710 fim (22 mesh) sieve was selected for study.

Characterization o f tablets
The compressibility, permeability and water penetration of the tablets were 

measured according to Ganderton & Selkirk (1970) and Ganderton & Fraser (1970). 
The time of disintegration was measured by the method of the British Pharmacopoeia 
1968 using individual tablets.

R E S U L T S  A N D  D I S C U S S I O N  

The physical properties o f starches
Of the various samples studied, potato starch had the largest grain size and rice 

the smallest. The compressibility of the starch powders did not differ greatly with 
source although potato and waxy corn starches were most compressible giving com
pacts with a porosity of 11-12% when compressed at 100 MNm~2. Other starches 
compacted to 15-17% porosity under these conditions. Fig. 1 shows that increasing 
grain size gave compacts of more open structure and higher permeability.

20 S

F ig. 1. The effect of starch type on the permeability of starch tablets. A  Potato. A Maranta. 
#  Wheat. O Corn. ■  Waxy corn. □  Rice.

The porosity and permeability o f tablets containing starch 
Table 2 shows that the effect of starch on the porosity and permeability of tablets, 

though small, is largely additive. When 10% starch is added to fine, incompressible



Table 2. The effect o f starch type and distribution on the permeabilities and porosities 
o f tablets compressed to 100-0 MNm~2.

Effect o f starch type on tablet disruption 21 S

Mode of incorporation

Material
and starch type Porosity Permeability

(10% added) (%) Coefficient (m2)
Magnesium carbonate 36-4 1-9 x 10-13
Magnesium carbonate: with internal potato 33-4 2-6 x 10-13

” external » 33-8 2-4 x 10-13
” internal wheat 34-8 3-6 x 10~13
” external » 34-4 2-5 x 10-13
” internal rice 34-8 2-2 X 10-13
» external » 33-8 2 0 X 1 0 13

internal corn 35-6 2-2 x 10~13
” external 3¿-3 2-3 x 10-13
” internal waxy corn 34-4 2-6 x 10-*3
” external ” >> 3¿-6 2-8 x 10-13
* internal maranta 35-4 2-3 x 10-13
” external » 35-3 5 0 x 10-13

Aspirin 60 6-6 x 10-“
Aspirin : with internal potato 6-6 1-1 x 10-“

” ” wheat 60 9-7 x 10-“
” » rice 6-4 1-3 X 10-“
” ” corn 60 1-5 X 10-“
« ” waxy corn 5-7 9-5 x 10-“
n  ” maranta 5-2 9-5 x 10-“

magnesium carbonate, a tablet of higher permeability but lower porosity is produced. 
When the starch was added to compressible aspirin, the changes were even smaller. 
With neither material were statistically significan: effects found that could be 
attributed to starch type or distribution. No structural changes which would greatly 
affect the penetration of a tablet by water are therefore apparent.

Aqueous penetration studies
The rate of uptake of water into compacts of pure starch was so fast that it could 

not be measured adequately. The effect of starch type on the pattern of water 
penetration into tablets containing starches of different botanical source is shown 
in Fig. 2. In the early stages of penetration, starch enhances penetration in all 
cases except rice, the intensity of this effect increasing with starch grain size. There 
follows a sudden increase in penetration rate that indicates severe disruption of the 
wetted portion of the tablet and the decline of the viscous resistance to entry. Since 
the uptake rate is the same for all materials, this phase of the destruction of the 
tablet is independent of starch type. However, the overall rate of disruption 
decreases in the sequence potato, maranta, wheat, corn (maize), waxy corn, rice, and 
this is also shown in the results of the disintegration test (Table 4).

The effect o f starch distribution
The pattern of penetration of tablets containing external starch was similar to 

tablets containing internal starch. Table 3 shows, however, that although potato 
gave the fastest penetration and rice the slowest, the progressive effect of grain size 
is not followed: a similarly confused situation is found in the disintegration test 
(Table 4). Thus, simple comparison of the two methods of distribution is not
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T im e  (s)

F ig . 2. The effect of starch type on the aqueous penetration of magnesium carbonate granules 
containing 10% internal starch compressed at 100 MNm-2. A Potato. A Maranta. 0  
Wheat. O Corn. ■  Waxy corn. □  Rice. V No starch.

Table 3. Effect of starch type and distribution on the time for penetration of 0-08ml 
water into tablets compressed at 100-0 MNm 2. (Figures are the means of 
8 results.)

Material
Time i s)

Internal starch External starch
Magnesium carbonate with 10% potato starch 67-51

” ” 10% maranta starch 85 0
- ” 10% wheat starch 1110
>’ - 10% corn starch 112-0
- - 10% waxy corn starch 159 0
- ” 10% rice starch 197-5

Magnesium carbonate with no starch
Magnesium carbonate with 5 % internal and 5 % external potato starch

8202
121-0
133-8
98-6

120-6
157-3
445-01
108-93

1. s.d. 2-13, coefficient of variance (%) 3-2.
2. - 30-8 - - 37-6.
3. ■■ 22-5 - - 20-7.
4. * 37-5 - - 8-4.

possible although in most cases internal distribution gives tablets that are penetrated 
and disrupted more quickly.

A clear difference in the consistency of disruption was, however, found. Table 3 
also gives the variation in the time required for the uptake of 0-08 ml of water. 
The coefficient of variance for tablets containing external starch was over ten times 
that of a tablet containing internal starch. Tablets in which half the starch was



Table 4. The effect o f starch type and distribution on the disintegration time o f  
tablets compressed at 100 0 MNm 2. (Figures are the means of 8 results.)

Effect o f starch type on tablet disruption 23 S

Disintegration time (s)
Material Internal External

Magnesium carbonate with 10% potato starch 13-9 315
” ” maranta starch 17-2 36-6
” " wheat starch 24-6 40-9

corn starch 29-5 32-9
” ” waxy corn starch 340 43 1
” ” rice starch 47-6 40-4

Magnesium carbonate with no starch 63-2
Magnesium carbonate with 5% internal and 5% external potato starch 43-6

added before and half after granulation showed an intermediate variability. This 
effect must be ascribed to the difficulty of mixing starches effectively after granulation. 
Segregation and variation in starch content are thus unavoidable and variation in 
tablet break-up results.

The effect of starch concentration
The variation of starch concentration between 0 and 10% showed profound 

effects on break-up. Further addition up to 20% was almost without effect. 
Addition of starch to magnesium carbonate reduced the disintegration time from 
63 s at 0% concentration to 48 s at 2%, 39 s at 5% and 14 s at 10%. A further 
addition of 10% caused a further reduction of only 1 s. The mechanism of disrup
tion is therefore fully realized at a concentration of 10%. It has been shown earlier, 
however (Ganderton & Fraser, 1970), that a suitably close packing of starch and 
drug is also necessary for proper tablet break-up. This is shown in Fig. 3 where

Fig. 3. The effect of starch distribution and tablet porosity on the aqueous penetration of 
magnesium carbonate tablets. A  Magnesium carbonate. %  Magnesium carbonate with 10% 
internal potato starch. ■  Magnesium carbonate with 10% external potato starch.
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both internal and external starch show maximum penetration and break-up when 
tablets were compressed to a porosity of 28%. Here again, internal distribution 
was superior in producing disruption, and 10% starch added in this way and com
pressed to a porosity of 28 % represents the optimum combination of variables for 
the efficient and reproducible break-up of magnesium carbonate tablets in water.
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The modifying effects of a cationic 
surfactant on the rates of base catalysed 
hydrolysis of esters of different structures

B .  J .  M E A K I N ,  I .  K .  W I N T E R B O R N *  A N D  D .  J.  G .  D A V I E S  

The Pharmaceutics Group, School of Pharmacy, University of Bath, Bath, U.K.

The effect of a cationic surfactant, cetyltriraethylammonium bromide 
(CTAB), on the hydrolysis rates of four esters of different structure 
has been investigated. The esters used were ethyl p-ami nobenzoate 
(EPAB), p-nitrophenyl acetate (PNPA), ethyl p-nitrobenzoate 
(EPNB) and p-aminophenyl acetate (PAPA). Association between 
the esters and the CTAB occurs so that above its cmc the surfactant 
modifies the rates of hydrolysis, increasing those of EPNB and 
PNPA and decreasing those of EPAB and PAPA. It thus appears 
that the type of group on the /.’-position of the aromatic ring plays a 
major role in determining the kind of effect brought about by the 
CTAB. Possible reasons to explain the two different effects that 
CTAB has on ester hydrolysis are put forward

Mechanisms of ester hydrolysis are well understood and the modifying influence of 
many agents on the rates of hydrolysis, including the effect of addition of surfactants, 
has been examined (see Fendler & Fendler (1970) for review). The interactions of 
surfactants and esters are of importance to Pharmacy, as the shelflives of preparations 
containing esters may well be determined by the esters’ susceptibility to hydrolysis.

Much of the published work on drug-surfactant interactions is not easily interpreted 
and the mechanisms of the modifying action exerted by surfactants are not fully 
understood. Among the simpler factors shown to affect the interaction are the 
ionic nature and chain length of both surfactant and drug, and whether the ester is 
hydrolysed by base or acid catalysis. Menger & Portnoy (1967), using the p-nitro- 
phenyl esters of acetic, dodecandioic and octanoic acid, have found that anionic 
micelles retard and cationic micelles enhance the rate of base catalysed hydrolysis, 
and that the magnitude of the modifying effect depends on the chain length of the 
ester. Non-ionic surfactants always appear to retard hydrolytic reactions (Fendler 
& Fendler, 1970).

Drug-surfactant interactions occur particularly above the critical micelle concen
tration (cmc), and the effect on the hydrolysis rate, i.e. an increase or decrease may 
depend upon the site and orientation of the drug in the micelle. If the drug is in the 
hydrophobic interior of the micelle, then hydrolysis should be retarded, irrespective 
of the ionic nature of the surfactant. The structure and ionic nature of the drug may 
affect its ability to penetrate to the centre of the micelle and such penetration may be 
dependent upon the pH of the system and configuration and polarity of substituent 
groups of the drug molecule. If the drug is in the hydrophilic portion of the micelle, 
either close enough to the surface for electrostatic effects between the surface and 
ionic species of water to be operative, or at the surface itself, then the nature of the

* Supported in part by a grant from the Pharmaceutical Society of Great Britain.
c
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charge on the micelle could well be the major factor in determining the rate of 
hydrolysis. Simple electrostatic theory would predict that a positive charge on the 
micellar surface would attract hydroxyl ions and thus base catalysed ester hydrolysis 
should be enhanced in the presence of a cationic surfactant (cf. Menger & Portnoy, 
1967; Romsted & Cordes, 1968; Fendler & Fendler, 1970). These authors have also 
suggested that the positive charge on the micelle stabilizes the negatively charged 
tetrahedral intermediate (I) formed according to the BAC 2 mechanism (Gould, 
1959):—

0  n o
H O -  +  C  -  O R = = = =  H O  -  C  -  O R

1 ' fast I
R 1 | _  R 1

(I)
and that this would also be expected to lead to an enhanced rate of hydrolysis.

Simple electrostatic theory cannot, however, account for the decrease in the rate 
of base catalysed hydrolysis of ethyl p-aminobenzoate, ethyl benzoate, diethyl 
phthallate and propyl benzoate (Mitchell, 1962, 1964) caused by concentrations of 
cetrimide B.P. above its cmc. It has also been reported (Riegelman, 1960) that the 
rate of base catalysed hydrolysis of ethyl p-aminobenzoate is increased by cetyl- 
trimethylammonium bromide (CTAB) in a concentration double its cmc, whilst 
higher concentrations of CTAB decrease the rate to an extent that is proportional to 
its concentration.

The present work was initiated to investigate the mechanism by which ester struc
ture determines the modifying effect produced by a cationic surfactant on the rates 
of ester hydrolyses.

fa s t 

■ s lo w
; H O

O
T fa s t

+  O R ------- > -R O H  +  R R O O O -

M A T E R I A L S  A N D  M E T H O D S

Esters. The following four esters were used: ethyl p-aminobenzoate (EPAB), 
p-nitrophenyl acetate (PNPA), ethyl p-nitrobenzoate (EPNB), p-aminophenyl 
acetate (PAPA).

The stability of EPAB and PNPA in the presence of CTAB had been investigated 
previously (Riegelman, 1960; Mitchell, 1962; Menger & Portnoy, 1967; Romsted & 
Cordes, 1968), and at concentrations above the cmc the rate of hydrolysis of EPAB 
was decreased and of PNPA was increased. EPNB and PAPA were chosen as the 
natural counterparts so that the importance of the type of groups in both the 1- and 
4-positions of the aromatic ring in determining the nature of the modifying effect 
could be established.

EPAB was obtained from BDH Ltd., and was of reagent grade. It was twice 
recrystallized from 50% ethanol; m.p. 89° (lit. 88-90°, Merck Index, 1968).

PNPA was prepared from p-nitrophenol by the method of Chattaway (1931). The 
product was washed with water and recrystallized from 50% ethanol; m.p. 77° 
(lit. 77-5-78°, Bender & Nakamura, 1962).

EPNB was prepared by the method of Vogel (1951). The prod uct was recrystallized 
twice from 70% ethanol; m.p. 57° (lit. 57°, Merck Index, 1968).

PAPA was prepared by a three stage reaction. Equimolar quantities of benz- 
aldehyde and /;-aminophenol were refluxed with dilute acetic acid as solvent for 15 
min, to produce benzylidene p-aminophenol which was recrystallized from absolute



ethanol. This was then acetylated by the method of Chattaway (1931) and the product 
was recrystallized from benzene. p-Aminophenyl acetate was then prepared from 
the benzylidene derivative by the method of Galatis (1926). M.p. 75° (lit. 75°, 
Galatis, 1926).

The structure and purity of all the esters was confirmed by nmr spectroscopy.
Surfactant. This was cetyltrimethylammonium bromide (CTAB). To obtain a 

pure sample, cetyl bromide was reacted with anhydrous trimethylamine in “super 
dry” ethanol at 110° for 6 h in a high pressure reaction vessel (Baskerville Lindsay, 
U.K.). The crude CTAB formed was Soxhlet extracted for 12 h with light petroleum 
(b.p. 40-60°) and twice recrystallized from absolute ethanol. Nmr and mass spectro
scopy were used to confirm the structure. No minimum was observed in the surface 
tension-log concentration curves that were obtained.

The four esters and CTAB were dried in a vacuum oven at 22 torr and 50° and 
subsequently stored in a desiccator over phosphorus pentoxide.

Buffer salts and analytical reagents were all of Analar quality.
Water was freshly distilled from an all glass still and had a specific conductivity 

of <  10~7 ohm-1 cm '1 at 25°.
Buffer solutions. Two different systems were used: Sorensen’s glycine (glycine 

OTm in 0-Im sodium chloride and OTn sodium hydroxide); Delory and King’s 
carbonate bicarbonate (0-2m anhydrous sodium carbonate and 0-2m sodium bi
carbonate). The appropriate standard solutions were prepared according to Docu- 
menta Geigy (1962).

pH  measurements. These were made at the temperature of the kinetic run using 
a Pye Dynacap pH meter fitted with a Pye Ingold 405 combined electrode and 622 
thermal resistor. The meter and electrode system were standardized using sodium 
tetraborate buffer (Manov, DeLollis & others, 1946).

Spectrophotometric measurements were made in a Unicam SP500 spectrophoto
meter using 1 cm cuvettes.

Estimation of the critical micelle concentration
The cmc of the CTAB was measured under all the experimental conditions used 

during the kinetic runs. The buffer constituents had a marked effect on the value 
obtained. The cmc was determined by both conductivity and dye solubilisation 
methods. At 50° in Sorensen’s glycine at pH 10-39 the value was 1 X 10-5m, while 
in Delory and King’s buffer the values for all systems were between 1 and 2 x  10_4m.

Kinetic studies
The appropriate buffer solution (100 ml) containing the desired concentration of 

CTAB was prepared and equilibrated to the required temperature. The pH of the 
solution was measured and if necessary adjusted slightly to the correct value. To 
96 ml of this solution was added 4 ml of an aqueous solution, of 25 times the required 
ester concentration. The solution, after mixing, was assayed immediately and then 
at appropriate intervals throughout the run in order to follow the course of the 
hydrolysis.

EPAB and PAPA were hydrolysed in flasks kept in a lagged water bath (temperature 
fluctuations were ±0-1°). PNPA and EPNB were hydrolysed more rapidly and the 
degradation was followed on a single sample in a 1 cm cuvette kept in the jacketed 
cell compartment of the spectrophotometer.

Modifying effects o f a cationic surfactant on rates o f hydrolysis 27 S
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EPAB, PNPA and EPNB were hydrolysed in solutions that were not controlled 

for degree of aeration. With PAPA under these conditions first order kinetics were 
not obeyed, owing to interference from the oxidation of p-aminophenol formed as a 
degradation product. Thus solutions of PAPA and CTAB were bubbled with oxygen 
free nitrogen (B.O.C. Ltd.) for 2 h before mixing and the bubbling was continued 
throughout the experiment.

Assay procedures
Only the principles of the methods used are given. Slight modifications were 

necessary to overcome problems that occurred when the surfactant and ester concen
trations were altered, and in all cases the suitability and accuracy of the method 
employed was confirmed.

EPAB was assayed spectrophotometrically by a method similar to that of Higuchi, 
Havinga & Busse (1950) at the wavelength of maximum absorption (Amax) of the ester 
of 286 nm.

With PNPA the hydrolysis was followed by measuring the production of p-nitro- 
phenol at its Amax, at the pH of the kinetic run, of 400 nm.

The concentration of EPNB was determined by a method similar to that employed 
for EPAB, at the Amax of the ester of 265 nm.

PAPA was assayed by a modified Bratton-Marshall reaction (Tansey, 1969) at 
550 nm. This was possible as the degradation product p-aminophenol does not form 
a coloured complex in this reaction.

Treatment of results
With one exception, solutions of the esters were found to degrade by apparent 

first order kinetics. The percentage residual concentration of ester was calculated 
for each period of heating. Values for the rate constant (k) were obtained from 
log% concentration-time data by means of a computerized least-squares regression 
analysis, which gave values of k, its associated standard error, and the correlation 
coefficient.

R E S U L T S  A N D  D I S C U S S I O N

The effect of a range of concentrations of CTAB on the rate of hydrolysis of EPAB 
in Sorensen’s glycine buffer at a pH of 10-39 at 50° is seen from Table 1. The pre-

Table 1. The effect o f CTAB on the rate o f hydrolysis o f ethyl p-amino'oenzoate 
(EPAB) at a concentration o f  1 x  10~3m, at pH  10-39 in Sorensen’s 
glycine buffer at 50°.

Surfactant
concentration (mol litre-1)

Observed 1st order rate 
constant, k (min-1)

Standard error 
of k

0 1-280 x 10-3 
1-321 x 10-3 
1177 x 10-3 
1-204 x 10-3 
1-152 x 10-3 
1 166 x 10-3 
1 077 x 10-3 
9-003 x 10-4 
7-388 x 10-4 
6-295 x 10-4 
4-630 x 10-4

1-37 x 10-5
3- 15 x 10-5 
M2 x 10-s 
1-16 x 10-5
9-8 x 10-B 

1-41 x 10-> 
1-51 x 10-5 
1-29 x 10-5 
1-34 x 10-s 
1-30 x 10-5
4- 71 x 10-6

5 x 10-6
1 x 10-4
2 x 10-4
3 x 10-4
4 x 10-4
1 x 10-3
2 x 10-3 
4 x 10-3
1 x 10- =
2 x 10-3



cision of the experimental technique was confirmed by four replicate experiments in 
the absence of CTAB and four in the presence of 1 x  10~4m CTAB. The calculated 
coefficients of variation were 1-39 and 0-87% respectively. With the exception of 
the lowest value of CTAB used (5 X 10~3m) where the rate constant was not sig
nificantly different from the value obtained in the absence of surfactant (t calc. =  
0-605, t tab. at P =  0-05 =  2-18), increasing the concentration of CTAB present 
resulted in a retardation of hydrolysis, the magnitude of which effect increased with 
surfactant concentration (Fig. 1). Thus, unlike Riegelman (1960), we did not observe
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F i g . 1. The effect of CTAB on the hydrolysis of four esters expressed as a ratio (k,/k0) of the 
first order rate constants obtained in the presence (k,) and absence (k0) of the surfactant. # ,  
EPAB; PAPA; □, PNPA; ■, EPNB; all in Delory and King’s buffer; O, EPAB in Sorensen’s 
glycine buffer.

CTAB, just above its cmc (1 x  10~5m, in glycine buffer) to have a potentiating 
effect on this ester. The different concentration of ester used by Riegelman (6 x  
10- 5 m )  does not explain the difference since we found reduced values of k to be 
produced by all concentrations of CTAB above the cmc when the experiment was 
repeated with an ester concentration of 4 x  10 5m  in bicarbonate buffer (Table 2). 
The surfactant effect appears to depend upon the formation of micelles, as a concen
tration of CTAB near the cmc (measured as 1-0 x  10* in bicarbonate buffer) showed 
no significant modifying action. The reason for the difference between this and 
Riegelman’s findings is not known. Examination of his data suggests the possibility 
that the reported increase may not be statistically significant.



Table 2. The effect of CTAB on the rate of hydrolysis of ethyl p-aminobenzoate 
(EPAB), p-nitrophenyl acetate (PNPA), ethyl p-nitrobenzoate (EPNB) 
and p-aminophenyl acetate (PAPA) at a concentration o f  4 X 10~5m in 
Delory and King's buffer.
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Surfactant EPAB k values PNPA k values EPNB k values PAPA k values
concentration (m in1) pH 10-55, (min-1) pH S-2 (min-1) pH 10-64 (min-1) pH 10-64
(mol litre-') T =  50° T =  25° T =  25° T =  25°

0 2-175 x 10-3 1-611 x 10"2 1-212 x 10-2 2-436 x 10-2
9-6 x 10 • 2-135 x 10-3 1-591 x 10-2
2-9 x 10-4 1-399 x 10-2
4-8 x 10“4 1-808 x 10-3 2-205 x 10-2 1-440 x 10-2 2-422 x 10-2
9-6 x 10-“ 1-648 x 10-3 2-817 x 10-2 1-426 x 10-2 2-165 x 10'2
4-8 x 1 0 3 1-209 x 10-3 5-744 x 10-2 1-475 x 10-2 2-043 x 10-2
9-6 x 10-3 6-901 x 1 0 2 1-625 x 10-2 1-886 x 10-2
2-4 x 1 0 2 1-648 x 10 2
4-8 x 10-2 4-678 x 1 0 2 1-423 x 10-2
9-6 x 10-2 3-376 x 10-2

Preliminary experiments showed that the glycine buffer, while having no effect on 
EPAB, catalysed the hydrolysis of PNPA, and therefore all our subsequent 
experiments were performed in Delory and King’s buffer. The results are in Table 2. 
For each ester the observed first order rate constant (k,) was used to calculate the 
surfactant effect ratio kj/kj,, where k0 is the value in the absence of CTAB. The 
values obtained plotted against log CTAB concentration (Fig. 1) illustrate the effect of 
the surfactant. It is clear that CTAB alters the rate of hydrolysis of the four esters 
at all concentrations above its cmc. However it increases the rate of hydrolysis of 
PNPA and EPNB and decreases the rate for EPAB and PAPA.

The magnitude of the modification is much greater for PNPA than for EPNB, 
possibly because there may be a difference in the association of the two esters with 
the CTAB. Increasing the concentration of CTAB in the presence of PNPA increases 
the surfactant effect ratio to a maximum value of 4-2 at a surfactant concentration of
9-6 x  10~3m. The subsequent fall in the ratio is probably attributable to an increase 
in counter ion (bromide) concentration causing displacement of hydroxyl ions from 
the area immediately surrounding the micelle surface, as postulated by Romsted & 
Cordes (1968). This effect, although operative throughout will become noticeable 
only after the maximum effect of surfactant has been obtained which, from our 
results, must he between 9-6 X 10“3 and 5 x  1(D2m. Menger & Portnoy (1967), 
using n-dodecyltrimethyl ammonium bromide and Romsted & Cordes (1968) using 
CTAB have also demonstrated the potentiating effect of cationic surfactants on the 
hydrolysis rate of PNPA. There are quantitative differences between all these 
results that are probably due to the different buffer solutions used. Unlike our 
results, no decrease in surfactant effect ratio was reported, probably because the other 
workers used concentrations of CTAB below that giving a maximum value.

The result obtained with PAPA is similar to that for EPAB but the effect was only 
noted with PAPA above 1 x  10~3m CTAB which could reflect a difference in associa
tion constants of the esters with CTAB.

The nature of the ester grouping on the aromatic ring does not therefore determine 
whether CTAB increases or decreases the hydrolysis rates, although it is still possible 
that it could influence the magnitude of the response. Rather it is the group on the



/7-position that appears to determine the kind of modifying effect, probably by deter
mining the site of drug-surfactant interaction, or the orientation of the drug with 
respect to the micellar surface, or both.

Where CTAB increases the rate of hydrolysis, the site of association must be the 
micellar surface, or close enough to it, for the ester linkage to be in a region of high 
hydroxyl ion concentration such as will be found close to the Stern layer. It would 
seem logical that the S -charge associated with the nitro-group of PNPA and EPNB 
will cause these esters to orientate themselves with their NOa groups next to the polar 
head of the surfactant while the remainder of the molecule projects through the 
Stern layer into the hydroxyl ion enriched diffuse part of the double layer. Certainly 
it is unlikely that these esters will penetrate into the hydrocarbon centre of the micelle.

Replacement of the N 0 2 group by the NH2 group results in a reversal of the CTAB 
effect. Nmr spectroscopic measurements with a series of organic compounds of 
different structure (Eriksson & Gillberg, 1966) would suggest that EPAB and PAPA 
are bound close to the micellar surface, and a similar conclusion for EPAB was 
reached by Riegelman (1960) on the evidence of ultraviolet spectroscopy. If this is 
true, then the presence of the NH2 group results, in some way, in the removal of the 
ester linkage from the region where hydrolysis can readily take place. The NH2 
group, with its S +  charge, will not interact with the micellar surface and it is feasible 
that it will penetrate into the micelle, thereby drawing the ester group into the viscous 
region surrounding the micelle into which hydroxyl ions find difficulty in diffusing. 
It is also feasible that these ester groupings could be brought into the viscous regions 
as a result of the molecule being adsorbed flat on to the surface of the micelle. An 
alternative explanation, one analogous to that given by Menger & Portnoy (1967) 
for the retardation of ester hydrolysis brought about by an anionic surfactant, is that 
protection is afforded the esters because they are adsorbed into the hydrocarbon 
interior of the micelles. Menger and Portnoy’s conclusion was based on the results 
of an analysis that indicated that the rate of hydrolysis of the esters in the micelles 
was zero. In the absence of a similar analysis, which must await measurements on 
the association constants for micelle-ester interactions, it is not possible to reject a 
similar explanation for our results, but it would be surprising if the substitution of a 
NH2 for a N 0 2 group caused such a profound change in the penetration properties 
of the esters concerned.

It was necessary to ensure that the results obtained did not merely reflect a slight 
change in the experimental conditions used, since reported work has indicated that 
surfactant effects are complex and can be modified by many factors. For example the 
micellar effect on the base catalysed hydrolysis of /7-nitrophenyl hexanoate (Romsted 
& Cordes, 1968) is influenced by the nature and presence of added salts, NO;j~ 
and Br ions changing a potentiating micellar effect to a protective one at high salt 
concentrations. In view of this, the effect of CTAB on the four esters was compared 
under identical conditions of pH, buffer strength and temperature (Table 3). At this 
lower pH the degradation of PAPA no longer followed first order kinetics. The 
effect, however, is qualitatively unequivocal and, in order to obtain an approximate 
quantitative measure of the effect, the initial rate was estimated and it is these values 
that are given in Table 3. The surfactant effect ratios show that the effect on the four 
esters is qualitatively the same as already described. However with EPAB, EPNB 
and PAPA, where the pH has been decreased, the magnitude of the surfactant effect 
has increased both in its potentiating and in its protective role. This could be
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Table 3. The effect of 4-8 X 10 _3m CTAB on the rate of hydrolysis of the four 
esters at a concentration of 4 X 10 r’M, at pH  9-2 and 25°.
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Ester k0 value (min-1) kt value (min-1)
Surfactant effect 

ratio (k, :k0)
EPAB 3-739 x 10-6 1-326 x lO-6 0-355
PNPA 1-611 x 10-2 5-744 x lO-'2 3-565
EPNB 6-023 x 10-4 8 -120 x 10 1 1-348
PAPA 1-674 x 10-3 1-040 x 10-3 0-621

because of the change in hydroxyl ion concentration or it could reflect the different 
ionic constitution of the buffer solutions used.

These results show that stability studies with solubilized systems should be made 
on the individual preparations and that results for one compound should not be 
extrapolated even to similar compounds in systems that have not been fully 
characterized.
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The effect of detergent concentration on 
monomer activity in a non-ionic 

detergent solution
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The School of Pharmaceutical Sciences, The University of Strathclyde,
Glasgow, U.K.

The mono-octyl ether of hexaoxyethylene glycol has been synthesized 
and carefully purified using foam fractionation in the ultimate stages 
of the purification. Surface tension measurements of solutions of 
the detergent in water using a Wilhelmy plate indicate a continuing 
decrease in surface tension with increasing detergent concentration 
above the critical micellar concentration. Vapour pressure osmo
metry using the Mechrolab 302 substantiated the interpretation of 
the results in terms of the law of mass action.

Two main theories of micellization are extant. One, the “pseudophase,” treats micelle 
formation as the production of a separate but soluble phase commencing at the 
critical micellar concentration. This theory implies constant activity of the monomers 
at total detergent concentration values greater than the critical micellar concentration. 
The second theory considers micellization as the reversible formation of an aggre
gation of monomers with an equilibrium between the monomers and micelles that 
can be described by a law of mass action type equation. In this theory the activity 
of the monomeric species continues to change as the concentration of detergent is 
increased even above the critical micellar concentration.

Dialysis experiments (Harrap & O'Donnell, 1954; and Abu-Hamdiyyah, Mukerjee 
& Mysels, 1963) as well as surface tension measurements (Hudson & Pethica, 1964; 
Elworthy & Mysels, 1966) have shown that the activity of monomers continues to 
increase with detergent concentration. Elworthy, Gyane & Macfarlane (1969) 
discussed the effect of purity and contamination on the surface tension of aqueous 
solutions of a non-ionic detergent. We have now examined the monomer activity 
over a range of concentrations above and below the critical micellar concentration.

M A T E R I A L S  A N D  M E T H O D S  

Syntheses o f glycol a n d  detergent
3,6,9,12,15-Pentaoxaheptadecane-l,7-diol was synthesized as described by Elworthy 

& Macfarlane (1963).
3 ,6 ,9 ,1 2 ,1 5 ,1 8 -H exa o xa h exa co sa n e-I-o I  (h exa o xy e th y le n e  g ly co l m o n o -o c ty l e ther, 

C8E6). Sodium (0-25 mol) was dissolved in 3,6,9,12,15-pentaoxaheptadecane-l,7-diol 
(1 mol) under a layer of light petroleum (100-120°) (cf. Mac'arlane, 1963). 1-Bromo- 
octane (0-25 mol) was slowly added to the solution over 4 h and the reaction mixture 
held at 120° for a further 4 h. CsE(i was extracted from the cooled reaction mixture

* Present address and to whom all communications are to be sent: Lilly Research Centre Ltd., 
Erl Wood Manor, Windlesham, Surrey, U.K.

+ Present address: The University, Manchester, U.K.
+ Present address: University of Science and Technology, Kumasi, Ghana.
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with diethylether, which was then evaporated and the residue re-extracted with light 
petroleum (60-80°). The light petroleum was evaporated and the extracted material 
was decolourized by gently stirring at 30° in a 30% suspension of charcoal in acetone 
(charcoal: extract ratio 1:2, by weight). The charcoal was filtered off and the solvent 
evaporated. 50 ml of a 20% solution of extract in absolute ethanol was then passed 
down a column of 120 ml of a strong anion-exchange resin. The eluate was recycled 
twice then a further 100 ml of absolute ethanol passed. The solvent was evaporated 
from the total eluate and the residue dried under vacuum in the presence of phosphoric 
oxide. Infrared spectra of the residue failed to detect any carbonyl impurities.

This crude product (2 g) was then adsorbed from benzene onto a column of 
Mallinckrodt silicic acid (25 g) mixed with celite (5 g). The column was washed with 
increasing concentrations of acetone in benzene. All pre-run was removed by 25% 
acetone in benzene while C8E„ was eluted by 30% acetone in benzene. The yield 
of this stage was approximately 65% of the adsorbed product.

Final purification was by foam fractionation* of a 0-35% aqieous solution of the 
compound until the solution was reduced to 60 % of its volume. The foamed solution 
was then freeze dried in an all glass apparatus and the remaining water removed 
under vacuum at 30° in the presence of phosphoric oxide. Found: C, 61-2; H, 10-6; 
CH2.C H ,0 , 66-9. Calculated for C20H42O7; C, 60-9; H, 10-7; CH2.CH2.0 , 67-0.

Materials
All organic solvents (Analar grade) were dried and redistilled immediately before 

use. Chromatographic materials were soaked in and thoroughly eluted with the 
appropriate solvents.

Water used was from the laboratory still, redistilled from alkaline permanganate 
then finally distilled in a seasoned and ster.lized all glass still.

All glass joints were hand ground to obviate the need for vacuum grease.

Surface tension measurements
Surface tensions were measured using a light glass Wilhelmy plate (see Elworthy 

& Macfarlane, 1962). The difference in weight of the plate in the air-solution inter
face and in air was measured using a torsion balance of sensitivity of — 0T mg. 
With the size of plates used this is equivalent to ±0-02 dynes cm“1. The solution 
flask was immersed in a thermostat bath at 25 ±  0 02°.

A Cl microbalance giving readings of better than ¿0-01 mg (0-002 dynes cm ’) 
was used in the study of the region above the cmc. The glass plate was suspended 
from the left arm of the balance and counterbalanced by a specially prepared counter
weight and the zero adjustment circuit of the apparatus. Readings of surface tension 
were obtained by counterbalancing the greater part of the pull by a further set of 
specially prepared platinum weights to bring the force exerted by the balance within 
the range of the scale selected.

* Foam fractionation. The all glass apparatus consisted principally of a one litre round bottomed 
flask containing the solution, and a two-necked adapter that served as an inlet for the gas diffusion 
tube used as a bubbler, and as exit for the foam and point of attachment for a vertical Vigreux 
fractionating column. The column was connected through adapters to a receiver flask. (For 
fuller details see Gyane, 1970.)

By slow, controlled, bubbling of oxygen-free, water-saturated nitrogen into the solution, foam 
was formed which rose slowly up the Vigreux column. Drainage of the foam during this process 
effectively concentrated the more surface-active impurities which were carried over into the 
receiver flask. The rate of foaming was adjusted to give as dry a foam at possible (ideally black 
films).



By allowing the horizontal lower edge o f the Wilhelmy plate to just touch the 
surface o f the solution, buoyancy effects were minimized. To reduce evaporation 
and aerial contamination and to ensure a saturated atmosphere above the solution 
a glass cover, with only a small hole in the middle to allow passage of the suspending 
rod, was fitted to a flask containing the solution being measured. This flask was always 
cleaned with chromic acid, thoroughly rinsed with triple distilled water then rinsed 
with a very dilute foamed solution and drained before use. This procedure, apart 
from removing any undesirable substance from the glass that might affect the result, 
compensates for concentration errors due to adsorption of detergent onto the glass.

Vapour pressure osmometry
A range of concentrations o f C8E6 was studied using a Mechrolab Model 302. 

Drop size was controlled using a telescopic measuring device (Deshmukh & Fleming,
1969). The apparatus was calibrated using sucrose and had a calibration factor o f 45 
over the concentration range studied.

R E S U L T S  A N D  D I S C U S S I O N

The surface tension as a function o f concentration o f solutions o f C8E6 is illustrated 
in Fig. 1.
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Log c o n c e n tra tio n  (M )

F i g . 1. Measured and theoretical values of surface tension vs concentration of aqueous solutions 
of C 8E , .  Plot A—measured; plots B, C  and D were calculated from K equal to 1012, 10" and 
109 respectively.

While there is the normal change o f gradient attributed to the formation o f micelles, 
the plot does not show the usual pattern o f a line parallel to the abscissa above the 
critical micellar concentration but the continuance o f a negative slope. This is not 
a unique effect but it can be masked by inadequate purification or by contamination. 

The continuing decrease in surface tension of these solutions with increasing solute
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concentration above the critical micellar concentration would therefore appear to 
indicate that the activity o f the monomers o f C8E6 continues to increase in this region.

C a lcu la tio n  o f  c r i t ic a l  m ic e lla r  co n cen tra tio n

If the micelles formed by a non-ionic detergent are in equilibrium with the mono
mers present, then using the law o f mass action and replacing activities by concen
tration, the system may be described by

where m is the concentration o f micelles; x the concentration of monomers; n the 
number of monomers per micelle; and K the equilibrium constant.

The total concentration o f solute in the system, C, may be described by:
C =  x +  nm ..  . .  . .  . .  (2 )

Hence knowing n and assuming arbitrary values for K, the respective values for 
m and C can be calculated for a range of values o f x.

To obtain theoretical values that are significant the calculated cmc requires inter
pretation in a manner that correlates with the practical measurements. Three methods 
o f obtaining this value have been used:

(1) It was taken as the point o f intersection of straight lines drawn through the 
pre- and post-micellar regions o f a plot of x against C. As the plot is not straight 
above the critical micellar region, the line chosen depends on subjective judgment 
and the method was used to obtain only an a p p ro x im a te  value for K.

(2) On the premise o f Phillips definition (Phillips, 1955) that the cmc could be 
described by d3(/>/dC3 =  0, where <f> is any colligative property o f Tie system, the value 
of C corresponding to the maximum change of slope o f dx/dC was calculated. 
dx/dC was obtained by combination of equations (1) and (2) and differentiation.

(3) Mathematically, where C becomes greater than x can also be taken as the cmc. 
This assumes that when micelles appear they make a measureable contribution to 
the physical properties o f the system. This method requires a decision being taken 
about the point at which the presence of micelles is acknowledged in the calculated 
results.

Using a value o f 36 for n, obtained from the work of Balmbra, Clunie & others 
(1964) values of K were adjusted until the critical micellar concentrations obtained 
by the respective methods coincided with that obtained practically.

The values of K used and cmc calculated are:
Calculated cmc ( %) K Method Equation j constant

0-403 10ls 1 8-352
0-403 I011 2 8-579
0-403 10° 3 8-720

Plots o f monomer concentration as a function of total detergent concentration 
are plotted in Fig. 2. This shows that for a given method increasing the value of 
K for a given aggregation number decreases the cmc obtained.

Calculation of surface tension was made using the integrated form of Gibb’s 
adsorbtion equation and can be expressed as

y =  — 2-303 RTT2 log a +  constant . .  . .  . .  (3)
where P2 is the surface excess o f solute; a the solute activity and y the surface 
tension of the solution.
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Fig. 2. Plot of C vi x calculated from an aggregation number of 36 and equilibrium constants 
of 10®, 1011 and 1012 respectively.

Assuming an activity coefficient of 1, the surface excess was calculated from the 
slope of the surface tension graph just below the cmc. The calculated monomer con
centration o f and surface tension at the cmc was substituted with P2 into equation (3) 
to obtain the appropriate values of the constant. These are also given in Table 1. 
The constants were used in equation (3) to calculate the theoretical surface tensions 
shown in Fig. 1.

Theoretical values obtained by methods 1 and 2 are in reasonable agreement with 
these obtained practically (light scattering aggregation number used in these calcu
lations is subject to an error of around ±10% ).

The results from method (3) substantiate the inherent problem o f differentiating 
between a theoretical and a practical critical micellar concentration.

V apour p ressure  o sm o m etry

A number of average molecular weight, Mn, can be obtained by this technique from

(4)

where AR is the resistance increment, and H the apparatus calibration factor. 
For micellar systems this is modified to

AR ARcmc 
C — cmc

H
Mn

(5)
C — cmc —> o

to compensate for the effects of the monomers in the solution. Results for aqueous 
solutions of C8Eg in this form are shown in Fig. 3.

In the non-ionic detergent system studied a straight line graph would be expected 
if the activity of the monomer remained constant above the cmc. Results for aqueous 
solutions of C6E6 (unpublished observations) indicate that this system behaves ideally 
to a concentration o f more than 2-5 % of detergent. It is therefore reasonable to 
assume that the results obtained in a comparable concentration range with C8E6 are 
not due to non-ideality.
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The detergent number average molecular weight for a system made up o f monomers 

and micelles can be calculated from

M
\ny +  z 1

(6)

where y and z are the concentrations o f monomers and mice les respectively, and 
M is the monomer molecular weight.

Theoretical values for
AR -  ARC

were calculated using equations (5) and (6)
C — cmc

with the monomer and micellar concentrations previously obtained corrected for 
their respective cmc values. These are shown in Fig. 3.

The similar pattern between practical and theoretical results further endorses the 
view of a continuing increase in monomer activity above the cmc.

Fig. 3. Measured and calculated vapour pressure osmometry values plotted as a function of 
corrected concentration. B—measured; plots A, C and D were calculated from monomer and 
micellar concentrations corresponding to equilibrium constants of 10!, 10 1 and 1012 respectively.
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T he solubility o f som e com pounds in 
hexadecylpolyoxyethylene m onoethers, 
polyethylene glycols, w ater and hexane
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D epartm en t o f  P harm aceu tica l Technology, U niversity o f  S tra th c lyd e , 
G lasgow , C . l ,  U .K .

The solubilities o f a series of compounds of varying polarity, i.e. 
decane, benzene, sulphadiazine, p-hydroxybenzoic acid, ethyl and 
butyl p-hydroxy benzoate and methyl anisate in cetomacrogol 1000 
and hexadecyl heptaoxyethylene ether solutions, have been deter
mined. A comparison of these results with the solubilities o f these 
compounds in water, n-hexane and polyethylene glycol solutions 
gives some evidence on the mechanism o f solubilization. The results 
show that the solubilization o f these compounds is not adequately 
described solely on the basis o f solubility into the separate regions 
of the micelle. The micellar solubility of the compounds was depen
dent on the hydrocarbon solubility and the presence o f groups in the 
molecule which can form hydrogen bonds. Butyl paraben was found 
to have a higher solubility in 10% cetomacrogol solutions than either 
ethyl paraben or methyl anisate. The hydrophil-lipophil character
istics of the detergents with the polarity o f the solubilizate molecule 
also affect solubilization. A non-polar molecule such as decane has 
a greater solubility in the more lipophilic detergent and the reverse 
is true o f p-hydroxybenzoic acid.

One of the main advantages in the use of non-ionic detergents in formulation is that 
the oxyethylene and hydrocarbon chain lengths can be tailored to provide any 
particular hydrophilic-lipophilic characteristic and thus it is possible to solubilize 
a wide range of compounds by adjusting these parameters.

Theoretically it should be possible to calculate the maximum additive concen
tration (M.A.C.) o f a compound in a detergent solution from the saturation solu
bilities o f the compound in the different regions o f the micelle. This approach is 
valid for only a few compounds solubilized by ionic detergents (Hartley, 1938). 
Micelles o f non-ionic detergents have an oxyethylene water complex region o f  
indeterminate composition and consequently the simple “bulk solubility” approach 
is not adequate. For a detergent o f a given hydrocarbon chain length a minimum 
hydrophilic chain length is required for the detergent to be water soluble provided 
this occurs, the smaller the hydrophilic chain in a series of surfactants, the more 
hydrocarbon can be solubilized (Saito & Shinoda, 1967).

It has been found that the M.A.C. o f benzoic acid :n a series o f polyoxyethylene 
hexadecyl ethers increased from 1-0 mol benzoic acid/mol C16n16 to 3-0 mol benzoic 
acid/mol C16n96 (Humphreys & Rhodes, 1968). [Detergents are abbreviated thus 
CH3(CH2)150 ( C H 2CH20 ) 16H =  C16n16.]

Present addresses: * Allen and Hanburys Ltd., Ware, Herts, U.K.
t  University of Manchester, Manchester, M13 9PL, U.K.
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The solubilizate molecule may itself affect the M.A.C. Nakagawa & Tori (I960) 

showed that, in C10nI0, decane and decyl chloride were solubilized less than some 
other more polar decyl compounds. Similar results have been found for substituted 
benzoic acids and esters (Chakravarty, Lach & Blaug, 1957).

40 S

M A T E R I A L S  A N D  M E T H O D S

H ep ta o xye th y len e  g lyco l m on o h exa d ecy l ether, prepared according to Elworthy & 
Macfarlane (1963), was chromatographed (Macfarlane, 1963) to yield white crystals 
m.p. 37-8—38-2°. (Elworthy & Macfarlane, 1963, give m.p. 38-5c.)

C etom acrogo l 1000 B.P.C. (Macarthy’s Ltd., Romford) was used as received. It 
was assayed for oxyethylene units by the method of Siggia, Starke & others (1958). 
The mean result of two determinations was 79-61 % of oxyethylene units in the 
molecule. (B.P.C. limits: 76-52-81-36%.) Assuming the hydrocarbon chain to be 
the hexadecyl chain, this gives the number of oxyethylene units as 21-5. For all 
subsequent calculations the molecular weight was taken as 1210.

P olyethy lene  G lyco l 1000 (PEG) was B.D.H. Laboratory Reagent and was used 
as received. The oxyethylene content was not determined but the molecular weight 
was taken as 986 for all calculations, and corresponded to an oxyethylene chain of  
22 units.

H e x a o xy e th y len c  g ly co l ( H ex a g o l), prepared according to Elworthy & Macfarlane
(1963) was a pale straw coloured liquid n̂ 5 1-4609. (Curme & Johnston, 1952, give 
n3D8 1-4589.)

B enzene, crystallizable (W. Jarvie Ltd.) was distilled before use, n¿8 1-5028. 
(Handbook of Chemistry and Physics 1966 gives N^0 1-5011.)

n-D ecane, olefine free (Fluka AG. Purum grade) was used as received, n¿>8 1-4131. 
(Handbook o f Chemistry and Physics 1966 gives 1-4119.)

n -H e xa n e  (BDH spectroscopic grade) was used as received.
Sulphad iazine B .P . (Macarthy’s Ltd., Romford) was recrystallized twice from 

dimethylformamide-ethanol mixture (1 :3) and dried in a vacuum oven at 40° over 
phosphorous pentoxide: m.p. 254° (decomp). (British Pharmacopoeia 1968 gives 
m.p. 255 decomp.)

p -H y d ro xy b en zo ic  a c id  (BDH Ltd., Laboratory reagent) was recrystallized from 
distilled water and dried overnight at 40° in a vacuum over phosphorous pentoxide; 
m.p. 214°. (Vogel, 1956, gives 212°.)

E th y l p -h yd ro xyb en zo a te  (e th y l paraben)  (BDH Ltd., Laboratory reagent) was 
recrystallized from distilled water, then dried overnight at 40° in a vacuum oven over 
phosphorous pentoxide; m.p. 112°. (Vogel, 1956, gives 111-115"'.)

n-B u ty l p -h yd ro xyb en zo a te  (b u ty l paraben) (BDH Ltd., Laboratory reagent) was 
recrystallized from water-ethanol mixture (3:1) then dried in a vacuum at 40° over 
phosphorous pentoxide; m.p. 68°. (Merck Index, 1968, gives m.p. 68-69°.)

M e th y l p -m e th o xyb en zo a te  (m e th y l anísate) was prepared by esterification o f anisic 
acid (Koch-Light Laboratories Ltd., Puriss grade) in the usual way. It was re
crystallized from a methanol-water mixture (6:4) then dried in a vacuum over 
phosphorous pentoxide; m.p. 48-0-48-5° not raised by further recrystallization. 
(Lifschitz & Girbes, 1924, give m.p. 49-0-49-5°.)

W ater  used for the preparation o f solutions was tap water distilled once from 
glass.
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S o lu b ili ty  m ea su rem en ts

A small excess o f decane was equilibrated with “solvent” (water or detergent) by 
shaking at 20° until saturation was reached. The saturated aqueous phase was 
assayed for hydrocarbon by gas liquid chromatography on a 6 ft Carbowax column 
at 75° using n-butanol as the internal standard.

Benzene was equilibrated in the same way and the benzene in the aqueous phase 
determined by ultraviolet spectrophotometry (Amax =  254 nm). Saturation solu
bilities o f solid compounds were determined as described by Elworthy & Lipscomb 
(1968a). Aqueous phases as well as hexane solutions were assayed by ultraviolet 
spectrophotometry.

P h a se  d ia g ra m s  were constructed according to Boffey, Collison & Lawrence (1959).

R E S U L T S  A N D  D I S C U S S I O N

S o lu b ili ty  in w a te r

The most important properties of the solute molecules governing the solubility in 
water are the molecular volume and the presence of hydrophobic substituents requiring 
extensive structuring o f the water molecules. The ability o f substituent groups to 
participate in hydrogen bonding with the water molecules is less important. This 
is well illustrated by the results in Table 1.

Table 1. T he so lu b ilit ie s  o f  co m p o u n d s in  p u re  liq u id s  a n d  th e  M .A .C .s  in th e  d e te rg e n t  
so lu tio n s  (m ill im o la l) a t  20°.

Solute

Solvent
Water

Decane Benzene
21-8

Sulpha-
diazine
0-236

/7-Hydroxy-
benzoic

acid
34-7

Ethyl
paraben

t4-91

Butyl
paraben

1-065

Methyl
anisate

3-87
n-hexane oo OO 0 0 1-04 4-48 636
1 % w/v 

cetomacrogol 2-42 33-9 0-272 45-9 13-9 13-5 11-8
5% w/v 

cetomacrogol 9-72 125 0-535 90-8 45-1 58-3 29-6

10% w/v 
cetomacrogol 19-7 182 1-01 157 "'8-6 121 50-0

1 % W/v 
Ci6n7 22-2 *261 — 45-0 15-9 — 12-0

2% w/v 
Ci6n7 38-2 — — 56-9 27-6 — 20-5

* in 12-5% cetomacrogol solution.
t  The standard error o ' the solubility of ethyl paraben in water was found to be ±0-06 milli 

molal.

S o lu b ili ty  in h ex a n e

These results show the typical dependence of solubility in apolar solvents on the 
polarity o f the solutes.
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Solubility in PEG solutions

The solubilities o f  all the compounds was increased in polyethylene glycol solutions. 
If this increased solubility was dependent solely on the ability to form hydrogen 
bonds with the ether oxygen atoms it would be expected that solutions containing 
equal concentration by weight o f the PEG 1000 and hexagol (PEG 300) would 
dissolve the same amount o f solute.
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F ig . 1. The Solubility of compounds in PEG 1000 Solutions at 20° C. O p-Hydroxy benzoic 
acid. X Ethyl paraben. □  Benzene. A Methyl anisate. ■ Butyl paraben. •  Sulphadiazine.

F ig . 2. The solubility of compounds in hexagol Solutions at 20° C. C. p-Hydroxybenzoic acid. 
O Benzene. A Ethyl paraben. X Methyl anisate. %  Butyl paraben.



This does not occur, except with benzene. As can be seen from Figs 1 and 2 the 
longer chain polymer (PEG 1000) has a greater capacity to solubilize than has hexagol. 
This effect has also been reported by Blaug & Ahsan (1961) and may be due to the 
long polymer chain forming a partially coiled structure around the solute and thus 
increasing the solubility.

Paruta (1969) has shown that the paraben esters have a high solubility in solvents 
whose dielectric constant is about 30. At 20° the dielectric constant o f ethylene 
glycol is 37-7; (water =  80-4, n-decane =  2-0), and if we assume, as is reasonable, 
that the dielectric constants o f the PEGs are o f a similar magnitude to that o f ethylene 
glycol it would be expected that as the concentration o f PEG is increased, the 
solubility o f the parabens would increase markedly.

Table 2. The solubilities o f compounds in PEG solutions (millimolal)  at 20°.
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Solute

Solvent Benzene
Sulpha
diazine

p-Hydroxy-
benzoic

acid
Ethyl

paraben
Butyl

paraben
Methyl
anisate

10% w/v 20% PEG — - — — — —
PEG 1000 36-1 0-719 75-6 10-5 2-54 8-59

30% w/v 40% PEC .— — — — —
PEG 1000 57-2 2-11 304 35-0 11-0 14-6

40% w/v 60% PEC- 50% PEG — — — —
PEG 1000 154-3 4-20 559 69-3 22-1 21-5

80% w/v
PEG 1000 611 — — — — —

10% w/v 20% n6 — — — — —
hexagol 31-9 — 56-6 7-38 1-96 5*11

40% w/v
hexagol 59-4 — 334 25-5 8-02 11-4

60% w/v
hexagol 167 — — — — —

Solubilization in cetomacrogol solutions
The solubility of all compounds is greater in cetomacrogol solutions than in water 

when the concentration o f cetomacrogol is much greater than the cmc o f 0-007 % 
(Elworthy, 1960). This increase is linear with increase in concentration o f the 
detergent above the cmc (Fig. 3). Sulphadiazine has a very low solubility in water, 
in hexane and in PEG solutions: it is solubilized by cetomacrogol solutions least o f  
all o f the compounds investigated. This may be due to the large size o f the sulpha
diazine molecule. Elworthy & Lipscomb (1968b) found a correspondingly low  
solubility for griseofulvin in cetomacrogol.

/7-Hydroxybenzoic acid is insoluble in hexane but its high solubility in PEG 
solutions results in the highest M. A.C. o f all o f the compounds in surfactant solutions.

The other compounds studied are soluble in water, PEG solutions and in hexane 
and so their M.A.C.s are, in part, a reflection o f these properties.

Table 3 shows the solubilities of the compounds expressed as mol o f solubilizate/mol 
of detergent (cetomacrogol or C16n7) and this is a function of the solubility o f the 
compounds in the micelles. It can be seen that butyl paraben is as soluble in the
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C e t o m a c r o g o l  c o n c e n t r a t i o n  ( m o l  I - 1 )

F ig . 3. The solubility of compounds in cetomacrogol solutions at 20° C. O Benzene. 
□  p-Hydroxy benzoic acid. A Butyl paraben. X Ethyl paraben. #  Methyl anisate. ■ Decane. 
A  Sulphadiazine.

Table 3. T h e so lu b il it ie s  o f  co m p o u n d s p e r  m o l o f  ea ch  d e te rg e n t a t  20°.

Ci6n7 Cetomacrogol

Solubility as Solubility as
Solubility as mol/oxyethylene Solubility as mol/oxyethylene

Solute mol/mol unit mol/mol unit
Decane 0-888 0-127 0-232 0-0106
Benzene — — 2-33 0-106
/j-Hydroxybenzoic acid 0-616 0-088 1-460 0-0664
Ethyl paraben 0-630 0-090 0-911 0-0414
Butyl paraben — — 1-45 0-066
Methyl anisate 0-430 0-061 0-618 0-0281
Sulphadiazine .. — — 0-0099 0-00045

micelles as is /t-hydroxybenzoic acid. This cannot be explained by summing the 
solubilities o f  these compounds in hexane and in polyoxyethylene-water mixtures, 
as, although the butyl ester is more soluble than the p-hydroxybenzoic acid in the 
hydrocarbon core, it is less soluble in the oxyethylene-water complex. Therefore, 
there may be a significant change in the micelle structure on solubilization o f these 
two compounds.

The micellar solubility o f the other compounds in both cetomacrogol and C18n7 
(Table 3) shows a decrease in the order p-hydroxybenzoic acid >  ethyl paraben >  
methyl anisate >  decane. This is the order o f d ecrea s in g  solubility in water alone 
and in PEG solutions and o f in crea sin g  solubility in hydrocarbon solvents. Blaug & 
Ahsan (1961) reported similar results for other paraben-non-ionic systems.

Benzene seems to have an anomalously high solubility in the cetomacrogol micelles 
(Fig. 1): it is much less soluble in PEG solutions thanp-hydroxybenzoic acid, although 
it is miscible in all proportions with hydrocarbon solvents. These results all show



that the M.A.C.s o f the compounds in cetomacrogol cannot be rationalized simply 
in terms o f their solubility in typical constituent parts o f  the micelle. Changes in 
the structure o f the micelles must also be important factors in the mechanism of 
solubilization.

S o lu b iliza tio n  in CKn7 so lu tio n s

The solubility o f decane, p-hydroxybenzoic acid, e:hyl paraben and methyl anisate 
increases with increasing concentration o f C16n7. Butyl paraben causes separation 
of C16n, solutions into two immiscible phases at 20°; it was also found to coacervate 
with cetomacrogol solutions at temperatures higher than 22°. Butyl paraben has 
been reported to coacervate in solutions o f Myrj 52 and Tween 80 (Blaug & Ahsan,
1961).

Table 3 shows that decane displays the greatest micellar solubility, whereas methyl 
anisate is less soluble in the micelles than either ethyl paraben or p-hydroxybenzoic 
acid.

C o m p a riso n  o f  th e  M .A .C .s  in c e to m a c ro g o l a n d  so lu tio n s  

Solubilities in C:6n7 solutions were always greater than in cetomacrogol solutions 
even when the differing sizes o f the micelle core in the two cases was considered.

The hydration c f  the oxyethylene layer around the C16n7 micelles is significantly 
less than that o f cetomacrogol in the simple detergent solutions, and is equivalent to 
that in an 80 and 30% solution o f PEG respectively (Elworthy, 1960; Elworthy & 
McDonald, 1964).

Therefore, comparing solutions o f the two detergents containing the same amount 
o f oxyethylene chains, the C16n7 solution has a greater capacity for solubilization at 
all sites providing that the act o f solubilizing a compound does not significantly 
change the aggregation number and hydration o f the micelles. This is reflected in 
the data in Table 4.

Table 4. S o lu b ili tie s  in d iffe ren t p a r ts  o f  th e  m ice lle
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Solubility
^Solubility—proportion 

in hydrocarbon

fO Ol mol litre'1 f0-03 mol litre-1 0-01 mol litre 1 0-03 mol litre-1
Compound cetomacrogol Ci6n, cetomacrogol CiBn7

p-Hydroxy benzoic acid .. 48-3 52-7 48-3 52-7
Ethyl paraben 14-75 22-0 14-75 22-0
Methyl anisate 9-8 170 8-3 12-7

* The solubility of the compounds after subtracting the amount of the compound that dissolves 
in the relevant proportions of hydrocarbon in each detergent.

t  A 0 01 molar solution of cetomacrogol contains the same quantity of oxyethylene chains as a 
0-03 molar solution of C16n7.

For compounds which are solely present in the micellar core, the M.A.C. should 
be the same in solutions o f equal molarity o f each detergent. A study o f Figs 3 and 4 
shows that this is not true for any system, even the decane solutions. This must 
mean that some additional factors are present.

The differences between the solubilities in each detergent increase in the order, 
methyl anisate, ethyl paraben, p-hydroxybenzoic acid. This suggests that the
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solubility of p-hydroxybenzoic acid is more dependent on the oxyethylene content or 
the surface area of the micelles, than is the solubility o f methyl anisate. Table 3 also 
shows this. This points to a high solubility in the micelle core for methyl anisate.
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F i g . 4 .  The solubility of compounds in C16n, solutions at 2 0 °  C. □ p-Hydroxy benzoic acid. 
A Ethyl paraben. X Methyl anisate. O Decane.

P E G  1 0 0 0

W A T E R  80  6 0  , 0 2 0 P H Y D R O X Y B E N Z O I C
ACI D

F i g . 5 .  Phase diagrams o f  p-hydroxy benzoic acid—PEG 1000-water mixtures. ( S i  =  water 
miscible phase).
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PEG 1000

47 S

Fig. 6. Phase diagram of butyl paraben—PEG 1000-water mixtures. (S, =  water miscible 
liquid, S2 =  water immiscible liquid).

PEG 1000

F ig . 7. Phase diagram of methyl anisate—PEG 1000-water mixtures. (S! =  water miscible 
liquid).

P h a se  d ia g ra m s

The chief difference between the three diagrams (Figs 5, 6 and 7) is the presence 
of the water immiscible liquid in the butyl paraben system.

Comparison o f the diagrams for p-hydroxybenzcic acid and methyl anisate shows 
the different degree o f interaction between these two compounds and the PEG. The 
hydrogen bonding o f the acid on to the oxyethylene chains results in a fluid system 
at much lower concentrations o f water than in the methyl anisate system. The 
solubility o f the acid in the PEG-water mixtures is much greater.

In the butyl paraben system the solubility o f the ester in the PEG solutions is low  
but at low water concentrations and at the higher PEG concentrations, the second 
liquid phase appears. The probable difference between the two systems is that when 
a PEG molecule is associated with hydrogen bonded acid molecules it is still hydro
philic; when the ester molecule hydrogen bonds to a PEG molecule, the butyl chain
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of the ester renders the complex hydrophobic and so a water-immiscible phase is 
formed. This provides an explanation o f the coacervation noted in some o f the 
butyl paraben systems in the solubility studies. There is no similar water-immiscible 
phase present in the methyl anisate system and this shows the lack o f interaction 
between the ester and the PEG. The small increase in solubility o f the ester which 
does occur at the higher PEG concentrations may be due to the solute molecules 
being trapped in the lattice o f intermolecularly hydrogen bonded PEG chains.

Using this information it is possible to tentatively suggest the site o f  solubilization 
of the compounds investigated. Sulphadiazine and p-hydroxybenzoic acid are 
probably solubilized solely within the palisade layer, the acid being more concen
trated in the deeper region o f the layer. Ethyl and butyl paraben, methyl anisate and 
benzene are probably present throughout all regions o f the mice le with increasing 
concentration in the core in the listed order above. Decane is probably nearly all 
solubilized within the core o f the micelle.
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Identification o f the site o f solubilization o f 
various com pounds by cetom acrogol

T. C. CORBY* AND P. H. ELWORTHYt 
D e p a r tm e n t o f  P h a rm a c e u tic a l T ech n o lo g y , U n iv e rs ity  o f  S tr a th c ly d e ,  

G la sg o w , C . 1, U .K .

Solubilization of some o f the esters o f /.»-hydroxy benzoic acid by ceto
macrogol 1000 solutions has been investigated by ultraviolet spectro
photometry, nuclear magnetic resonance spectrometry and visco- 
metry to provide evidence on the environment o f each part o f the 
solubilizate molecule as well as the detergent molecule. Hydration 
of the micelles calculated from the viscometry results, gave further 
evidence on the site o f solubilization o f the compounds. On the 
basis o f these results and solubility results published previously it is 
suggested that the compounds are solubilized as follows: p-Hydroxy- 
benzoic acid is wholly solubilized deep in the oxyethylene layer of the 
micelle. Ethyl p-hydroxybenzoate is solubilized mostly in the oxy
ethylene layer and is situated adjacent to the core: some solubilization 
occurs within the core. Butyl p-hydroxybenzoate is solubilized 
mainly at the cxyethylene-hydrocarbon junction, the phenyl ring in 
the oxyethylene layer and the butyl chain in the core: some solubilizate 
is wholly present in the core. Methyl p-methoxybenzoate: most of 
the compound is dissolved in the micellar cere, but some is also 
present in the oxyethylene layer. Benzene is solubilized in a similar 
manner to methyl p-methoxybenzoate.

Physical methods provide invaluable tools in the study o f solubilization. Ultraviolet 
spectrophotometry (Riegelman, Allawala & others, 1958; Donbrow & Rhodes, 1966; 
Tokiwa, 1968) and nuclear magnetic resonance spectroscopy (Donbrow & Rhodes, 
1966; Eriksson & Gilberg, 1966) have both been used to identify the site of solu
bilization o f many different compounds.

The size and shape of micelles can be inferred from measurements o f the viscosity 
of systems and comparison o f one system with another can yield evidence o f the 
micellar structure. The hydration o f the micelles can be calculated from the 
following:

The volume o f 1 micelle Vh =  —.[(noM.>v., +  n3M3v3) +  w1v1(n2M2 +  n3M3)] (1)
u i

where f X  =  Avogadro’s Number; n! =  the number of water molecules bound in the 
micelle; n2 =  the number o f detergent molecules bound in the micelle; n3 =  the 
number o f solubilizate molecules bound in the micelle. (The subscripts always refer 
to the same three species.) M =  molecular weight; v =  specific volume o f the bound 
compounds; w =  weight o f compound bound per g of detergent.

Present addresses: * Allen and Hanburys Ltd., Ware, Herts., U.K.
t  University of Manchester, Manchester, M13 9PL, U.K.
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The partial specific volume o f the detergent in the solution is:

=  w2v2 + W jvj+ W3 V3  -
V d g 2/  T.P. glg3

w,v; •■v3v3 • • (2)

— V'2

where v° =  specific volume o f the unbound compound, and where g =  total weight 
of the compound in the solution. Substituting 2 into 1 and rearranging gives

Vh =  ^ [ (n 2M 2 +  n3M 3)(v2 +  w 3v°3 +  WjV?)] .. . .  (3)

If the total concentration of micellar substance is c2 +  c3 g/ml ;he volume fraction, 
(f>, of the micelles is:

<f> =  ( C 2 +  C3) ( V 2 +  W j V ?  +  w 3v £ )  

for spherical micelles: tjsp =  2-5<f>

at infinite dilution -— - =  [71]
L(c2 +  c3)J c2 +  c3 =  0

M  -  v2 -  w3v^
•• (4)

METHODS

Ultraviolet absorption spectra were recorded at a path length o f 1 cm using a 
Unicam SP800 recording spectrophotometer. The sample in the reference beam 
was either the corresponding solvent or detergent solution.

Proton magnetic resonance spectra of the solubilizates in 20% w/v cetomacrogol 
solutions were recorded using a Perkin Elmer RIO 60 MHz spectrometer.

Viscosity o f solutions was determined using a suspended level dilution viscometer 
(flow time for water 206 s) at 20° ±  0T°.

RESULTS
Ultraviolet spectrophotometry

As expected, spectra o f the compounds show an increased degree o f fine structure 
in n-hexane compared with more polar solvents. The fine structure is also more 
noticeable for the less polar solubilizates. In cetomacrogol solutions, the wavelength 
maximum for each compound shifts to longer wavelengths as the concentration o f  
cetomacrogol increases; this is probably due to the relative increase in the micellar 
phase and consequently in the amount of the compound solubilized (Table 1). For 
benzene, the wavelength maximum shifts from the water value in 01  %  cetomacrogol 
solution to the hexane value in 8 % cetomacrogol solution indicating that the benzene 
is predominantly in a hydrocarbon environment in 8% cetomacrogol solution.

In contrast to benzene the spectra for p-hydroxybenzoic acid and its butyl and 
ethyl esters suggest that in the more concentrated cetomacrogol solutions these 
compounds are in an oxyethylene environment.

The wavelength maxima for methyl anisate in cetomacrogol solutions is shifted 
1 nm towards longer wavelengths compared with the spectrum in aqueous solution,



Table 1. The wavelengths o f the absorption maxima for the solutions (nm).
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Solvent

Compound
Benzene
p-Hydroxybenzoic acid 
Ethyl p-hydroxy benzoate 
Butyl p-hydroxy benzoa:e 
Methyl p-methoxy benzoate

Water n-Hexane
PEG 1000
30% w/v

254-„ 255-„ 254-5
255-6 — 257-„
255-0 246-5 257-5
256-„ 246-5 258-5
257-„ 253-„ 258-5

01%
Cetomacrogol

2% 8% w/v
254-„ 254-5 255-„
255-5 257-„ 257-5
256-o 257-„ 258-„
258-„ 259-„ 259-„
257-0 257-5 258-„

with the concomitant small increase in the complexity o f the spectrum in 8% ceto
macrogol solution. This suggests that a large amount o f  the ester is solubilized in 
the hydrocarbon core. The nmr data also support this viewpoint.

Nmr spectroscopy
Fig. 1 shows the dependence o f chemical shift o f various protons (measured from 

the water reference line) on the mol ratio o f  solute to detergent. It has already been 
shown (Eriksson, 1963; Eriksson & Gilberg, 1966) that the water line moves only a 
very small amount, compared with an external reference, on solubilization o f various 
compounds in aqueous cetyl trimethylammonium bromide and cetyl pyridinium 
chloride.

Fig. 1. The chemical shifts of the solubilized systems. C =  p-Hydroxybenzoic acid. A =  
Benzene. □  =  Ethyl paraben. x =  Methyl anisate.

The chemical shift o f  the oxyethylene protons is independent of the amount o f  
solute solubilized by the surfactant except in the case of p-hydroxybenzoic acid where 
there is a concentration dependence. p-Hydroxybenzoic acid thus appears to be the
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only compound to appreciably alter the structure o f the oxyethylene water complex. 
The other compounds, may not be present in sufficient concentration in the oxy- 
ethylene complex to modify the environment o f the protons and so alter the line 
position. The chemical shift o f the aliphatic protons o f the cetomacrogol is 
dependent on the mol ratio o f solute to detergent whatever the solute involved. As 
the mol ratio increases, the environment o f the aliphatic protons is continually 
changing. The slope o f the curve in Fig. 1 for methyl anisate is greater than that for 
ethyl paraben and is probably due to the greater concentration of the former com
pound in the hydrocarbon core. Since p-hydroxybenzoic acid is insoluble in hydro
carbon solvents its effect on the chemical shift of cetomacrogol aliphatic protons is 
probably due to the solubilization o f the acid molecules in the oxyethylene water 
complex, thus resulting in a changed configuration of the oxyethylene chains which 
modifies the structure o f the hydrocarbon core.

Resonance lines for the phenyl protons o f p-hydroxybenzoic acid and its ethyl 
ester both show the same shifts, probably indicating that both are in the oxyethylene 
layer. Since shifts for the phenyl protons of methyl anisate are different from those 
o f the other two solids, this probably reflects the increased solubilization o f the ester 
in the micellar core. The plot for benzene shows a large change in slope at about 
0-5 mol/mol detergent suggesting that at very low concentrations o f benzene the site 
o f solubilization is different to that at higher benzene concentratians. It is suggested 
that benzene may be adsorbed on the micelle surface at less than 0 4  mol/mol detergent 
and only enters the core above 0-6 mol/mol. Eriksson & others 1 1966) have reported 
similar results for the solubilization o f benzene by cetyl trimethyhmmonium bromide 
and cetyl pyridinium chloride.

52 S

V isc o m e try
77gp .

The intrinsic viscosities and line slopes for plots of —  vs. c are presented in
c

Table 2.* Addition o f p-hydroxybenzoic acid (or its ethyl ester) to solutions of 
cetomacrogol result in a small decrease in micellar hydration. This is probably due 
to simple displacement of some o f the bound water by the large number of 
solubilizate molecules in the micelle.

Table 2. T h e in tr in s ic  v is c o s ity  a n d  h y d ra tio n  o f  th e  s a tu r a te d  s y s te m s  a t  20°.

h i Hydration
g water/g cetergent

PEG 1000 Hexagol Cetomacrogo (w,)*
No additive 5-9 3 0 7-6f 2-2 ±  0-2
/>-Hydroxybenzoic acid 5-3 2-8 6-4 1-9 ±  0-2
Ethyl paraben 5-6 2-4 5-8 1-6 ±  01
Butyl paraben 5-9 3-2 6-7 2-2 ±  0-2
Methyl anisate 5-6 2-7 7-2 2-1 ±  0-2
Decane — — 5-3 1-2 ±  0-1

* Applies to cetomacrogol only.
t  The error in intrinsic viscosity determinations is approximately ±5%  (Macfarlane, 1963).

* A computer program for this calculation can be obtained from the authors on request.



The decrease for the ethyl ester is greater than for the acid and is ascribed to the 
larger size o f the ester molecule displacing more water molecules. The hydrophobic 
ester chain may also cause the oxyethylene chains to coil more tightly and thus 
squeeze out some o f the trapped water molecules.

The values o f v /1 for the butyl paraben and methyl anisate systems are close to that 
of cetomacrogol in the absence o f solubilizate and this may be due to a balance o f  
two factors. Although these solubilizates displace water from the polyoxyethylene/ 
water layer o f the micelle, d ecrea s in g  w1; they may also affect the structure of the 
micelle, expanding the hydrocarbon core, and in c rea sin g  w,.

The decane system has a very low hydration. If most o f the solubilized decane 
enters the micellar core, then expansion o f the micellar core would result. Provided 
the structure of the palisade has not been modified, the overall size o f the micelle may 
remain constant. This would result in a decreased volume o f the palisade layer and 
therefore a low degree o f hydration.

Site o f solubilization o f various compounds by cetomacrogol 53 S

T he s i te  o f  so lu b iliza tio n

D eca n e  is miscible with the hydrocarbon core o f the micelles and the only restriction 
on the magnitude of the M.A.C. is that which limits the volume of the micelle. This 
is the ability of the oxyethylene chains to orientate themselves to effectively cover the 
expanded core. It follows that the M.A.C. of decane is higher in non-ionic detergents 
than in ionic detergents (McBain & Richards, 1946; Corby & Elworthy, 1971).

B en zen e  has an appreciable solubility in the oxyethylene layer o f the micelle 
(Corby & Elworthy 1971). which would result in dehydration o f this layer and this 
is probably the limiting factor in the M.A.C. Evidence presented above suggests 
that only a very small amount o f benzene is dissolved in the oxyethylene layer, most 
being solubilized in the hydrocarbon core. The limit is reached when the core 
becomes so large that the partially dehydrated oxyethylene-water complex cannot any 
longer hold the micelle in solution.

p-H y d ro x y b e n zo ic  a c id  a n d  i ts  d e r iv a tiv e s . Whereas the free acid appears to be 
wholly solubilized in the oxyethylene layer o f the micelles, its ethyl ester is solubilized 
partly in the micelle cere and partly in the palisade layer, but with most near to the 
core-palisade junction. Orientation of ester molecules at this junction is likely so 
that the ethyl chain is just within the hydrocarbon core. The corresponding butyl 
ester is similarly solubilized but the proportions o f the two esters present at each site 
are different because o f the different polarity o f each compound. To account for 
the greater M.A.C. o f the butyl derivative in cetomacrogol solutions, it is suggested 
that this compound modifies the micellar structure to a much greater extent than 
ethyl paraben.

M e th y l  a n isa te . Seme solubilization o f methyl anisate takes place within the 
oxyethylene layer with most present in the micellar core.
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The analysis o f nicotine-l'-iV-oxide in urine, 
in the presence o f nicotine and cotinine, and 
its application to  the study o f in vivo nicotine 

m etabolism  in m an
A. H. BECKETT, J. W. GORROD AND P. JENNER 

D e p a r tm e n t o f  P h a rm a c y , C h e lsea  C o lle g e , L o n d o n , S . IV. 3 , U .K .

A  rapid quantitative assay for nicotine-1'-A-oxide in urine, in the 
presence o f  nicotine and cotinine, is reported. The urinary excretion 
of nicotine, cotinine and nicotine-T-A-oxide was determined after 
nicotine had been administered in cigarette smoke, orally, or intra
venously to subjects with either fluctuating, controlled acidic or con
trolled alkaline urinary pH. The urinary excretion o f the A-oxide 
in 24 h from smokers under normal conditions was about half that o f  
the cotinine excretion; more tra n s- than m-diastereoisomer of 
nicotine-T-A-ox:de was excreted.

Cotinine is the major basic urinary metabolite o f  nicotine in man (McKennis, 1965); 
recently Booth & Boyland (1970) demonstrated nicotine-1'-A-oxide in human urine. 
A quantitative method o f analysis for nicotine-l'-A-oxide in urine, in the presence 
o f nicotine and cotinine has been developed and used to examine the excretion o f  
cotinine and nicotine-A-oxide in man administered nicotine by various routes.

MATERIALS AND METHODS
M a te r ia ls

(—)-Nicotine (base and hydrogen (+)-tartrate salt) and titanium trichloride 
solution, technical grade 12-5% w/v TiCl3 in c a  15% w/v HC1 (total) were obtained 
from BDH Ltd. (—)-Nicotine-l'-A-oxide* was synthesized according to Taylor & 
Boyer (1959), (—)-nicotine-di-A-oxide and (—)-nicotine aryl mono-A-oxide according 
to Johnson, King & Turner (1958), and (—)-cotinine to Bowman & McKennis (1959).

Nicotine and cotinine were extracted and analysed as described by Beckett & Triggs
(1966) using a Perkin Elmer F 11 gas liquid-chromatograph with a flame ionization 
detector.

D e te rm in a tio n  o f  th e  d ia s te re o iso m e r ic  ( - ) - n ic o t in e - l ' - 'N - o x id e s  in urine in th e  p re s e n c e  
o f  ( - ) - n i c o t in e  a n d  ( - ) - c o t in in e

Nicotine-1'-A-oxide* was reduced to nicotine with titanium trichloride at room 
temperature.

Replicate urine samples (5-0 ml) containing added nicotine-1'-A-oxide (10 0 /xg/nd) 
were placed in centrifuge tubes and 5n hydrochloric acid (0-2 ml) and titanium tri
chloride solution (0-2 ml) added (Brooks & Sternglanz, 1959). At intervals between 
5 min and 24 h after the addition o f titanium trichloride solution the reduction of 
each sample was stopped by the addition o f 5n sodium hydroxide (0-5 ml).

* 7 :3  mixture trans- and cw-diastereoisomers (Beckett, Gorrod & Jenner, to be published).
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Replicate urine samples (5 0 ml) containing nicotine-l'-A-oxide (10 0^g/m l) were 
reduced for 1 h as above and analysed for nicotine by g.l.c. (Becxett & Triggs, 1966). 
The peak height ratio obtained was compared with that for the theoretically equivalent 
amount o f nicotine added to urine and assayed by the same procedure.

Using this procedure, a calibration curve for nicotine-l'-A-oxide between 0T and
10-0/xg/ml in urine was constructed. Again, the peak height ratios obtained were 
compared with those obtained for the theoretical equivalent o f nicotine. Replicate 
urine samples (5-0 ml) containing either nicotine or cotinine (10 /cg/ml) were similarly 
assayed but after a reduction time o f 24 h.

General procedure for the determination o f the nicotine- 1 '-N-oxide, nicotine and cotinine 
content o f urine

Urine samples (4-0 ml) internal marker (I -0 ml: phendimetrazine 10 /¿g/ml) and 5n  
sodium hydroxide (0-2 ml) were placed in a centrifuge tube. Any nicotine present 
was extracted with diethyl ether (3 X 2-5 ml) and assayed by g.l.c. (Beckett & Triggs, 
1966). The aqueous layer was washed with diethylether (2 x  2-5 ml) and then 5n  
hydrochloric acid (0-2 ml) added followed by titanium trichloride solution '0-2 ml). 
After 1 h, 5n  sodium hydroxide (0-5 ml) and the internal marker (TO ml) were added 
and the solution assayed for nicotine as above. Cotinine was then extracted with 
dichloromethane (3 x  2-5 ml) after the addition of internal standard (1 0  ml; ligno- 
caine 10/xg/ml) and assayed by g.l.c. (Beckett & Triggs, 1966). Blank samples o f  
urine and standard solutions o f nicotine-l'-A-oxide in urine (10-0^g/ml) were 
assayed immediately by the above procedure and at intervals during two weeks.

Detection o f nicotine- 1 ’-N-oxide in the urine o f a smoker
A 24 h urine collection from a heavy smoker (40 cigarettes/day) was concentrated 

to a small volume under vacuum at 70° using a rotary film evaporator and the residue 
freeze dried. The remaining viscous liquid was streaked across the origin o f sheets 
of Whaunans 3MM paper and run in descending system overnight using n-butanol- 
n-propanol-2N ammonia (2:1:1 v/v) as solvent to separate the cis- and trans- 
diastereoisomers o f nicotine-l'-A-oxide (Booth & Boyland, 1970). Reference samples 
of synthetic nicotine, cotinine, nicotine-l'-A-oxide, nicotine-di-A'-oxide and nicotine 
aryl mono-A-oxide were also run. After elution, the papers were examined under 
ultraviolet light (Hanovia CHI 291) and compounds located by either Dragendorff 
or Iodoplatinate spray reagent (Smith, 1960). Papers were cut into strips according 
to the fluorescent bands present. These were shredded and then eluted with methanol 
containing 3% v/v ammonia (S.G. 0-880). The eluates were evaporated to dryness 
under vacuum at 40° using a rotary film evaporator. The residue was dissolved in 
distilled water (4-0 ml) and assayed for A-oxide metabolites.

Trials
The subjects were healthy males between 20 and 40 years. Smoxers ceased smoking 

at least 36 h before the trial and the analysis o f a “blank” sample o f urine was used 
to demonstrate the absence o f nicotine, nicotine-l'-A-oxide and cotinine.

Control o f urinary pH. Urinary pH was maintained acidic (pH 4-8 ±  0-2) by prior 
administration o f enteric coated ammonium chloride tablets (Beckett & Tucker, 1966). 
An alkaline urinary pH was maintained by an equivalent dosage regimen of sodium 
bicarbonate in aqueous solution.



Urine collection. Urine samples were collected at 30 min intervals for 4 h after 
drug administration, at 60 min intervals for a further 8 h, then at will until a final 
sample was collected at 24 h, unless otherwise stated. The pH and volume o f each 
sample was measured immediately and all samples were stored at 4° until analysed.

Oral trials. (—)-Nicotine hydrogen (±)-tartrate in aqueous solution (6-14 mg =  
2-0 mg base) was swallowed by subjects with acidic, alkaline or fluctuating urinary pH.

Intravenous trials. Subjects, with controlled acidic urinary pH, were injected 
intravenously with (—)-nicotine hydrogen (±)-tartrate (3-07 mg =  1-0 mg base) in 
sterile aqueous solution (5-0 ml) over 5 min.

Smoking trials. These involved three separate experiments, (i) A subject with 
controlled acidic urinary pH smoked one cigarette normally, (ii) The same subject, 
with fluctuating urinary pH, smoked a cigarette normally every half-hour during the 
course o f two working days and urine samples were collected hourly for 36 h.
(iii) Subjects with fluctuating urinary pH were allowed to smoke normally and 24 h 
urine samples were collected starting after the first passage o f urine o f the morning 
and continuing until the first passing of urine next morning.

RESULTS AND DISCUSSION

Nicotine-T-A-oxide in urine was reduced quantitatively by titanium trichloride in 
5 min at room temperature; a reduction time of up to 24 h did not reduce nicotine 
orcotinine. A reduction time of 1 h was adopted for the general procedure. Neither 
constituents in urine nor storage o f urine led to interference with the assay procedure. 
The standard error (s.e. =  ± 2  standard deviations) o f analysis results o f  replicate 
samples o f nicotine-A-oxide in urine was < ± 4 % ;  that over the calibration range 
for nicotine-l'-A-oxide was ± 9  0% and that for nicotine and cotinine, ±5-0% .

Chromatograms o f smokers’ urine showed two bands corresponding to cis- and 
tram-nicotine-l'-A-oxide (Booth & Boyland, 1970) (RF0-42 and 0-51 respectively)* 
(Table 1A); more trans- than ra-diastereoisomer was indicated by visual inspection. 
Bands corresponding to nicotine (R F 0-95) and cotinine (R r  0-82) were also observed. 
N o colour reactions were obtained in the regions where nicotine-di-A-oxide or 
nicotine-aryl-mono-A-oxide were located (Table 1 A). Elution o f bands 6, 7, 8, which 
span Rf values covering cis- and tram-nicotine-l'-A-oxide, followed by reduction,

Table 1. RF values o f  (A) nicotine and some possible metabolites and (B) fluorescent 
bands observed on chromatograms o f concentrated smokers urine on Whatman 
3 M M  paper using n-butanol, n-propanol 2n ammonium hydroxide 2: 1 : 1  
(v/v) as developing solvent.

Analysis o f nicotine-V-N-oxide in urine 57 S

A B
Compound R f Strip No. Rf of leading edge

Nicotine di-A-oxide .. 0-20 1 004
c/j-Nicotine- T- A-oxide 0-42 2 017
fra/ts-Nicotine-l'-A-oxide 0-51 3 0-22
Nicotine aryl mono-A-oxide.. 0-77 4 0-30
Cotinine 0-82 5 0-34
Nicotine 0-95 6 0-41

7 0-42
8 0-46
9 0-53

10 10

c/s-Nicotine-l'-A-oxide denotes cis-(methyl/pyridyl).
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g a v e  nicotine (Table I B ) .  B a n d  8 (RF0-46-0-53) which represented primarily trans- 
nicotine-] '-A-oxide gave more nicotine on reduction than did bands 6 and 7 (RF 0-41- 
0-46) which represented the RF value of the c/s-diastereoisomer with some overlap 
o f the trans-band. N o other bands contained a substance recuceable to nicotine. 
Thus more trans- than c/s-nicotine-TV-oxide is excreted in human urine in agreement 
with the results o f Booth & Boyland (1970).

The urinary excretion o f nicotine, after oral administration, was pH dependent, 
that of cotinine slightly pH-dependent but also volume-dependent, while that of 
nicotine-T-N-oxide was independent of urinary pH and volume—as expected for a 
highly polar water-soluble compound (Fig. 1 and Table 2). The rate of urinary

A B  C

F ig . 1. Urinary excretion of nicotine, cotinine and nicotine-l'-yV-oxide after oral administration 
of nicotine (2 mg) to a subject with (A) fluctuating, (B) controlled acidic anc (C) controlled alkaline 
urinary pH. No nicotine excretion under alkaline conditions. □  Nicotine. A  Nicotine-V-N- 
oxide. O Cotinine.

Table 2. The urinary recoveries o f nicotine, cotinine and nicotine-1 '-N-oxide after oral 
and intravenous administration o f nicotine.

% urinary recovery in 24 h

Route and Nicotine-
dose Subject Urinary pH Nicotine Cotinine 1-A-oxide

Oral 1 Uncontrolled 3-8 6-3 4-1
2 mg Acidic 11-4 9-4 3-6

Alkaline 0 7-9 4-1
2 Uncontrolled 0-9 5-: 3 0

Acidic 11-5 6-3 3-0
Alkaline — — —

Intravenous 1 Acidic 34-8 21-6 4-2
1 mg 2 Acidic 35-5 20-8 3-8

3 Acidic 35-4 11-2 3-8



excretion o f cotinine was lower than that o f  nicotine and o f nicotine-l'-JV-oxide but 
declined more slowly; the time for the cotinine excretion to fall to half its original 
value was 7 h compared with 2 h for nicotine and its A-oxide. Nicotine-1'-A-oxide 
excretion, under acidic conditions, was complete 6 h after nicotine administration and 
its peak rate o f excretion and excretion profile was parallel to that o f nicotine (Fig. 
1A,B), while the cotinine excretion profile showed no distinct peak.
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Table 3. The urinary recoveries o f nicotine, cotinine and nicotine-1 '-N-oxide from  
smokers 24 It urine samples (fluctuating urinary pH).

Recovery from 24 h urine sample (mg) 
------------------------------------------------- Ratio

Subject Nicotine Cotinine A-oxide Cotinine/A-oxide
1 2-52 5-01 2-46 2-1 : 1
2 909 2-76 1-20 2-3 : 1
3 2-72 1-72 0-9 1-9 :: 1
4 0-24 0-39 0-11 3-8 : 1
5 1-95 1-46 0-62 2-4 : 1
6 5-32 2-09 2-78 0-75:: 1
7 4-75 2-45 1-03 2-4 : 1
8 1-54 1-74 0-84 2-1 : 1

A B

T im e  (h )

Fig. 2. Urinary excretion of nicotine, cotinine and nicotine-l'-A-oxide under conditions of 
controlled acidic urinary pH after (A) i.v. administration of nicotine (1 mg) and (B) smoking one 
cigarette. □  Nicotine. A  Nicotine-l'-A-oxide. O Cotinine.



60S A. H. BECKETT, J. W. GORROD AND P. JENNER
With uncontrolled urinary pH, the urinary recovery o f nicotine was greatly reduced 

(Fig. 1A) and under alkaline conditions was abolished (Fig 1C). Urinary cotinine 
recoveries were altered only slightly by changes o f urinary pH and A-oxide recoveries 
were unaffected even though, because o f kidney tubular reabsorption, more extensive 
nicotine metabolism occurred than under acidic urine conditions.

A higher recovery o f unchanged nicotine was obtained after intravenous nicotine 
administration than after oral administration but the recovery o 'n icotine-1'-A-oxide 
was unaffected (Table 2). Recoveries obtained after intravenous administration of 
nicotine, however, show inter-subject variation (Beckett, Gorrod & Jenner, 1971). 
After intravenous administration o f nicotine the peak rate o f excretion of nicotine 
and nicotine-1'-A-oxide occurred within 15 min; the excretion profiles o f nicotine, 
cotinine and nicotine-1'-A-oxide had similar characteristics to those described after 
oral administration.

Similar urinary recoveries and excretion profiles o f nicotine and its metabolites to 
those observed after intravenous administration have already been shown after rectal 
nicotine administration (Beckett, Gorrod & Jenner, 1970).

The urinary recovery o f nicotine-1'-A-oxide, under conditions of acidic urinary pH, 
from a subject who smoked one cigarette, was small compared to that of nicotine

T im e  (h )

F ig . 3 The urinary excretion of nicotine, cotinine and nicotine-l'-A'-oxile under conditions of 
normal fluctuating urinary pH in a subject smoking at regular intervals. □  Nicotine. 
A  Nicotine-1'-A-oxide. O Cotinine.



and cotinine (Fig. 2B). However, when one cigarette was smoked every 0-5 h for 
two working days, under conditions o f fluctuating urinary pH, nicotine-1 '-(V-oxide 
was present in the urine in significant amounts (Fig. 3). Urinary recoveries and 
excretion profiles o f nicotine, nicotine-l'-/V-oxide and cotinine after intravenous 
nicotine and cigarette smoke are similar (cf. Fig. 2A and 2B; see also Triggs, 1967).

The amount o f nicotine-l'-JV-oxide excreted by smokers in 24 h under normal 
conditions was approximately half that o f the cotinine excreted (Table 3). Inter
subject variations in the ratio o f cotinine to nicotine-1'-//-oxide were small. 77- 
Oxidation under these conditions, is an important route o f metabolism o f nicotine.

A c k n o w le d g e m e n ts

This work was supported by a grant from the Tobacco Research Council. One 
of us (PJ) thanks the Medical Research Council for a research studentship held 
during the course of the work.

Analysis o f nicotine-Y-Til-oxide in urine 61 S

R E F E R E N C E S

B e c k e t t , A .  H., G o r r o d , J. W. & J e n n e r , P. (1 9 7 0 ). J. Pharm. Pharmac., 22, 722.
B e c k e t t , A. H., G o r r o d , J. W. & J e n n e r , P. (1971). Ibid., 23. In the press.
B e c k e t t , A. H. & T r i g g s , E. J. (1966). Nature, Lond., 211, 1415-1417.
B e c k e t t , A. H. & T u c k e r , G. T. (1966). J. Pharm. Pharmac., 18, Suppl., 72S-75S.
B o o t h , J. & B o y l a n d , E . (1 9 7 0 ). Biochem. Pharmac., 19, 7 3 3 -7 4 2 .
B o w m a n , E. R. & M c K e n n i s , H. Jr. (1959). Biochem. Prep., 10, 31-38.
B r o o k s , R. T. & S t e r n g l a n z , P. O. (1959). Analyt. Chem., 31, 561-565.
J o h n s o n , A .  W . ,  K i n g , T .  J . &  T u r n e r , J . R . (1 9 5 8 ). J. chem. Soc., 3 2 3 0 -3 2 3 1 .
M c K ennis, H. Jr. (1965). Tobacco Alkaloids and Related Compounds: 4th Wenner-Gren Centre 

International Symposium, 4. Editor: Euler, U. S. von. Oxford: Pergamon.
S m it h , I. (1960). Chromatographic & Electrophoretic Techniques, 1. London: Heinemann. 
T a y l o r , E. C. & B o y e r , W. E. (1959). J. org. Chem., 24, 275-277.
T r i g g s , E. J. (1967). Ph.D. Thesis, University of London.



J. Pharm. Phannac., 1971, 23, Suppl., 62S-67S Received Jannary 26, 1971

The effect o f sm oking on nicotine m etabolism
in vivo in m an

A. H. BECKETT, J. W. GORROD AND P. JENNEF.

D e p a r tm e n t o f  P h a rm a c y , C h e lsea  C o lle g e , L o n d o n  U n iv e rs ity , M a n re sa  R o a d , C h e lsea ,
L o n d o n , S .W . 3, U .K .

Nicotine and a basic metabolite, cotinine, were determined in the urine 
by gas-liquid chromatography after intravenous administration of 
(—)-nicotine hydrogen (+)-tartrate to groups o f male and female 
smokers and non-smokers in whom the urine was maintained at an 
acid pH. The urinary recoveries of nicotine and cotinine from male 
smokers fell in two groups. One showed a lower recovery of both 
alkaloids than was seen with male non-smokers. The other showed 
a similar recovery of nicotine but more cotinine than the male non- 
smokers. Female smokers excreted less nicotine but more cotinine 
than female non-smokers. More nicotine but less cotinine was 
excreted by female non-smokers than by male non-smokers. The 
results show sex dependent metabolism of nicotine occurs in non
smoking humans and that smoking causes alterations in nicotine 
metabolism.

The nature of tolerance to nicotine and tobacco smoking has received much attention 
(Dixon & Lee, 1912; Edmunds & Smith, 1915; Werle & Uschold, 1948; Yamamoto, 
Nagai & others, 1966; Wenzel & Broadie, 1966; Welch, Harrison & others, 1968, 
1969; Stalhandske & Slanina, 1970; Ruddon & Cohen, 1970); evidence for the 
induction of hepatic microsomal enzymes as an explanation is equivocal since reports 
of inhibition as well as induction have occurred.

While it is known that there are sex differences in the drug metabolizing activity 
of rats and mice (Quinn, Axelrod & Brodie, 1968; Booth, 1966, 1967), evidence in 
men is lacking.

The observations o f Beckett & Triggs (1967) have now been extended by an analysis 
of urine for nicotine and cotinine and an examination of the different nicotine 
metabolism between the sexes.

METHODS
Nicotine and cotinine were extracted and analysed by the method o f Beckett & 

Triggs (1966) using a Perkin Elmer F l l  gas chromatograph with a flame ionization 
detector. Phendimetrazine (Ayerst, McKenna & Harrison Ltd.) replaced chlor- 
phentermine as the internal standard for nicotine (Rt nicotine 2 0, phendimetrazine
3-8 min). Lignocaine was used as the internal standard for the cotinine determination 
(Rt cotinine 6 0, lignocaine 4-2 min).

Sterile ampoules containing 3-07 mg (—)-nicotine hydrogen (+)-tartrate (BDH  
Ltd.) in 5 ml water (equivalent to 1 mg of nicotine base), were prepared. Randomly 
selected ampoules were assayed for nicotine content by gas-liquid chromatography.

Male and female volunteer smokers and non-smokers were injected intravenously 
with 5 ml o f the above nicotine hydrogen tartrate solution: the i rine of all subjects



was controlled at pH 4-3 ±  0-2 (Beckett & Tucker, 1966). Smokers ceased smoking 
at least 36 h before the injection and the analysis o f a “blank” sample o f urine before 
injection was used to demonstrate the absence o f nicotine and cotinine. The injections 
were given over 5-10 min and the subjects reaction noted. Urine samples were 
collected at 30 min intervals for 4 h at 60 min intervals for a further 8 h, then at will 
until a final sample was collected at 24 h. The pH and volume of each sample was 
measured immediately using a pH meter and all samples were stored at 4° until 
analyses were complete. Duplicate experiments were carried out in two male 
smokers and one male non-smoker at intervals from 3 days to 15 months. Experi
ments where the pH of the urine was not controlled were carried out with two male 
non-smokers (Subjects 1 and 3). Nicotine was determined in each urine sample, 
cotinine was determined only in bulked 24 h samples.

RESULTS AND DISCUSSION
When the urine is adjusted to an acid pH the excretion o f cotinine but not of 

nicotine is affected by changes in urinary output (Triggs. 1967). Although water
loading o f the subject abolishes this effect, the resultant low concentrations o f nicotine 
preclude its accurate measurement. In the present work, therefore, pH control 
without water-loading has been used and as a result cotinine recoveries exhibit 
greater inter- and intra-subject variation than recoveries for nicotine. Amounts of 
cotinine recovered in 2 a  h (c a  1600 ml urine) of less than 50 pg being too small to be 
measured accurately have been recorded as > 5%  cotinine in Table 1.
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F ig . 1. Urinary excretion of nicotine after the intravenous administration of 3 07 mg (— )-nicotine 
hydrogen (+)-tartrate to a subject with, (A ) fluctuating and (B) acidic controlled urinary pH.



Table 1. U rin a ry  re c o v e r ie s  o f  n ic o tin e  a n d  co tin in e  f r o m  m a le  a n d  f e m a le  s m o k e r s  
a n d  n o n -sm o k ers , w ith  f lu c tu a tin g  o r  a c id ic  u r in a ry  p H ,  a f te r  in tra ven o u s  
a d m in is tra tio n  o f  3-07 m g  ( - ) - n i c o t i n e  h yd ro g en  ( - \- ) - ta r tra te .
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Approximate
number of
cigarettes % Nicotine % Cotinine Urine volume

Subject Age smoked daily excretion in 1 2  h excretion M 24 h 24 h
Male non-smokers

1 23 — 31-0 T ND Ì 2822
1 * 23 — 31-8 1 1 - 2 1497
2 34 — 31-7 7-3 3945
3 23 — 31-0 8 - 1 1701
4 23 — 35-5 Av. ND Av. 1683
5 51 — 36-8 33-5 ND - 9 . 2 1754
6 2 2 — 32-1 ND 1394
7 23 — 35-5 ND 1386
8 2 2 -- - 34-5 9-2 1666
9 24 — 35-4 1 0  1 1180
I t 23 — 4-8 <5 2132
3t 23 — 4-7 <5 1846

Male smokers (low recovery)
1 24 40 2 1 -6 ' <5 ' 1625
2 23 1 0 2 1 - 2 <5 1752
3 26 Pipe smoker 2 1 - 2 Av. ND Av. 1464
4 48 2 0 24-0 > 22-5 <5 <5 1426
5 24 30 23-6 ND 2170
6 24 30 23-1 J <5 J 2470

Male smokers (high recovery)
1 35 15 30-1 ' 21-3 ' 1384
1 * 35 15 32-0 27-7 1353
2 40 40 34-8 2 1  6 1550
2 * 40 40 35-5 Av. 2 0 - 8 Av. 1275
3 25 25 32-8 f 34-4 24-5 f 25-3 1537
4 2 1 25 34-8 24-5 1514
5 2 1 2 0 38-1 31-3 2935
6 23 2 0 37-4 _ 30 4 . 1740

Female non-smokers
1 2 2 — 440 <5 1890
2 23 — 49-3 Av. <5 Av. 1969
3 2 2 — 44-7 f 45-4 <5

1 < 5
1455

4 28 — 43-5 <5 2863
Female smokers

1 23 2 0 34-0 22-5 1726
2 21 15 40-5 Av. 35-2 Av. 1408
3 23 25 37-3  ̂ 35-9 23-4  ̂ 26-4 982
4 21 15 38-4 24-5 1943
5 23 15 29-3 ND 1655

* Repeat after 15 month interval, 
t Fluctuating urinary pH.

pH dependent fluctuations in the urinary excretion o f nicotine under normal 
conditions (Fig. la) disappear when the urine is maintained at an acid pH (Fig. lb) 
and a higher recovery o f unchanged nicotine is then obtained (Beckett & Triggs, 1967) 
(Table 1). The elimination o f nicotine does not appear to be a single first order 
process.

Typical urinary excretion patterns o f male and female smokers and non-smokers 
(Fig. 2) show no significant differences in the time taken to eliminate half o f the 
nicotine dose. The differences in nicotine recoveries arise from differences in the
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F ig . 2. Typical urinary excretion patterns of nicotine from (A) a male and (B) a female smoker 
and non-smoker after intravenous administration of 3 07 mg (—)-nicotine hydrogen (-l-)-tartrate 
under conditions of controlled acidic urinary pH. Open points—non-smokers. Closed points—
smokers.

rate o f excretion (/,-g/min) at any given time. The peak rate o f nicotine excretion 
occurs within the first 30 min after injection; excretion is complete within 12 h in all 
groups.

Duplicate experiments in three male subjects—two smokers and one non-smoker—  
at intervals from three days to 15 months showed no variation in the urinary excretion 
pattern or in the percentage recoveries of nicotine and cotinine. This suggests that 
the enzyme activity in the individual is little changed over a long period.

None o f the smokers reported any nausea from the nicotine injections; this was 
reported in varying degrees by all non-smokers, thus indicating some degree o f  
tolerance to nicotine among smokers.

The urinary recoveries o f nicotine and cotinine obtained after intravenous admini
stration o f nicotine to subjects with acidic urinary pH (Table 1; Fig. 3) show that 
subjects may be divided into distinct groups.

The urinary recoveries o f nicotine and cotinine from male smokers fall in two groups. 
One showed a lower recovery o f both alkaloids than was seen with male non-smokers 
(low recovery group). The other showed a similar recovery o f nicotine but more 
cotinine (high recovery group) than male non-smokers. Female smokers excreted 
less nicotine but more cotinine than female non-smokers and gave a higher combined 
recovery o f  these compounds.

Possibly tobacco smoke may have caused the induction o f nicotine and continine 
metabolism in “low recovery” male smokers. On the other hand, the results for 
“high recovery” male smokers indicates that smoking has either inhibited the meta
bolism o f cotinine or emphasized the cotinine route o f  metabolism at the expense of 
an alternative route o f nicotine metabolism.
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Fig. 3. Comparison of mean urinary recoveries of nicotine and cotinine in male and female 
smokers and non-smokers after the intravenous administration of 3-07 mg (—)-nicotine hydrogen 
(+)-tartrate. A, low recovery B, high recovery groups.

Smoking in females apparently caused increased total metabolism of nicotine and 
either increased cotinine formation or inhibition o f the further metabolism of cotinine. 
In neither male nor female smokers is there a correlation between the urinary 
recoveries of nicotine and cotinine and the approximate number o f cigarettes smoked 
daily before the trials were carried out.

The complex picture o f human nicotine metabolism is in accord with many pre
viously reported data where pretreatment with nicotine, tobacco smoke or other 
xenobiotics has led to either induction or inhibition of nicotine metabolism (or both) 
under similar experimental conditions (see Stalhandske & Slanina, 1970). However, 
tobacco smoke is a known inhibitor o f many enzyme systems (Benedict & Stedman, 
1968; Sato, Suzuki & Fayuyama, 1962; Schievelbein, 1967; Schievelbein, Werle & 
others, 1969) including dehydrogenases and an oxygenase, so that inhibition o f the 
further metabolism o f cotinine or the formation of nicotine-1'-A-oxide, recently 
observed as a metabolite o f nicotine in man (Booth & Boyland, 1970), is possible.

Male non-smokers excrete less nicotine but more cotinine than female non-smokers 
(Fig. 3) showing that sex-dependent metabolism of nicotine occurs in humans. A 
comparison of nicotine metabolism in male and female smokers is complicated by 
the metabolic changes induced by smoking and the validity of such a comparison is 
dubious.
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A new buccal absorption model
}. C .  D E A R D E N  A N D  E R I C  T O M L I N S O N

School of Pharmacy, Liverpool Polytechnic, Byrom Street, Liverpool L3 3AF, U.K.

Buccal absorption tests indicate that loss of drug from the oral cavity 
cannot be accounted for solely in terms of passive diffusion into the 
buccal membrane. A model involving protein-binding is proposed, 
which satisfactorily explains the observed loss. Studies on two 
different physical simulations of buccal absorption confirm that the 
proposed model is consistent with the in vivo results.

A simple method of measuring the extent of buccal absorption ' Beckett & Triggs,
1967) has led to the development of two models to describe buccal absorption 
(Beckett, Boyes & Triggs, 1968; Beckett & Moffat, 1970). Cur studies of the 
physico-chemical properties of analgesics have suggested a reassessment c f their 
models.

M E T H O D S

Buccal absorption was measured by a modification of the method of Beckett & 
Triggs (1967). A solution containing drug (1 mg) in Clark anc Lubs 0-2m phosphate 
buffer (pH 7-2) (25 ml) was circulated round the mouth 60 times/min for a given time, 
then expelled. The mouth was rinsed with buffer solution (pH 7-2) (10 ml), and the 
two solutions combined and made up to 100 ml with buffer, then filtered. The drug 
was extracted from a 5 ml aliquot with 3 x  3 ml ether. After evaporation of solvent, 
the residue in absolute ethanol (5 ml) was determined spectrophotometrically. This 
extraction procedure was satisfactory up to a drug concentration of about 6 mg in 
25 ml. The minimal period between successive tests, for satisfactory repeat values 
to be obtained, was about 15 min after a 5 min contact time, and 50 min after a 10 min 
contact time.

Intra-subject variations are smaller than inter-subject variations (Beckett & Moffat,
1968): a single subject was therefore used in the buccal absorption tests. Each test 
was performed in duplicate, both solutions being analysed three times; each result is 
thus the mean of six values. Changes of pH during the test were never more than 
0-2 pH units.

Physical simulation
(a) Interface diffusion system. The method of Perrin (1967) was modified (Fig. 1). 

Compartment A (995 ml) represents the oral cavity, and initially contained an appro
priate concentration of “drug” (p-methylacetanilide was used) in 0-2m Clark and 
Lubs buffer (pH 7-2). Compartment B (475 ml), representing the buccal membrane, 
contained 1-octanol, and compartment C (480 ml), representing body fluids, con
tained 0-2m hydrochloric acid. The use of equimolar solutions ir. compartments A 
and C precluded the setting up of an osmotic gradient. Compartment D (100 ml) 
(which may be taken as representing protein-binding) also contained 1-octanol. 
Before use the aqueous phases were saturated with 1-octanol, and the 1-octanol with 
aqueous buffer (pH 7-2).
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F i g . 1. Interface diffusion system used to simulate buccal absorption. The aqueous layers were 
stirred magnetically, the 1-octanol layers mechanically. Construction of the box was of 6 mm 
Perspex, the external dimensions being 24 X 11 X 14-5 cm high.

The test temperature was 22 ±  1°. Samples were withdrawn from and returned 
to compartment A with a syringe through a butyl rubber plug (S), and were analysed 
on a Unicam SP.500 spectrophotometer.

(b) Hydraulic flow system. The apparatus of Rowe & Morozowich (1969) was 
modified as shown in Fig. 2. Compartment E (IOC ml) represents the oral cavity, 
and initially contained a solution of “drug” of appropriate concentration: salicylic 
acid was used, loss of which from E occurred via G to a spectrophotometer, whilst E 
was steadily replenished with water via H. Compartment F (100 ml), representing 
a compartment (such as protein-binding) tending to equilibrium with the oral cavity, 
initially contained water. The flow-rate of each pump was 35 ml min -1. Spectro- 
photometric measurements were made on a Unicam SP.800 spectrophotometer, using 
a flow-through cell.

F i g . 2 . Hydraulic flow system used to simulate buccal absorption. Peristaltic pumps (P) were 
used to produce the required flow.

R E S U L T S  A N D  D I S C U S S I O N

Inspection of the data of Beckett & Moffat (1968, 1970) indicates that the plot of 
buccal absorption against time is more sharply curved than can be accounted for by 
their two-compartment model, which invokes only first-order passive diffusion from
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F i g . 3. The buccal absorption of a number of /»-substituted acetanilides. The substituents are: 
(A) - N H 2; (B) -O H ; (C) - H ;  (D) Cl; (E) I. A /A n is the fraction of drug unabsorbed, corrected 
for the effect of dilution on diffusion into a membrane (Dearden & Tomlinson, 1971). Over the 
time scale of a normal buccal experiment (5 min) the effect is small enough to be ignored.

oral cavity to buccal membrane. Inspection of our own results (Fig. 3) confirms that 
neither this nor a two-compartment model involving reversibility can adequately 
represent buccal absorption, since such a model must involve equilibrium. Our own 
and Beckett & Moffat’s results show that this does not occur and a model involving 
at least three compartments must therefore be used.

The curvature of the results in Fig. 3 means either that saturation of the membrane 
is being approached or that drug is returning to the oral cavity. At the concentration 
of drug used, the former is unlikely (Beckett & Triggs, 1967), whereas support for the 
latter viewpoint is given by the observation that some drug may be recovered by 
rinsing the mouth after contact with the drug solution (Beckett, Boyes & Triggs,
1968). It may thus be inferred that the reversible step is between :he oral cavity and 
an adjacent compartment.

In our view, this compartment is probably protein, which binds the drug. Recti
linear correlations between log (protein-binding equilibrium constant) and log 
(partition coefficient) for a wide variety of drugs have been reported by Penniston, 
Beckett & others (1969), and these authors point out that in considering the pene
tration of a molecule to its site of action, not only must passage through membranes 
be examined, but also adsorption to and desorption from macromolecules. Thus 
partition of a drug in the mouth may well involve its binding to protein.

Two arguments have been invoked against protein-binding in buccal absorption 
(Beckett & Triggs, 1967) (although Beckett & Moffat (1971) propose protein-binding



to explain the buccal absorption of some barbiturates)—firstly, that there is lack of 
stereoselectivity in buccal absorption: however, many proteins are non-stereoselective 
in any ligand binding (cf. Tucker, Boyes & others, 1970; Hansch, Steward & others, 
1968).

Secondly, a rectilinear relation has been claimed between % drug absorbed and 
concentration, not only for single substances but also for mixtures of up to eight 
drugs. Examination of the data of Beckett & Triggs (1967), however, suggests that 
the curvature observed in the above relation is more consistent with some measure of 
protein-binding.

Three possible models of buccal absorption were therefore considered:

(i) oral cavity ^  membrane -*■ body fluids
(ii) oral cavity ^  protein-binding —> membrane —> body fluids 

(iii) protein-binding ^  oral cavity —> membrane -> body fluids.

Model (i) is unlikely, because although reversibility between the oral cavity and the 
buccal membrane is possible, it cannot occur to any significant extent during absorp
tion of compounds with reasonably high partition coefficients, provided that the 
membrane is not saturated. For example, Perrin (1967), using a physical model of 
a membrane comprising aqueous buffer (pH 2)-30% decanol in cyclohexane-aqueous 
buffer (pH 7-4), has shown that salicylic acid is lost from the acidic buffer solution 
according to a simple first-order non-reversible process.

Model (ii) (cf. Beckett, Boyes & Triggs, 1968) is tenable only if active transport of 
the drug by the protein, from the outer surface of the membrane to the lipid bilayer, 
is involved. Since this generally involves a specific binding mechanism, it is unlikely 
to be significant in buccal absorption, where many different types of compound are 
readily absorbed by the buccal membrane. Active transport is also a non-equilibrium 
process, and it has already been shown that reversibility must be involved in buccal 
absorption: drug must therefore be returned to free solution, or to a state approxi-
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Fig. 4. Simulated buccal absorption using (a) the interface diffusion system; (b) the hydraulicflow 
system. Curves A are in the absence of, and curves B ir the presence of, the compartments 
representing protein-binding.
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mating it, before it can diffuse into the lipid bilayer. Thus model (iii) appears to us 
to be the best representation of buccal absorption. Other compartments, such as 
protein-binding within the membrane, may exist, but, because they are well-removed 
from the oral cavity, would influence but little the loss of drug from the oral cavity. 
Their chief effect would probably be to increase the capacity of the membrane to 
accept drug from the oral cavity.

Although the protein-binding proposed in model (iii) is not directly involved in 
buccal absorption, it does serve to concentrate the drug at or near the surface of the 
buccal membrane, and so increases the rate of absorption.

That our model gives results consistent with the buccal absorption results is shown 
by the behaviour of the two physical simulators of membrane processes. Fig. 4 
shows the results obtained from both simulators. With each, first-order loss of “drug” 
occurs in the absence of that part of the system representing protein-binding. 
Inclusion of the “protein-binding” compartment results, in each case, in a more 
rapid initial loss of “drug”, followed by a decrease in the loss rate as “drug” returns 
to the “oral cavity” from the “protein-binding” compartment. Non-rectilinear 
plots, similar to those shown in Fig. 3, are thus obtained.

The two physical simulators thus confirm that our proposed model of buccal 
absorption is entirely consistent with the results of buccal absorption tests.
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Buccal absorption as a parameter of analgesic 
activity of some ^-substituted acetanilides

J .  C .  D E A R D E N  A N D  E R I C  T O M L I N S O N

School of Pharmacy, Liverpool Polytechnic, Byrom Street, Liverpool L3 3AF, U.K.

The extent of buccal absorption of 16 /^-substituted acetanilides is 
related parabolically to analgesic activity. The correlation is slightly 
better than that between log (partition coefficient) and analgesic 
activity. Thus, for this series of compounds at least, an in vivo 
partition test provides a slightly better parameter of biological 
response than does an in vitro test.

The effectiveness of sublingual administration of a drug was implied by Walton (1944) 
to be a function of the ability of the drug to penetrate the buccal mucosa. Recently, 
following the work of 3eckett & Triggs (1967) in devising a quantitative assessment 
of buccal absorption, biological response has been discussed in this context (Flanagan, 
Broad & others, 1969; Tucker, Boyes & others, 1970). However, so far as we are 
aware, no attempt has been made directly to correlate a biological response with 
buccal absorption. The present study is concerned with such a relation, for a series 
of /»-substituted acetanilides.

E X P E R I M E N T A L  A N D  R E S U L T S  

Buccal absorption and protein binding
Buccal absorption was determined as described by Dearden & Tomlinson (1971a), 

and protein-binding as described by Dearden & Tomlinson (1970).

Analgesic activity
Analgesic activities were measured by the abdominal constriction response method, 

using groups of 10 female albino mice (Tuck strain T.S.l), each of ~ 1 8  g, for each 
of four dose levels and for controls. Drugs were administered orally in 0-2 % gum 
tragacanth suspension, and the challenge was by intraperitoneal acetylcholine. None 
of the drugs used showed any anti-acetylcholine activity, as indicated by a physo- 
stigmine lethality test (Collier, Dinneen & others, 1968). One compound, N-methyl- 
acetanilide, gave rise to some motor disco-ordination, and was therefore not included 
in regression analyses.

Partition coefficient (P)
The determination of partition coefficient was made using 1-octanol and Clark 

and Lubs 0-2m phosphate buffer, pH 7-2, as the solvent pair. Results of the partition 
measurements are expressed as Hansch’s hydrophobic substituent constant, tt (Fujita, 
Iwasa & Hansch, 196̂ -).

p
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Table 1 lists the results obtained for acetanilide and 15 ^-substituted acetanilides. 
Buccal absorption values are uncorrected for dilution by saliva (Dearden & Tomlinson, 
1971b), since the correction is very small over the duration of a normal 5 min test 
(e.g. 3% for p-chloroacetaniiide).
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Table 1. The buccal absorptions, analgesic activities, -n values and protein-binding 
constants o f a series of p-substituted acetanilides.

p-Substitucnt

% Buccal 
absorption 

in 5 min
-H 26-9
-Me 34-3
-OH 14-6
-OMe 23-3
-OEt 25-2
-NH, 3-6
-F 33-6
-Cl 44-2
-Br 52-5
-I 57-5
-COOH 34-9
-CHO 7-6
- n o 2 42-4

>N-M e,-H 20-9
>N-Me,-OH 16-9
>N-Me,-OMe 19-4

ED50 (mmol kg-1) 
(with 95% confidence 

limits)
0-390 (0-364-0-417) 
0-318 (0-273-0-369) 
0-608 (0-578-0-640) 
0-404 (0-383-0-427) 
0-450 (0-425-0-477) 
2-054 (1-912-2-205) 
0-234 (0-219-0-248) 
0-462 (0-430-0-496)
0- 975 (0-929-1-024)
1- 392 (1-194-1-498)
2- 600 (2-194-3-081) 
0-457 (0-412-0-507) 
0-195 (0-184-0-208)
0- 319 (0-300-0-339)
1- 479 (1-296-1-687) 
0-977 (0-820-1-163)

AG of protein- 
bindir.gat 19°*

7T (kJ mol“1)
0 -24-2

+0-239 -25-0
-0-360 -23-6
-0-133 -23-5
-0-098 -24-0
-1  -076 —21-5
+0-309 -25-0
+0-714 -26-8
+  1-130 -28-1
+  1-303 -28-8
-0-605 -23-1
+0-091 -24-7
+0-499 -26-2
—0-187 -23-9
-0-549 -23-5
-0-436 -23-6

* AG =  Gibbs free energy of binding.

D I S C U S S I O N

The work of Beckett and co-workers (e.g. Beckett & Moffat, 1969) and the work 
reported here shows that there exists a good rectilinear correlation of buccal absorp
tion and log P or Hansch’s hydrophobic substituent constant tt (see Fig. 1). even when 
the compounds concerned cover a wide range of partition coefficients. Thus buccal 
absorption gives a measure of partition from the oral cavity into and on to the buccal 
membrane. We emphasize this point because the term “absorption” is usually taken 
to mean “passage through a membrane” (Wagner, 1968).

However, the good correlation of buccal absorption and ir does not necessarily 
imply that passive partition between aqueous and lipid phases is the only factor 
governing buccal absorption. Dearden & Tomlinson (1971a) have shown that 
protein-binding probably plays a significant part in buccal absorption. This does 
not greatly perturb the relation between buccal absorption and t t , however, since 
very good correlation also holds between tt and log k, where k is the equilibrium 
constant of binding to bovine serum albumin (F114 =  452-8; F1>14 a, 0-001 =  17-14). 
Similar correlations have been observed for other series of drugs (Penniston, Beckett & 
others, 1969), and indeed are to be expected, since non-specific protein-binding is 
essentially a partition between a hydrophobic surface and an aqueous solution. It 
follows that there should also be a rectilinear correlation of buccal absorption and 
log k, and this is indeed observed for the present results (F1>14 =  215-5; F114 a, 
0-001 =  17-14).

It has recently been demonstrated (Penniston & others, 1969) that the penetration 
of a drug through a series of lipid membranes is a parabolic function of log P. Thus 
compounds with very low partition coefficients are too hydrophilic to enter the lipid
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Fig. 1. Correlation of buccal absorption of ̂ -substituted acetanilides with Hansch’s hydrophobic 
substituent constant, tt. The regression equation is: % absorption in 5 min =  23-73 (1-154) nr 
+  27-37 (0-713). Figures in brackets are standard errors of the regression coefficients. F,,„ =  
427-6; Flll4 a, 0-001 =  17-14.

0 - 8  -

0 - 6  -

-0-6 -

Fig. 2. Correlation of analgesic activtiy of ̂ -substituted acetanilides with their buccal absorption. 
The regression equation is: log (1/ED50) = -  1-989 (0-318) (A/UY  +  2-800 (0-440) A/U -  0-439 
(0-116), where A/U is the ratio of drug absorbed to drug unabsorbed in 5 min. Figures in 
brackets are standard errors of the regression coefficients. F,.12 =  4-86; F2,12 a, 0-05 =  3-89.
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phase readily, those with very high lipid solubility tend to remain in the membrane 
rather than to pass through it.

We have found (unpublished observations) that, for the acetanilides studied here, 
a parabolic relation exists between analgesic activity and 7t; this is to be expected, 
since the biological activity of a compound must be a function of its ability to pene
trate lipid membranes. Similar parabolic relations have been shown to exist with 
many different biological responses and types of compound (Harsch, 1969).

From the above correlations of buccal absorption and it, and between tt and 
analgesic activity, it follows that there should be a parabolic relation between buccal 
absorption and analgesic activity. Fig. 2 shows that this is indeed the case. The 
correlation is slightly better than that between 7r and analgesic activity (for which 
F2 1 2  =  3-97), and is similarly significant at the 95% level. It is perhaps su-prising 
that an in vivo test does not correlate much better with biological activity than does 
an in vitro test. There are a number of possible reasons for this. Firstly, the repro
ducibility of buccal absorption measurements (mean % standard deviation =  3-7%) 
is not as good as that of the partition measurements (mean % standard deviation =  
2-0%). Secondly, the enzymes present in saliva may cause degradation of a drug 
during its time in the mouth. Thirdly, after buccal absorption, the mouth is rinsed 
out to remove any drug solution still remaining; this could also remove some protein- 
bound drug, although in the present work the rinse-time was kept as short as possible 
(10 s) to minimize this. Finally, absorption can occur not only into the buccal 
mucosa, but also into the tongue, which has different, and probably specific, binding 
characteristics (Dastoli, Lopiekes & Price, 1968) and may thus absorb some members 
of a series of drugs more readily than others.
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Membrane osmometry of solubilized systems
D .  A T T W O O D * ,  P .  H .  E L W O R T H Y *  A N D  3 .  B .  K A Y N E *

School o f Pharmaceutical Sciences, University of Strathclyde, Glasgow, U.K.

The solubilization of decane, ethyl p-hydroxy benzoate, methyl 
anisate and /;-hydroxybenzoic acid by aqueous micellar solutions of 
cetomacrogol 1 0 0 0  has been examined by membrane osmometry and 
viscosity techniques. The effect of the solubilizates on the number- 
average micellar molecular weight, Mn, has teen related to their site 
of incorporation in the micelle. Decane and methyl anisate are 
solubilized in the hydrocarbon core of the micelles and both com
pounds produce an increase in M n up to a maximum value of 2-0 x  
1 0 s, at a solubilizate concentration of approximately 80% of the 
saturation limit for each compound. This increase is shown to result 
from an increase in the number of molecules of both solubilizate and 
of surfactant per micelle. Further addition of solubilizate, to 
produce a saturation level in excess of 80 %, results in a decrease in 
micellar size in both systems. The solubilization of ethyl />hydroxy- 
benzoate and p-hydroxybenzoic acid is thought to involve the oxy- 
ethylene region of the micelle and both solubilizates cause an increase 
in Mn owing to the inclusion of solubilizate into the micelle, the 
number of molecules of surfactant per micelle being unaffected by 
the solubilization process. Viscosity studies on the decane-ceto- 
macrogol-water system are interpreted as indicating no change in 
either micellar symmetry or hydration as a result of solubilization.
A spherical model for the micelles is shown to be consistent with the 
experimental data.

The effect of solubilizate on micellar size has been examined in only a few systems. 
In a light-scattering study of solubilization by hexadecyltrimethylammonium bromide 
(Hyde & Robb, 1964) it was shown that the incorporation of increasing amounts of 
the non-polar molecules, decane, octane and cyclohexane, caused a pronounced 
increase in the micellar molecular weight (mmw). This was due to increases in the 
numbers of solubilizate and surfactant molecules in each micelle. However, the 
solubilization of the polar molecule, octanol, although increasing the mmw, caused 
a decrease in the number of surfactant molecules in each micelle.

Nakagawa, Kuriyama & Inoue (1959, 1960) found the solubilization of decane and 
decanol by three methoxypolyoxyethylene decyl ethers to result in increases in the 
micellar weight of the micelles of these non-ionic surfactants. Each weight increase 
was a consequence of increases in the amount of solubilizate and surfactant per 
micelle. Viscosity and sedimentation studies of the solubilization of 1,2,4-trichloro
benzene and toluene by cetylpyridinium chloride (Smith & Alexander, 1957) have 
indicated an increase in mmw and in micellar asymmetry with increase in solubilizate 
concentration up to a maximum, after which further solubilizate promoted the 
formation of a more spherical micelle which existed in equilibrium with the rod-like 
micelles produced initially. In contrast, the solubilization of methyl cyclohexane by 
the same surfactant resulted in only a small regular increase in mmw and viscosity.

*  P resent address: D e p a r tm e n t o f  P h a rm a c y , U n iv e rs ity  o f  M a n c h e s te r, M a n c h e s te r, U .K .
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In most cases, the differences in the effects of the various solubilizates on the micelle 
size and shape have been attributed to differences in the location of the soiubilizate 
within the micelle. This paper reports an investigation of changes in the mmw of 
cetomacrogol micelles following the incorporation of four solubilizates for which the 
site of solubilization is known from previous studies (Corby, 1969, Corby & Elworthy,
1971) and correlates the effects produced with the location of the soiubilizate within 
the micelle.

M A T E R I A L S  A N D  M E T H O D S

Materials. Cetomacrogol 1000 B.P.C. in methanolic solution was deionized by 
passage through a column of ‘Biodeminerolit’ mixed bed ion-exchange resin and 
dried to constant weight over phosphorous pentoxide in vacuo.

n-Decane, olefine free (Fluka A.G. Purum grade) was used as received.
p-Hydroxybenzoic acid (BDH Ltd, Laboratory Reagent) was recrystallized from 

distilled water and dried at 40° over phosphorous pentoxide.
Ethyl /7-hydroxybenzoate (BDH Ltd, Laboratory Reagent) was recrystallized from 

distilled water and dried at 40° over phosphorous pentoxide.
Methyl p-methoxybenzoate (methyl anísate) was recrystallized from a methanol— 

water mixture and dried at 30° over phosphorous pentoxide.

Preparation of solutions. Solutions were prepared by melting the soiubilizate and 
cetomacrogol together at 40° then adding sufficient warm distilled water to produce 
the required total concentration. The weight of each soiubilizate necessary to 
produce the required degree of saturation of the micelles was calculated from the 
solubility data of Corby (1969, Corby & Elworthy, 1971). All solutions were allowed 
to equilibrate at 30° (24 h) before measurements were made. Preliminary experiments 
indicated no measurable difference in the osmotic pressure of solutions prepared in 
this way and of corresponding solutions prepared by shaking for a period c f three 
days. Hence it was concluded that the above procedure produced solutions in 
which solubilization to the required extent was complete.

Membrane osmometry. Measurements were made on a Hewlett-Packard 503 
high-speed membrane osmometer at 30° ± 0-1°. B.19 cellulose acetate membranes
(Schleicher and Schuell) were used since these had previously been shown to retain 
the micelles of cetomacrogol (Attwood, Elworthy & Kayne, 1969). Since the mem
branes are freely permeable to monomers and to free soiubilizate t was necessary to 
achieve, as far as possible, an equal concentration of these species on either side of 
the membrane to reduce to a minimum their contribution to the osmotic pressure. 
Consequently a solution of cetomacrogol above the critical micelle concen.ration 
(cmc) and containing sufficient soiubilizate to give the required degree of saturation 
was placed in the solvent compartment of the osmometer.

Viscosity measurements. Measurements were made at 30° ±  0-01° using a 
suspended-level dilution viscometer with a solvent flow time of approximately 2 0 0  s.

Density measurements. A Lipkin pycnometer of approximately 10 ml capacity 
was used. Measurements were made at 30° ±  0 01° according to the procedure of 
Bauer & Lewin (1960). Each density represents the mean of two measurements. 
The precision of repeat measurements was ¿0-00001 g m b1.
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Treatment of osmotic pressure results. Attainment of an osmotic pressure which 
remains constant for at least 2  h is indicative of complete retention of the micellar 
species by the osmometer membrane (Attwood, Elwcrthy & Kayne, 1969, 1970). 
This was shown to apply to all the solubilized systems investigated here. For such 
systems, the measured osmotic pressure, tt, between a sample solution of concentra
tion c g litre 1  and a ‘solvent’ of concentration c' g litre“ 1  is given by

tt =  RT(c -  c')/Mn +  RBT[(c -  c 'f  +  2 (c -  c ) (c' -  cmc)] . .  . .  (1)

where B is the second virial coefficient and RT  has the usual meaning (Coll, 1970). 
Hence the osmotic pressure data were plotted as t t / ( c  — c') against (c — c') (Fig. I)

M e m b r a n e  o s m o m e t r y  o f  s o lu b i l i z e d  s y s t e m s  79 S

(c — c ') g l i t r e - ’

F i g . 1. V a r ia t io n  o f  reduced osm otic  pressure w ith  c o n c e n tra tio n  fo r  ce to m a c ro g o l m icelles  
c o n ta in in g  A  2 0 % , B 3 0 % , C  6 0 % , D  8 0 % , E  9 0 %  a nd  F  1 0 0 %  o f  the  s a tu ra tio n  lim it  o f  p -  

h y d ro x y b e n zo ic  acid .

and extrapolated to c =  c'. M n was calculated from the intercept which is given by

tt/{c -  c% v  =  RT\M n +  2RTB (c1 -  cmc) ..  . .  (2)

In all the systems studied the correction term 2RTB(c’ — cmc) had a negligible effect 
on the value of M n and hence accurate values of the erne’s and the second virial 
coefficients are not essential.

Variation of M n with the degree of saturation of the micelles with each of the 
solubilizates is shown in Fig. 2. The numbers of molecules of solubilizate and of 
cetomacrogol per micelle were calculated as a functio n of the degree of saturation, 
assuming that all of the micelles contained the same amount of solubilizate. The 
results are shown in Figs 3 and 4.
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F i g . 2 . V a r ia t io n  o f  m ic e l la r  w e ig h t  w i th  th e  d e g re e  o f  s a tu r a t i o n  o f  c e to m a c r o g o l  m ic e lle s  w ith  
O  d e c a n e ;  x m e th y l  a n i s a te ;  #  p -h y d ro x y b e n z o ic  a c id  a n d  A e th y l  p - h y c r o x y  b e n z o a te .

Mol s o lu b il iz a te /m o l c e to m a c ro g o l

F i g . 3 . T h e  n u m b e r  o f  m o le c u le s  p e r  m ic e lle  o f  O  c e to m a c r o g o l  a n d  £  s o lu b i l iz a te  a s  a  f u n c t io n  
o f  th e  m o la r  r a t i o  o f  s o lu b i l iz a te  in  th e  m ix tu re ,  f o r  th e  s o lu b i l iz a t io n  o f  c e c a n e  (a )  a n d  m e th y l  
a n i s a te  (b ) .

Viscosity results
Figure 5 shows the variation of reduced viscosity with total solute concentra

tion for cetomacrogol micelles saturated to varying extents with cecane. Values of 
the limiting viscosity numbers, [77], calculated by regression analysis are given in 
Table 1. The value of [77] obtained for cetomacrogol alone is in reasonable agree
ment with that quoted by Corby (1969). Flowever, the value for cetomacrogol 
micelles saturated with decane at 30° is higher than that found by Corby at 20° (5-30). 
This is unexpected since increase in temperature usually causes micellar dehydration 
and a consequent decrease in [7 7]. The extent of hydration of the micelles was 
estimated assuming micellar sphericity as w g of H2 0 /g  of total medlar solids using

0-1 0-2 0-3 0-6 0-25 0  50 0  75  1 00  1 25
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Mol solubilizate/mol cetomacrogol

F i g . 4 . T h e  n u m b e r  o f  m o le c u le s  p e r  m ic e lle  o f  O  c e to m a c r o g o l  a n d  0  s o lu b i l iz a te  a s  a  f u n c t io n  
o f  th e  m o la r  r a t i o  o f  s o lu b i l iz a te  in  th e  m ix tu r e ,  f o r  th e  s o lu b i l iz a t io n  o f  e th y l  p - h y d r o x y b e n z o a te  
( a )  a n d  p - h y d r o x y b e n z o ic  a c id  (b ).

Concentration of micellar ‘solids’ (gd litre-1)

F i g . 5. V a r ia t io n  o f  r e d u c e d  v is c o s ity  w ith  c o n c e n t r a t io n  f o r  c e to m a c r o g o l  m ic e lle s  c o n ta in in g  
0  0 % ;  x  2 0 % ;  O  8 0 %  a n d  A  1 0 0 %  o f  th e  s a t u r a t i o n  l im it  o f  d e c a n e .

Table 1. Viscosity, partial specific volume and hydration data for cetomacrogol 
micelles containing solubilized decane.

S a tu r a t io n L im i t in g  v isc o s ity

P a r t ia l  s p e c  fic 
V o lu m e  V  m l g -1 

o f  th e  m ic e l la r

H y d r a t io n  w 
g  o f  H . ,0 /g  o f  
t o ta l  m ic e l la r

% n u m b e r  [t;] sp e c ie s s o l id s

0 7-14 0-9205 1-94
20 7-16 0 -9 2 4 0 1-94
40 --- - 0-9271 —
60 — 0-9309 —

80 7-19 0-9345 1-94
100 7-20 0 -9370 1-94
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where V° is the specific volume of the solvent. The partial specific volume of the 
micellar species, V, was calculated from the slope of plots of dens ty, p, as a function 
of the total solute concentration, c, using

where p0  is the density of the solvent, i.e. water saturated with decane. Values of 
tv and V are given in Table 1. V was a linear function of the percentage saturation 
of the micelles with decane. Identical values of tv were obtained using an equation 
proposed by Corby (1969).

Because of its almost complete insolubility in water, decane is believed to be 
solubilized exclusively in the hydrocarbon core of the micelle. Fig. 3 shows that the 
observed increase in Mn up to a maximum value at 80% saturation of the micelles 
(Fig. 2) is caused by an increase in both the decane content of the micelles and the 
number of molecules of cetomacrogol per micelle. This increase in aggregation 
number is similar to increases reported from previous investigations and is probably 
a result of the need for more monomers to effectively cover the hydrophobic core, 
which has been expanded by the incorporation of decane. The subsequent decrease 
in M„ is similar to that reported by Smith & Alexander (1957) for the solubilization 
of trichlorobenzene and toluene by cetylpyridinium chloride. However, the viscosity 
data for the decane-cetomacrogol-water system indicate that if there is any increase 
in [1 7 ] caused by a decrease in micellar symmetry, as was found by these authors, it is 
exactly cancelled out by a corresponding decrease in hydration. A more probable 
interpretation of the viscosity data is that no change occurs in the symmetry and 
this indicates a constant micellar hydration as shown in Table 1. The maximum value 
of Mn for both the decane and the methyl anisate systems is approximately 2-C x  105  

and this may represent the maximum size the micelle can attain while still retaining 
its symmetry. Addition of more solubilizate, to produce a saturation level in excess 
of 80%, results in the production of more micelles of a smaller s:ze rather than the 
expansion of the existing ones.

Macfarlane (1970) has shown that if the micelles of cetomacrogol are asymmetric 
it is unlikely that their axial ratio exceeds a value of 2. To determine whether a 
spheroidal model was consistent with the experimental data, calculations were made 
of the micellar dimensions, assuming the micelles to be perfectly spherical, for all 
degrees of saturation with decane. The volume of the micellar core, Vc, and hence 
the core radius, rc, was calculated assuming that the decane and hexadecane com
posing the core had densities equal to those of these liquids in the pure state. The 
total hydrated radius, rh, was calculated from the hydrated volume, V,„ using

Thus the radius of the oxyethylene region, re, of the micelle could be estimated. If 
the hydration of the micelle is to remain constant during the micellar expansion, as 
indicated by the viscosity data, the extension of the oxyethylene chain shouid not 
vary to any significant extent, otherwise the amount of water mechanically trapped by 
these chains will also vary. Table 2 shows that re is reasonably constant, differing 
by a maximum of only 0-6 nm from its value in the pure cetomacrogol micelles. This

p — po +  (1 — Vpo)c (4)

D I S C U S S I O N

(5)



Table 2. Micellar dimensions for cetomacrogol micelles containing solubilized decane, 
calculated assuming the micelles to be spherical.
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S a tu r a t io n
( % )

Vk x  10~2 
( n m 3) rh (n m )

Vr x  10 1 
( n m 3) rc (n m ) re (n m )

0 ¿-98 4-92 4-06 2-13 2-79
30 6-08 5-26 5-21 2-32 2-91
40 6-46 5-36 5-63 2-38 2-97
60 8-37 5-85 7-60 2-63 3-22
80 9-79 6-16 9 1 2 2-79 3-37
90 7-87 5-73 7-47 2-61 3-12

100 6-58 5-40 6-34 2-47 2-92

is not a significant difference in comparison with the total extended length of approxi
mately 8  nm for a chain of 2 1  units, and hence a spherical model for the micelles is 
not an unreasonable one for this system.

The partial specific volume of a multicomponent micelle is given by the general 
equation (Kraemer 1940)

V =  V\ f  ^ r, Vi/{ 1 +  2r,-) .. . .  . .  . .  (6 )

where V1 is the partial specific volume of the pure surfactant micelle and r,- is the 
number of g of the ith component with partial specific volume Vi combining with 
1 g of the surfactant. Application of equation 6  in the calculation of V for the ceto
macrogol micelle saturated with decane, using the specific volume of decane (calcu
lated from an experimental density of 0-722 g ml' 1  at 30°) rather than the partial 
specific volume, gives a value of 0-9381 ml g _ 1  for V. This agrees well with the 
experimental value, and supports the assumption that the decane is solubilized 
exclusively in the micellar core. Masterton (1954) has shown that the exposure of 
aliphatic hydrocarbons to an aqueous environment, as would be the case if the 
decane was incorporated within the oxyethylene region of the micelle, results in a 
significant decrease in the molar volume. Such an agreement between theoretical 
and experimental values of V might not then be expected.

Fig. 2 shows a similar increase in M„ following the solubilization of methyl anisate, 
a maximum M n of 2-0 x  105 being attained at approximately 80% saturation. As 
seen from Fig. 3 this is a consequence of an increase in both the number of solubilizate 
and cetomacrogol molecules per micelle, but unlike the decane system the increase 
in the latter is not apparent until the micelles are approximately 40% saturated. 
Nmr studies (Corby 1969) of the solubilization process have shown considerable 
disruption of the micellar core after an initial lack of effect. It was suggested that 
initial solubilization occurred in the oxyethylene region and then, as the concentration 
of the ester increased, the core took over as the main site of solubilization. A similar 
interpretation may be applied to the results reported here. Significant expansion of 
the micellar core, and therefore an increase in aggregation number, occurs only after 
40% saturation, indicating a lack of involvement of this region in the initial stages of 
solubilization.

As seen from Fig. 4 the solubilization of /?-hydroxybenzoic acid does not result in 
any increase in the number of cetomacrogol molecules per micelle, the increase in 
M„ observed in Fig. 2, being due solely to the inclusion of solubilizate into the 
micelle. Corby considers that p-hydroxybenzoic acid is solubilized deep within the



D. ATTWOOD, P. H. ELWORTHY AND S. B. KAYNE84 S

oxyethylene layer of the cetomacrogol micelle. Since the micellar core is not there
fore expanded by the solubilization process, additional surfactant molecules are not 
required to shield the hydrophobic region and hence a lack of any increase in aggre
gation number might be expected.

A similar effect is produced by the solubilization of ethyl p-hydroxybenzoate. 
Fig. 4 indicates an almost linear increase in the number of solubiiizate molecules per 
micelle which is the main cause of the increase in M n shown in Fig. 2. Because of 
the solubility of ethyl p-hydroxybenzoate in hexadecane, it is thought possible that 
some molecules penetrate into the core, although the lack of any significant increase 
in the number of surfactant molecules per micelle indicates that any expansion of the 
micellar core caused by such penetration is not likely to be pronounced.

It is evident from this investigation that the site of solubilization within the micelle 
is an important factor in determining the effect a solubiiizate has on the micellar 
weight of this non-ionic surfactant. Incorporation into the micellar core results in 
an increase in the number of surfactant molecules per micelle, whereas incorporation 
into the oxyethylene region of the micelle merely causes an increase in M n which is 
due only to the presence of the solubiiizate: the number of surfactant molecules per 
micelle being unaffected by the solubilization process.
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A laser light scattering apparatus
W .  J .  P U G H  A N D  L .  S A U N D E R S

Physical Chemistry Laboratories, The School of Pharmacy, University o f London,
London WC1N 1AX, U.K.

The use of a low power helium-neon laser for light scattering measure
ments is described. The Rayleigh and Cabannes theories have been 
modified for polarized incident light. A new procedure is recom
mended for data when the solvent correction is relatively high. Using 
this method a precision of 4-7% was obtained for the molecular mass 
of bovine plasma albumin in water, compared with 6-3% for the 
more usual method.

The chief advantages of using a laser for light scattering are the high degree of mono
chromaticity and the well-defined collimated beam obtainable without the use of 
ancillary lenses slits and filters.

It has been shown (Kielich, 1968) that high intensity laser beams such as are 
obtained from ruby crystals, produce orientation of the scattering particles, and that 
the scattered intensity is not proportional to the incident intensity. For low energy 
neutral gas lasers these complications of the Rayleigh theory do not arise (Bothorel 
& Lalonne, 1968) and this has been confirmed using a helium-neon laser for scattering 
studies on liquids by Rudder & Bach (1967) and on polymer solutions by Block (1968) 
and by Anderson (1968).

In the visible spectrum the helium-neon gas laser giving light of 632-8 nm wavelength 
is generally used. The light output is plane polarized since the end windows of the 
tube are set at the Brewster angle to minimize reflection losses.

The apparatus was similar to that of Attwood (1965) except that the mercury lamp, 
filters, slits and lenses for the incident light beam were replaced by a Scientifica-Cook 
B17/S laser (0-5 mW at 632-8 nm).

The scattered light intensity was measured by an E.M.I. 6097 B photomultiplier, 
which could be rotated horizontally for angular measurements; this was connected 
to a Techmation model 45INS digital voltmeter.

According to Heller (1965), Rayleigh’s theory of light scattering applies to the 
scattering of unpolarized light of wavelength A, by a particle of maximum dimension 
smaller than A/6 . The Rayleigh ratio is given by

where i =  intensity of scattered light at angle 6; I =  intensity of incident light; 
r =  distance of scattering particle from detector; p =  polarizability of the particle; 
A =  wavelength of light.

In the bracketed term the 1 represents the vertically polarized component of the 
scattered light, which is independent of 0 ; the cos2 0  term represents the horizontally

M A T E R I A L S  A N D  M E T H O D S

8 7 7 2 p2(l +  cos2  0 ) 
A* ~ ( 1 )
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polarized output which is thus zero at # =  90°. In practice there is always some 
horizontally polarized scatter at 90c due to :he anisotopic nature of the scattering 
particles and Cabannes & Rocard (1929) have shown that the observed value of R# 
must be multiplied by ( 6  — 7d)/(6 +  6 d) to give the true Rayleigh ratio where d, the 
depolarization at 90°, is the ratio of the intensity of horizontally polarized scattered 
light divided by the intensity of the vertically polarized component. This is measured 
using a polaroid sheet in front of the photomultiplier and measuring the ratio of 
photomultiplier output readings with the polaroid set for passing horizontally and 
then vertically polarized scattered light.

In practice i<^I and direct comparison is difficult. It is, however, possible to 
calculate the fraction of light scattered in terms of the scatter of a standard Perspex 
block calibrated by measurements of turbidities t, of solutions. The relation between 
turbidity and Rayleigh ratio is

t =  16t7R90/ 3 .................................................... (2 )

So that measurement of the turbidity using a spectrophotometer enables R9 0 to be 
calculated. Ludox, a colloidal preparation of silicic acid is used for this purpose 
since dilute sols act as Rayleigh scatterers provided large aggregates are removed by 
centrifugation. The quantity measured in the light scattering apparatus is S# 
defined as

Scatter of solution at angle #
S o = ---------------------------------------------------------Scatter of standard block of Perspex at 90°

and Sg is directly proportional to R#
Re =  CSg ...........................  . .  (3)

where C is the calibration constant for a given Perspex standard. In the case of 
He-Ne laser the incident light is polarised at </> to the horizontal. The vertically 
polarized component is proportional to sin2</>, and the horizontal component to 
cos2<f>. The (1 cos26) term of Rayleigh’s theory then becomes

(sin2</> +  cos*(f> cos2#) =  sin2</>(l +  cos2# cot2</>) . .  . .  (4)

in which <f> is a constant for a given apparatus, and since Re is calculated during the 
calibration procedure, using the polarized light to measure scatter from a Perspex 
block, the sin2</> term becomes incorporated nto the calibration constant C (Pugh,
1970).

Cabannes’ factor must also be modified for the case of polarized incident light. 
The relation between the observed depolarization, d(</>) and the corresponding de
polarization, d, for an unpolarized source is given by

d =  2 sin2<£(l — 2 cos2<f> +  1/d(</>)) ..  . .  . .  (5)*

Equations (1), (2), (3), (4) show that Sg is related to S90 by the equation
Sg =  S90(l +  cos2# cot2d>) ..  . .  . .  (6 )

A correction must be applied however since the scattering volume viewed by the 
photomultiplier is proportional to sin #. Equation (6 ) thus becomes

Sg =  S90(l +  cos2# cot2̂ >)/sin #
S(j sin # =  S90 +  S90 cos2# cot26  '' ”  "  ^

* Copies of the proof for this formula are available from the Editorial Department, Journal of 
Pharmacy and Pharmacology, 17, Bloomsbury Square, London, WC1A2NN.
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A plot of Sfl.sin 9 against cos26 should therefore give a straight line of intercept 
S90 and slope S9 0 cot2</>. Ludox sols were used for testing this equation since they 
give scattering envelopes which are symmetrical about 90°. It was found that the 
plot was not exactly linear because of a small constant error in the angle scale markings, 
of the order of 10-20 minutes of arc. This was eliminated by taking the means of 
supplementary scatter readings on either side of 90° as being the true reading at 
exactly 6. This gave a good straight line relation, Fig. 1, from which ¡/> was found 
to be 39° 45'.

Cos2 e

Fig. 1. Plot of So sin 9 against cos2# for Ludox.

Equation (1) has been developed by Debye (1947) and Zimm (1948) to enable 
calculation of molecular masses of solutes,

1  27r2n02 (dn/dc) 2  ( c \
m  =  a-n ac  Is  j  ...........................  (8)

c -> zero, 9 -> zero
M =  weight average molecular mass; n0  =  refractive index of solvent; c =  concen
tration in g cm"3; A =  wavelength of light in vacuo-, N A =  Avogadro number; 
Sfl =  S# sin 0/(1 +  cos26 cot24>).

The extrapolation to zero angle is made to eliminate destructive interference.
For small particles it is only necessary to measure S90, S45, and S135. The ratio 

S4 5 /S 1 3 5  is called the dissymmetry Z, and for a given particle shape a quantity P_1 (0) 
can be calculated such that

S90 P J(^ )  =  S0
Tables of P_1 (0) and Z have been given for various particle shapes by Beattie & 

Booth (1960).
Normally Sg is measured by subtracting the scatter for pure solvent from the 

solution reading, this procedure introduces inaccuracies particularly when the scatter
ing of solutions is low, the correction for solvent scatter then being relatively large 
and any error in the solvent scattering measurement is introduced into all the other 
measurements (Pugh, 1970). It is considered that a tetter result is obtained from a



W. J. PUGH AND L. SAUNDERS

plot of An against S'g at low concentrations. When, as with bo\ine plasma albumin, 
the plot is linear, the slope of the line gives the value of An/(SMln — S’olv), otherwise 
the curve is fitted by a polynomial and the linear coefficient (the slope at low scatter) 
is taken as the measure of this quantity.

Substitution of c =  An/(dn/dc) in equation (8 ) for dilute solutions removes the 
need for squaring the (dn/dc) term

=  2772n02(dn/dc) /An\
M A4NC \S  'g ) ...........................  U

An -> zero, 6 -*■ zero

To use this second method values of S’ are plotted as abscissa against refractive 
index differences between solvent and solution, An, determined with a Rayleigh 
refractometer at the same wavelength as the laser for each solution used in the scatter
ing measurements, as ordinate.

The molecular mass of bovine plasma albumin in water was determined by both

88 S

methods. The data are given in Table 1. The graph of An against S'90 was a straight 
line and so (An/S9 0)An 0  was simply the slope of this line.

Table 1. Light scattering data for BP A in water.

An x 103 c x 1 0 3 $90 9̂0 — 0-419 C x 1 0 3(c, g cm_:’) S,0 — 0-419
3-207 17-240 9-390 8-971 1-922
1-703 9-156 5-337 4-918 1-862
0-977 5-253 3-194 2-775 1-893
0-816 4-387 2-432 2-013 2-179
0-457 2-457 1-704 1-285 1-912
0-457 2-457 1-622 1-203 2-042
0 0 0-419 0 —

n0 =  1-332; A =  6-328 x 10 5 cm; calibration constant, C =  1-595 x 10-5; dn/dc =  
0-1860; Z =  1-042; do =  0-0328; =  39° 45'; P J(0) =  1-029; Cabannes factor =  1-060.

The mean molecular mass was calculated using the normal procedure giving 
Mw =  6 6  100 with P =  0-95 limits of error of 6-3%; the modified method gave 
Mw =  65 700 with P  =  0-95 limits of error of 4-7%. The statistical methods are 
described by Saunders & Fleming (1966). The mean results a~e in agreement with 
the value given by Riddiford & Jennings (1966).
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Adsorption of phosphatidylcholine at the 
benzene-water interface

M .  C .  R .  J O H N S O N *  A N D  L .  S A U N D E R S  

School of Pharmacy, University of London, Brunswick Square, London,
W.C.l, U.K.

Interfacial tensions between benzene solutions of egg-phosphatidyl
choline and aqueous bovine plasma albumin have been studied.
The presence of the protein in the aqueous phase leads to a more 
rapid adsorption of the phospholipid at the interface, this being a 
result of interaction between the phospholipid and protein. The 
most probable mechanism for the interaction is discussed. The 
interfacial tensions between aqueous dispersions of egg-phosphatidyl- 
choline and pure benzene have also been determined. The results 
clearly indicate the effect of ultrasonic treatment in producing a 
stable aqueous phospholipid dispersion.

The adsorption from benzene solution of egg-phosphatidylcholine (egg-PC) at the 
benzene-water interface is highly time dependent (Johnson & Saunders, 1968). The 
process is not entirely diffusion controlled but dependent upon the crossing of an 
energy barrier to adsorption. Mixed protein -egg-PC interfaces have been examined 
to determine the effect of introducing bovine plasma albumin (BPA) into the aqueous 
phase upon the adsorption process.

M A T E R I A L S  A N D  M E T H O D S

Interfacial tensions were determined by the modified Wilhelmy plate technique 
described by Ruyssen (1946), using an electrical balance (Johnson & Saunders, 1968). 
A thin, depolished platinum plate 1-032 cm in length and approximately 0-5 cm in 
depth was used. The end correction, 10, was determined by measuring the surface 
tension of a sample of water using two plates of different lengths (0-5 cm and 1 cm) 
but made from the same gauge of platinum (Padday, 1957). The value of 10  (0-009 cm) 
was then added to the geometric length of the plate in subsequent calculations of the 
interfacial tension values. Double-distilled water was used, prepared from a seasoned 
all-glass still, only the middle third fraction being taken from the final distillate. 
Analar grade benzene (British Drug Houses) was used, without further purification.

Purified egg-PC was prepared from a commercial sample (Merck A.G.) by 
chromatographic treatment with alumina and silicic acid, as described by Saunders 
(1957). Confirmation of purity of the egg-PC was obtained from the phosphorus 
and nitrogen analysis giving an N:P ratio of 1-04. This value compares favourably 
with the results of Perrin (1962) and is close to the theoretical value of 1-0.

Bovine plasma albumin (BPA) (Armour; Fraction V) was purified by recrystalliza
tion from methanol (Cohn, Hughes & Weare, 1947).

Simple aqueous dispersions of egg-PC were prepared by dissolving the required 
amount of the material in ether. The ether solution was then added to a weighed

* Present address: Ciba-Geigy Ltd., Basle, Switzerland.
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quantity of water, and the ether removed under vacuum at 30°. The resulting milky 
dispersion was centrifuged to remove any coarse undispersed material, and the 
dispersion assayed by drying an aliquot to constant weight in a vacuum oven at 30°.

Sonicated dispersions of egg-PC were prepared by the method of Saunders, Perrin 
& Gammack (1962). A simple aqueous dispersion, after removal of the ether, was 
subjected to ultrasonic irradiation for 90 min, when the egg-PC had dispersed to 
give aggregates with a weight average molecular weight of 2 x  106 (see Attwood & 
Saunders, 1966).

All determinations of interfacial tension were made at 25°.

R E S U L T S

The interfacial tensions of pure benzene with aqueous solutions of Armour 
(Fraction V) BPA are plotted as a function of time in Fig. 1. The observed time 
dependence of the interfacial tensions is a well-known phenomenon with protein 
films (Cheesman & Davis, 1954).

F i g . 1. Interfacial tensions of pure benzene w ith  aqueous solutions of BPA (Armour) at 2 5°. 
A, 5-0 x 10~4% w/v; B, 5-0 x 10“3% w/v; C, 1-0 x 10-2% w/v; D, 5-0 x 10-2% w/v; 
E, 1-0 x 10_1% w/v; F, 1-0% w/v.

The occurrence of minima in some of the curves in Fig. 1 suggested competitive 
adsorption of some impurity in the protein solution, most probably fatty acid. 
Hence, the system was re-examined using the recrystallized protein, the results being 
given in Fig. 2.
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T im e  (h )

Fig. 2. Interfacial tensions of pure benzene with aqueous solutions of purified BPA at 25°. 
A, 10 x 10-3% w/v; B, 5-0 x 10~3% w/v; C, 10 x 10“*% w/v; D, 50 x 10~2% w/v; 
E, 1-0 x 10 1 % w/v; F, 1-0% w/v.

The interfacial tension-time curves for the purified protein no longer exhibit 
minima, indicating that the impurity has been removed by the precipitation procedure.

In the concentration range 0-01 to 0T % w/v the interfacial tensions of the purified 
BPA solutions exhibited only a small time dependence, equilibrium values being 
attained within 10 min of forming the interface (Fig. 2). Hence, for the study of 
mixed egg-PC-BPA interfaces, a constant protein concentration of 0-1% w/v BPA 
was used, thus avoiding superimposition of a large time effect due to the protein, 
upon that resulting from the adsorption of egg-PC from the benzene phase. The 
interfacial tension results between solutions of egg-PC in benzene and 0-1% w/v 
BPA aqueous solutions are given in Fig. 3.

For the interfacial tensions between simple aqueous dispersions of egg-PC and 
benzene, large time effects were observed although no clear dependence upon bulk 
concentration was found. In the case of ultrasonicated aqueous dispersions, a clear 
dependence upon the egg-PC concentration was observed. The interfacial tensions 
between pure benzene and the ultrasonicated dispersions are plotted as a function 
of time in Fig. 4.
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T im e  (h )

F i g . 3 . Interfacial tensions for egg-PC in benzene with 0-1 % w/v purified BPA aqueous solution 
at 25°. A, 1-02 x 1(U5% w/w; B, 5-52 x 10“6% w/w; C, 8-49 X 10~6% w/w; D, 9-84 x 10“s% 
w/w; E, 1-18 x 10~4% w/w; F, 1-68 x 1CF4 %  w/w; G, 2-34 x 10_4% w/w.

T im e  (h )

F i g . 4 . Interfacial tensions for pure benzene with sonicated aqueous dispersions o f  egg-PC at 
25°. A, 1-10x 10~3% w/w; B, 5-94 x K)-3% w/w; C, 1-87 x 10“2% w/w; D, 2-42 x 10*2% 
w/w; E, 3-17 x lQ-2% w/w; F, 4-70 x 10~2% w/w.
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Previous experiments (Johnson & Saunders, 1968) have shown that the interfacial 
tensions between benzene solutions of egg-PC and pure water are highly time 
dependent, equilibrium values not being achieved even after 5 h. In contrast, the 
interfacial tensions of the egg-PC-BPA systems, while exhibiting a time dependence, 
attained equilibrium values after about 3 h in most cases (see Fig. 3).

Whilst adsorption of PC molecules from the benzene phase is not entirely diffusion 
controlled, it is an activated process, the phospholipid molecules requiring a certain 
activation energy for adsorption at the interface. The more rapid attainment of 
equilibrium at the interface in the presence of protein suggests that the interfacial 
protein is, in some way, reducing the adsorption activation energy of the phospho
lipid. This is probably the result of interaction between the protein and phospho
lipid.

Interactions between proteins and lipid monolayers at the air-water interface have 
been studied by injecting protein beneath the monolayer (Doty & Schulman, 1949; 
Eley & Hedge, 1956; Colaccio, 1969). The resulting increase in film pressure has 
been taken as a measure of the degree of interaction of the lipid and protein.

It has been found by Eley & Hedge (1956) and Colaccio (1969) that with phosphati
dylcholine films, initially at low surface pressure, interaction with injected BPA and 
■y-globulin occurred, a large increase in film pressure being observed. Eley & 
Hedge (1956) concluded that the interaction of phosphatidylcholine with BPA was 
predominantly electrostatic between the charged groups of the lipid and the protein. 
By studying aqueous dispersions of egg-PC and BPA, O’Keeffe (1967) concluded 
that a complex of indefinite composition was formed, the most plausible mechanisms 
of binding being between the hydrophobic portions of the two species and electro
static forces between the respective charged groups of the two compounds.

For the benzene-water interface, forces between the hydrophobic portions of the 
lipid and any protein protruding into the benzene phase, will be much reduced 
owing to the surrounding non-polar environment. The most probable interaction 
therefore is provided by electrostatic forces between the polar groups of the 
zwitterionic phospholipid protruding into the aqueous phase, and the corresponding 
oppositely charged groups of the protein amino-acid residues.

In the aqueous phase at pH 7, the protein carboxyl groups will be ionized, thus the 
interaction of these groups with the quaternary amino-groups of the PC is most 
probable.

In addition to a reduction in the adsorption activation energy, such interaction 
would result in the adsorbed phospholipid molecule achieving a lower potential 
energy at the interface due to the presence of the protein. The tendency of the 
phospholipid to diffuse back into the benzene phase would thus be reduced com
pared with the protein free interface; this would favour a more rapid equilibration.

For the aqueous dispersions of egg-PC at the benzene water interface, the effect 
of sonication which produces a stable aqueous dispersion of egg-PC, was clearly 
reflected in the observed concentration dependence of the interfacial tension results. 
The lack of dependence upon bulk concentration in the case of simple aqueous 
dispersions, is attributed to the unstable, highly polydisperse nature of these non- 
sonicated preparations.
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The adsorption of crystal violet by kaolin
N. A. ARMSTRONG AND C. D. CLARKE

Welsh School o f Pharmacy, University o f  Wales Institute o f Science and Technology,
Cathays Park, Cardiff, U.K.

The uptake of crystal violet on kaolin was examined over a pH 
range of 2-5 tc 9-5, adsorption showing an increase with pH. The 
attainment of equilibrium between adsorbate and adsorbent is shown 
to be a two-stage process, the first stage being synchronous with 
the release of magnesium from the kaolin lattice. Evidence is pre
sented that the major mechanism of adsorption is by electrostatic 
charges arising from cation replacement in the clay lattice, and that 
charges arising from the amphoteric nature of the aluminium atom 
of kaolin make little contribution to the overall adsorptive process.

The adsorption by kaolin of promazine has been reported by Sorby, Plein & Benma- 
man (1966) and of atropine by Ridout (1968a,b). These workers found the adsorption 
to be pH dependent. So that the mechanism of adsorption might be established, 
we have examined the uptake by kaolin of a basic substance, crystal violet, under 
a variety of experimental conditions.

MATERIALS AND METHODS
Crystal violet (reagent grade) was used without further purification.
Light kaolin (B.P. quality) was dried at 100° (3 h), mixed thoroughly and stored 

in tightly closed containers. The weight mean diameter of the kaolin was 3-3 p.m 
(sedimentation balance), and the surface area 1 1 - 2  m2  g - 1  (nitrogen adsorption: 
Perkin-Elmer Shell sorptometer, Model 212D).

The effect o f pH  on the adsorption o f crystal violet by kaolin
To flasks containing kaolin (2 g) was added 100 ml of a solution of crystal violet 

(50 mg/100 ml) in citrate-phosphate-borate buffers of varying pH (Teorell & Sten- 
hagen, 1938). The flasks were equilibrated at 24° (12 h). Samples were removed 
from each flask and centrifuged at 1 0  0 0 0  rev/min ( 2  min) and the concentration of 
crystal violet determined spectrophotometrically at 590 nm. Beer’s law was obeyed 
over the range of concentrations used.

Adsorption isotherms of crystal violet on kaolin were determined in the same 
way at a range of pH values and using crystal violet concentrations ranging from 
40-60 mg/100 ml. Equilibration and determination of the dye in the supernatant 
were carried out as above and the adsorption isotherms constructed.

Leaching of inorganic ions from kaolin
Measured amounts of N/100 sodium hydroxide solution were diluted to 100 ml 

with water, the sodium content measured by flame photometry, kaolin ( 1 0  g) was 
added and the whole allowed to equilibrate overnight. The sodium content of the 
supernatant was then determined. The experiments were then repeated incorporating 
EDTA in the mixture and the supernatant assayed for aluminium by complexation 
with Alizarin S (Barton, 1948) and for magnesium and calcium by atomic absorption 
spectrophotometry.
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RESULTS

Preliminary experiments showed, that on prolonged shaking with water, kaolin 
released an unknown substance which absorbed light in the ultraviolet region of the 
spectrum. For this reason, crystal violet was chosen as adsorbate since it can be 
readily determined in the visible region of the spectrum with no interference from 
substances leached from kaolin. The colour of crystal violet fades gradually, 
particularly at high pH (Turgeon & LaMer, 1952), and this has been attributed to 
a reaction between the dye and hydroxyl ions to give the corresponding carbinol, 
which is appreciably less soluble in water than crystal violet. Though Turgeon and 
LaMer have described this as a second order reaction, the present work indicates 
that first order kinetics may be applied to a first approximation and that the rate 
of fading (k) at various pH values may be described by the equation:

14.85
log k =  -  0-392 -------—

pH
All experimentally determined concentrations of crystal violet were thus corrected 
for time and pH effects by application of this equation.

Data obtained from adsorption experiments were shown to fit the Langmuir 
equation:

c . - I  + I.cx/m ab b
where x =  weight of adsorbate (mg) adsorbed by m g of adsorbent; C =  the

C
equilibration concentration (mg/100 ml): a,b are constants. A plot of —  against C,

x/m
gave a  straight line with slope 1  /b, changes in the value of which provided a useful 
indication of the extent to which adsorption changed with experimental conditions.

The increase in uptake of crystal violet on kaolin with increasing pH is shown in 
Fig. l,and values of “ l/b ” (g/mg) derived from isotherms determined at pH values of
4-4, 5-8, 6 -8 , 7-4, 8-1 are: 0-0450, 0 0448, 0-0416, 0-0409, 0-0378 respectively. It has

Fig. 1. The uptake of crystal violet on kaolin at a range of pH values.



been claimed (Ridout, 1968) that the uptake of atropine by kaolin can be represented 
by two straight lines of significantly different slopes because of the heterogeneous 
nature cf the kaolin surface. No evidence of a two-stage Langmuir isotherm was 
found in the present work.

The rate of crystal violet uptake on kaolin shows a stepped curve before equilibrium 
is finally established after about 0-5 h (Fig. 2). No such deviation was reported 
(Ridout, 1968a) for the adsorption of atropine by kaolin and, since the adsorption 
curve before the “step"’ is non-linear, it is difficult to prove the validity of this step 
by standard statistical techniques. Nevertheless, numerous replicate determinations 
invariably showed the presence of this irregularity, and it is possible to explain it 
by reference to the molecular structure of kaolin.

T h e  a d s o r p t io n  o f  c r y s t a l  v io le t  b y  k a o l in  97 S

T im e  (m in )

F i g . 2. The rate of uptake of crystal violet on kaolin. G, pH 5-8; □ , pH 6-6; x , pH 7-7 
A, pH 8-4.

D I S C U S S I O N

The molecular structure of kaolin, Al4 Si4Oi0(OH)8, is composed of two basic units 
(Brindley & Robinson, 1946; Brindley, 1951). One is an octahedron of oxygen 
atoms (or hydroxyl groups) surrounding a central aluminium atom, with several 
such octahedra. sharing the oxygen atoms of identical adjacent structures, joined 
together to form a continuous sheet. The second unit is composed of four oxygen 
atoms situated at the corners of a regular tetrahedron, with a silicon atom in the 
centre. The atoms at the base of the tetrahedra are shared by neighbouring modules, 
and the two basic uni:s are joined so that the apices of the tetrahedra and the top 
layer of the octahedra form a common plane (Gruner, 1932).

The adsorptive capacity of kaolin has been attributed to electrostatic charges which 
may arise by two different mechanisms. Grim ( 1953) has suggested that such charges 
may arise from broken bonds at the edge of the kaolin particle. Charges in the 
tetrahedral silicon layer will invariably be positive, irrespective of pH, while those 
in the octahedral aluminium layer will vary with pH, being positive at low pH and
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negative at higher pH values. Thus at low pH, the entire edge carries a positive 
charge which will become less positive (and may even become negative) as 
the pH increases.

On the other hand, Schofield & Samson (1953) have suggested that the major 
site of electrostatic charges is on the face of the kaolin particle, caused by the iso- 
morphous replacement of silicon and aluminium atoms in the tetrahedral and octa
hedral layers respectively by aluminium and magnesium (and to a lesser extent, 
calcium). Where the replacing atoms are mono or divalent, the resulting charges 
will invariably be negative and because the area of the faces is greater than that of 
the edges (Mering, Matthieu-Sicard & others, 1953), the overall charge on the particle 
is likely to be negative. Whatever the site of the charge, it is externally compensated 
by attraction of cations to the kaolin surface.

In the pH range studied, the molecular form of crystal violet is an ion bearing one 
positive charge (Finar, 1963), which suggests attachment to a negative site on the 
kaolin particle. The increase in the amount of adsorption with pH may then be 
due to two factors:

(i) An increase in the density of the negative charge on the edge of the kaolin 
due to the charge on the aluminium atoms at the edge changing from positive to 
negative. The pH at which the charge on hydrated alumina is reversed (the zero 
point of charge) has been reported by van Schuylenborgh & Sanger (1949) as ranging 
from pH 2-2 to 5-6, depending on the physical structure of the alumina. Though 
similar information for kaolin has not been published, electrophoresis and flocculation 
measurements (unpublished observations) indicate a zero point of charge in the 
range 4-9 to 5 0. This is unlikely to account for the marked increase in adsorption 
at higher pH values.

(ii) The increased concentration of sodium hydroxide in the system needed to 
achieve high pH values promotes replacement on the exterior of the clay lattice of 
the charge-compensating cations of magnesium, calcium and possibly aluminium, by 
sodium ions. This represents a cation exchange mechanism. The resulting electrical 
imbalance in the clay lattice increases the negative charge on the particle as a whole 
and consequently favours the adsorption of a positively charged ion such as crystal 
violet.

Though aluminium was considered to be the most likely atom to be replaced by 
sodium, kaolin is associated with appreciable amounts of magnesium and calcium 
by isomorphous replacement. Since it is probably easier for monovalent sodium 
to exchange with a divalent rather than a trivalent species, all the above possibilities 
of ion exchange were examined.

Fig. 3 shows the change in aluminium concentration with change in sodium 
hydroxide concentration. In this the amount of aluminium leached into the super
natant is negligible between pH 4 and pH 9.

By contrast the appearance of cations such as magnesium in the supernatant shows 
a marked increase with pH, and it is concluded that ion exchange is the main 
adsorptive process. Though it is recognized that this mechanism may involve several 
ionic species, the release of magnesium was examined because of the ease with which 
small changes in concentration of this ion can be determined. Fig. 4 shows that 
the attainment of a maximum magnesium concentration in the supernatant is 
synchronous with the first plateau of the adsorption curve of crystal violet on kaolin 
(Fig. 2). The second plateau of the latter is apparently unconnected with magnesium

98 S
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Fig. 4. The rate of leaching of magnesium from kaolin. O, pH 5-8; □  , pH 7 0; x , pH 8 0.

exchange and marks completion of true physical adsorption by intermolecular 
attractive forces.

Ridout has suggested that the marked increase in the adsorption of atropine 
sulphate on to kaolin with increase in pH is due to the increase in the density of the 
negative charge on the edge of the kaolin particle, the amount of adsorption on the 
face of the particle being constant. However, this explanation must be viewed with 
caution since: (i) If the zero point of charge on the aluminium atom is in the region 
of pH 5, most of the aluminium atoms on the edge of the particle will bear a negative 
charge in the pH range 7 to 9, yet adsorption is still increasing at this point, (ii) The 
surface area of the edge of the kaolin particle is much smaller than the area of the 
faces. We have found that electron micrographs of shadowed kaolin indicate an 
edge to face area ratio of 1 to 14. (iii) The rate of uptake of crystal violet bears a
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striking resemblance to the rate of release of magnesium from the clay by ion 
exchange.

Thus it is concluded that the major mechanism for the adsorption of bases on 
to kaolin is by electrostatic charges arising from cation replacement in the clay lattice. 
Such adsorption can take place either on the faces or the edge of the kaolin particle. 
It is considered that charges arising from the amphoteric nature of the aluminium atom 
make a relatively small contribution to the total adsorptive process.
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The particle-size of sulphadiazine 
produced by a solvent-change method
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Department of Pharmaceutical Technology, University of Strathclyde,
Glasgow, C .l, U.K.

The factors affecting the particle-size of sulphadiazine produced by a 
solvent-change method of crystallization have been studied. The 
most important variables appear to be the degree of turbulence in the 
pipeline mixer used for the crystallization process, and the concen
tration of drug in the dimethylformamide injection solution. Mech
anisms which can account for these, and other features of this crystal
lization method, are presented.

The in vivo absorption of a number of drugs is limited by their dissolution rate and 
with such materials reduction in particle-size can result in improved physiological 
availability (Fincher, 1968). Of the various methods used to obtain drugs in fine- 
particle form, the application of controlled crystallization brought about by solvent- 
change, has already been described (U.S. Patent Number 2,908,612, 1959; Lees, 1969). 
Factors affecting the particle-size of crystals produced by such methods, however, 
have received little attention and the report of Packter(1959), working with mechanic
ally stirred solutions, appears to be the only one giving results for the crystallization 
of organic compounds. The solvent-change method has been adapted industrially 
as described in British Patent Number 899,667 (1962) for the production of fine- 
particle griseofulvin. In this case the mixing of solvent and non-solvent is carried 
out in a pipeline mixer and the process is termed “line-mixing”. The present 
investigation reports studies on the factors affecting the particle-size of sulphadiazine 
produced by injection of a solution in dimethylformamide (DMF) into water flowing 
through a pipeline mixer.

M A T E R I A L S  A N D  M E T H O D S

Materials. The sulphadiazine used was B.P. quality. Dimethylformamide was 
distilled under reduced pressure and gave n°5 =  T4283 (n°5 =  T4294, Dawson, 
Golben & others, 1952 and n°5 =  1-4269 Ruhoff & Reid, 1937). The water used in 
the pipeline mixer was deionized by passage through a mixed-bed ion-exchanger.

Apparatus
The apparatus (Fig. 1) consisted of a device giving a constant flow rate of water, 

a mixing tube and a means of injecting a solution of sulphadiazine in DMF, into the 
water flowing along the tube.

The constant-head device was a reservoir fitted with overflow and replenishment 
tubes, the latter carrying deionized water pumped from a bulk tank. Flow from the 
reservoir to the mixer was controlled by a tap fitted at the reservoir base.

Present address: * Department of Pharmacy, University of Manchester, Manchester, M13 9PL, 
t  Sandoz Ltd., Basle, Switzerland.
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F ig . 1. D iagram  o f  the pipeline mixer.

The mixing tube was 1 cm internal diameter, precision-bore, Pyrex glass tubing. 
The tubing was supported by brass angle-pieces secured to a movable horizontal 
beam which allowed the tube to be moved when the reservoir was raised or lowered. 
The beam was on a slide which was adjustable so that the tube was maintained horizon
tal. The tube assembly used for crystallization experiments made under turbulent 
flow conditions measured 193 cm in length from the position of the injector needle 
tip. That used for non-turbulent flow was 444 cm long.

The injector unit comprised a hypodermic syringe held in a Tufnol cradle, fitted with 
a screw drive propelled by a constant speed motor. The motor speed was controlled 
through a 50 KQ helical wire-wound potentiometer fitted with a multi-turn indicating 
dial. The syringe was connected by way of a three-way tap to a cannula, which was 
bent to allow insertion into the inside of the mixing tube. The cannula had an 
internal diameter of 1T3 mm, and the portion within the tube was 13-5 cm long, 
measured from the point of entry, which was by puncture of the rubber tubing 
joining the mixing tube to the reservoir. The cannula was located centrally in the 
mixing tube by means of a small Perspex insert.

In operation, the water flow down the mixing tube was first established and this 
was followed by simultaneously operating the three-way tap (previously closed to 
prevent access of water to the syringe) and the syringe drive, to inject drug 
(sulphadiazine) solution into the mixing tube. The water flow rate was calibrated 
by collecting and measuring volumes issuing from the mixer over timed intervals. 
Calibration of injector flow rates was by weighing quantities of solutions collected 
over timed intervals, direct from the cannula which was withdrawn fom the mixing 
tube. The weights were converted to volumes using the density figures:—

% w/v sulpha
diazine in DMF 3 5 6 7-5 9 10 12 15

Density (g/cm3) ..0-9599 0-9672 0-9709 0-9763 0-9821 0-9856 0-9930 1-0036

Syringe flow-rate calibrations were made in duplicate over a range of potentiometer 
dial settings using 3, 6, 9, 12 and 15% w/v sulphadiazine in DMF solutions. The 
figures obtained showed a maximum variation about the mean of approximately 
3% for a given dial setting, using different sulphadiazine concentrations, and the 
variation occurred randomly. Viscosity differences of the solutions did not appear 
to effect the flow rates.
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To check that injector flow rates were not significantly modified when the cannula 

was positioned in the water stream of the crystallizer, z. volume of mixed liquids was 
collected over a timed interval. The sulphadiazine concentration in the mixture 
was determined by dissolving the precipitated drug in a suitable volume of DMF and 
assaying an appropriately diluted sample spectrophotometrically. The calculated 
value for injector flow rate was in good agreement with that given by the calibration 
method described.

Collection and treatment of samples
Crystals were examined microscopically soon after collection from the mixer, 1 h 

after mixing and at later times. Except for cases of very low supersaturation arising 
from solutions of low concentration being injected, no significant change in the par
ticle-size of crystalline suspensions obtained from the mixer occurred subsequent 
to storage for 1 h. Assays performed on suspension filtrates (passing an 0-2 /xm 
membrane filter) at similar times indicated crystallization to be virtually complete 
after 1 h. Except where indicated, all crystal samples were obtained from slurries 
stored for 1 h before the commencement of filtration. Production and storage of 
slurries was at 20°.

Crystals were collected on 0-2 ^m membrane filters using vacuum. This pore-size 
filter was chosen so that all particles, down to at least those just visible under the 
microscope (about 0-2 when using white light, Edmundson, 1967) would be 
retained. After washing with a small amount of water, the samples were sucked as 
dry as possible, and drying completed at 40° in a vacuum, over phosphorus pentoxide.

Particle-size measurement
The particle-size of crystalline products has been evaluated by a microscope method 

and by an air-permeability method. Because of the pronounced anisometry of the 
sulphadiazine crystals it was not possible to use the microscope method (British 
Standard 3406: Part 4: 1963) to obtain an estimate of the projected area of particles. 
Instead, the eyepiece graticule was used to size particles in terms of their length. 
Due to the hydrophobic nature of the drug, and the need to use a mountant of 
reasonable viscosity to prevent Brownian movement of fine particles, samples were 
suspended in light liquid paraffin containing 3 % Span 80 (Honeywill-Atlas Ltd.). 
Sizing was carried out in other respects in accordance with the British Standard 
method: a minimum count of 1000 particles was made for each sample, with adjust
ment of the suspension concentration so that not less than 96 fields were counted for 
the most frequently occurring particle-size. The results have been used to give 
cumulative number-percent undersize-frequency curves and the arithmetic length- 
number mean, dm ( =  Snd/Xn).

Surface area measurements were made on the crystalline samples using the Rigden 
air permeability method (Rigden, 1943) to the results of which a slip-flow correction 
was applied (Rigden, 1947). The Rigden apparatus was modified by use of an 
accurately machined powder cell allowing formation of plugs from 50 mg samples. 
Plugs, compressed to a porosity of 0-5, were prepared by applying even pressure on 
both plungers simultaneously, a process found to give the most reproducible results. 
Calculations were based on a density of sulphadiazine of 1-505, measured using a 
50 ml density bottle.

P a r t ic l e - s i z e  o f  s u lp h a d ia z in e
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Calculation of the theoretical degree of supersaturation 
The theoretical degree of supersaturation, with reference to sulphadiazine, of 

pipeline mixtures after complete mixing was calculated as the ratio C'/Cs, where C' 
is the total concentration of sulphadiazine present and Cs is the equilibrium solubility 
of sulphadiazine in the pipeline solvent mixture. Values of Cs for solvent composi
tions in deionized water at 20° are:—
DMF (% v/v) . .  . . 0  0-25 0-5 0-75 1 0
Sulphadiazine (% w/w) . .  0-00455 0-00475 0-00488 0 00510 0 00525
Values for intermediate solvent compositions were obtained by graphical interpolation.

R E S U L T S  A N D  D I S C U S S I O N

Crystallization conditions and particle-size data for water flow rates, of 6200, 3100, 
and 620 ml/min are given in Tables 1-3. The first part of the reference number used 
to identify each sample indicated the % w/v of sulphadiazine in the DMF solution 
injected.

Table 1. Crystallization conditions and particle-size data. Water flow 6200 ml min x.

Theoretical Specific surface area
Drug degree of din, /mi, frcm air permeability

Reference solution flow supersaturation,t from method
number* (ml min-1) SS microscope m2 g_1

15/1 4-3 2-27 0-75 insufficient sample
15/2 8-6 4-48 0-9, 12-7
15/3 17-2 8-78 0-9, 12-2
15/4 25-0 12-60 1-0 10 8
12/1 5-4 2-27 0-9 insufficient sample
12/2 7-7 3-22 1-0 10-3
12/3 10-8 4-48 1-2 8-9
12/4 15-4 6-32 1-2 9-5
12/5 21-6 8-73 1-2 9-6
12/6 25-0 10-00 1-5 8-7
9/1 7-7 2-41 2-0 6-4
9/2 10-8 3-36 2-5 6-3
9/3 15-4 4-74 3-0 5-7
9/4 21-6 6-55 3-4 5-6
9/5 25-0 7-52 3-3 5-6
6/1 10-8 2-24 4-1 insufficient sample
6/2 13-6 2-79 7-0 1-7
6/3 15-4 3-15 7-6 1-9
6/4 19-1 3-88 7-4 1-8
6/5 21-6 4-36 8-3 1-4
6/6 25-0 5-00 8-5 1-3
3/1 15-4 1-57
3/2 21-6 2-18 See footnotef
3/3 25-0 2-50

* The first part of the reference number is the % w/v of sulphadiazine in the injection solution.
SS -  sulphadiazine contained in 100 ml pipeline mixture before crystallization

' ~  equilibrium saturation solubility of sulphadiazine in pipeline mixed solvent
'l Crystals collected after 24 h storage at 20° in case of sample 3/3. No crystals visible in 3/1 

and 3/2 after 24 h storage.

The data, together with previously published information on the solubility of 
sulphadiazine in mixtures of water and DMF (Elworthy & Worthington, 1968), 
have been used to interpret the effects of turbulence and other factors on the particle- 
size of sulphadiazine produced by solvent change.



Table 2. Crystallization conditions and particle-size data. Water flow 3100 ml min-1.
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Theoretical Specific surface area
Drug degree of dm, uni, from air permeability

Reference solution flow supersaturation,f from method
number* (ml min-1) SS microscope (m* g-1)

15/5 2-15 2-27 0-9, 10-5
15/6 4-3 4-51 0-96 11-7
15/7 8-6 8-58 1-0 10-5
15/8 17-2 16-97 1-2 9-3
15/9 25-0 23-88 1-3 8-9
12/7 2-7 2-25 1-5 8-6
12/8 5-4 4-48 1-5 8-2
12/9 10 8 8-74 1-6 8-1
12/10 15-4 12-22 1-6 8-1
12/11 21-6 16-24 1-8 7-5
12/12 25-0 18-95 1-4 9-1
9/6 3-85 2-42 2-5 6-8
9/7 7-7 4-74 2-8 6-7
9/8 10 8 6-55 2-7 6-6
9/9 15 4 9-14 2-5 6-6
9/10 21-6 12-46 2-6 6-5
9/11 250 14-21 2-7 6-6
6/7 5 4 2-24 3-4 4-8
6/8 7-7 3-15 3-6 4-6
6/9 10 8 4-36 3-7 4-2
6/10 13 6 5-42 4-6 3-6
6/11 16-7 6-54 5-3 2-9
6/12 19 1 7-43 6-7 2-4
6/13 250 9-42 3-7 4-2
3/4 7-7 1-57
3/5 10 8 2-17
3/6 15 4 3-04 See footnote §
3/7 21-6 4-13
3/8 25 0 4-69

*t See Table 1.
§ Crystals collected after 24 h storage at 20°. Crystals too large for microscope sizing and 

insufficient in quantity for air permeability method.

Table 3. Crystallization conditions and particle-size data. Water flow 620 ml min-1.

Drug
Theoretical 
degree of din» /¿m

Specific surface area 
from air permeability

Reference solution flow supersaturation,t from method
number* (ml min-1) SS microscope (m2 g-1)

15/10 0-5 2-64 1-7 8-0
15/11 1-1 5-71 1-6 8-6
15/12 2-5 12-56 1-8 7-6
9/12 1-1 3-41 3-2 5-4
9/13 2-5 7-53 3-8 4-3
9/14 5-4 15-17 4-4 3-4
3/9 2-5 2-51 See footnote §
3/10 15-4 12-02 8-1 1-5

*t See Table 1,
§ Crystals collected after 24 h storage at 20°. Crystals too large for microscope sizing and 

insufficient in quantity for air permeability method.

The effect of turbulence on particle size
The rate at which mixing of the two fluid streams takes place in the pipe must be 

largely influenced by the degree of turbulence existing in the fluids as they pass down 
the mixing tube. The principal consequence of mixing is that a fluid of changed

H
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solvent power for sulphadiazine is produced, giving a mixture supersaturated with 
respect to the drug. The speed at which supersaturation increases will depend on the 
speed of mixing and on the rate of the competing process of crystallization, the latter 
bringing about relief of supersaturation. The effects of turbulence are seen by 
comparing samples derived from mixtures of similar theoretical supersaturation but 
prepared under different mixing conditions, as for example in Table 4, extracted from

Table 4. The effect of turbulence on particle-size.

Drug Theoretical degree Specific
Water solution of supersaturation surface

Reference flow flow Reynolds after complete din, area
number (ml min-1) (ml min-1) number mixing lx m (m2 g-i)

15/1 6200 4-3 13 155 2-27 0'75 ---
15/2 6200 8-6 13 155 4-48 0'9j 12-7
15/5 3100 2-15 6577 2-27 0-95 10-5
15/10 620 0-5 1315 2-64 1-8 7-6
6/3 6200 15-4 13 155 3-15 7-6 1-9
6/8 3100 7-7 6577 3-15 3-6 4-6
6/5 6200 21-6 13 155 4-36 8-3 1-4
6/9 3100 10-8 6577 4-36 3-7 4-2

Tables 1-3 for clarity. In the first four entries, the results for sample number 15/2 
are included in Table 4 in support of the single size measurement available for sample 
number 15/1, for which a surface area figure in excess of 12-7 m2g-1 is predicted. 
The results indicate that an increase in turbulence decreases the sulphadiazine particle- 
size. The size of the effect is not as large as was expected since, with non-turbulent 
flow conditions, materials of substantial specific surface area result. This may be 
explained by the large decrease in the solubility of sulphadiazine in passing from 
pure DMF, to DMF containing a relatively low percentage of water. As a result, 
only the partial mixing of the incoming sulphadiazine-DMF solution with the water 
stream gives rise to high supersaturations and in consequence high nucleation rates, 
causing production of fine-particle products. Classical crystallization theory indicates 
that the crystallization process is a balance of the consecutive and concurrent stages 
of nucleation and crystal growth. Nucleation shows a high order dependence on 
supersaturation, whereas crystal growth shows an approximately linear relation (see 
for example Van Hook, 1961; Schoen, 1961). High supersaturations therefore 
favour the formation of small particle-size products.

The same effect, a decrease in particle-size with increased turbulence, is shown with 
the 12% w/v sulphadiazine injection solutions. For 6% solutions the effect is 
reversed, as shown by the second four entries in Table 4. Here, for ecuivalent 
theoretical supersaturations, the system with the lower Reynolds number produced 
crystals of smaller particle-size. The difference in viscosity of sulphadiazine solutions 
of low and high concentration was thought to be a possible means of explaining this 
effect. Viscosities of drug-DMF solutions at 20°, measured using an M2 viscometer 
(British Standard 188: 1957), were found to be:—

Sulphadiazine in DMF (% w/v) 0 3 9 15
Viscosity (cP) ...........................  0-903 0-983 l-269 1-69,

Two levels of mixing are recognized (Brodkey, 1966): (i) “scale of segregation”, 
which is a measure of the size of unmixed portions of the pure compounds, (ii)
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“intensity of segregation”, which describes the effect of molecular diffusion on the 
mixing process, and is a measure of the difference in concentration between the 
neighbouring portions of fluid. The increased solution viscosity (see above) of high 
concentrations of sulphadiazine in DMF may, by molecular diffusion, slow the 
reduction of intensity of segregation although this may not show as an effect on 
particle-size because of the high supersaturations achieved with partial mixing. 
The lower viscosity of weaker solutions enables complete mixing to be more rapidly 
achieved.

A more probable explanation for the reversed effect with 6% injection solutions 
and the less turbulent water flow lies in the relative speeds of mixing and nucleation. 
At the higher water flow, mixing may outpace the speed of nucleation. Lower 
degrees of supersaturation are reached as a result of dilution rather than by immediate 
crystallization. In these circumstances nucleation will be less favoured and larger 
crystals formed. With the slower mixing associated with the lower water flow of 
3100 ml min-1, more nucleation will be possible before dilution reduces supersatura
tion and smaller crystals will result.

With the intermediate strength, 9 % w/v, sulphadiazine solution, the effect appears 
transitional between that for the concentrated solutions and that for 6 % w/v sulpha- 
diazine-DMF solution (Table 5).

P a r t ic l e - s i z e  o f  s u lp h a d ia z in e

Table 5. The effect of turbulence on particle-size.

Sulpha
diazine Theoretical degree Specific

Water solution of supersaturation surface
Reference flow flow Reynolds after complete din, area
number (ml min-1) (ml min-1) number mixing fim (m- g-1)

9/4 6200 21-6 13 155 6-55 3-4 5-6
9/8 3100 10-8 6577 6-55 2-7 6-6
9/12 620 M 1315 3-41 3-2 5-4
9/13 620 2-5 1315 7-53 3-8 5-3

With 3% sulphadiazine-DMF solutions, crystallization was slow and gave large 
crystals. A significant yield of crystals could be obtained for sample 3/3, for example, 
only after 24 h storage. In this case, a theoretical degree of supersaturation of 2-5 
existed and the effects contrast with those obtained for samples 15/1 and 15/5 where 
a slightly lower theoretical degree of supersaturation gave a yield of small crystals 
within 1 h of mixing. Owing to the sparse yield of crystals and the difficulty of 
applying the microscope method to large-particle materials, quantitative information 
is not available for the crystal size of most samples produced using 3% solutions. 
The rate of crystallization in some of these samples was monitored by assaying 0-2 /¿m 
membrane filtrates of pipeline mixtures that had been stored, and results are shown 
in Table 6. These suggest that for sample 3/1 the supersaturation conditions 
achieved at any stage are insufficient to promote nucleation. With sample 3/2 the 
supersaturation reached is either too transient or too low to allow more than slight 
nucleation: crystals are seen after 4 days. Conditions used for sample 3/3 gave 
crystals visible after 24 h. The effects are again explicable in terms of the relative 
rates of mixing, nucleation and crystal growth, and of the supersaturations possible 
during mixing. When low concentration solutions are used, the extent of mixing, 
in terms of the solvent composition, must be considerable before any supersaturation



Table 6. The rate of decrease of sulphadiazine in solution in pipeline prepared mixtures 
using 3 % w/v sulphadiazine in DMF and a water flow o f  6200 ml min-1.
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Reference
number

Rate of injection 
of sulphadiazine 

solution 
(ml min-1)

Theoretical degree
of supersaturation 0-2 ¿¿m membrane filtrate assays 

after complete % w/w sulphadiazine
mixing 1 h 24 h 4 days 24 days

3/1 15-4 1-57 0-00724 0-0072! 0-0072» 0-0072»
3/2 21-6 2-18 0-0102 0-0099, 0-0085» 0-0060»
3/3 25-0 2-50 0-0119 0-0100 0-0070» 0-0055,

occurs. Because of this, the high local supersaturations possible in the early stages 
of mixing using high concentration solutions, cannot be realized. Consequently 
nucleation is limited, growth conditions prevail, and large crystals result.

A further factor, that may accentuate some of the effects described, is the pheno
menon of “collision breeding” (Lai, 1966). By this means fresh nuclei are produced 
by collision of crystals under turbulent conditions. The effect is increased by an 
increase in supersaturation because of the decrease in critical cluster size with increase 
in supersaturation (Walton, 1965).

With laminar flow conditions, mixing takes place largely through molecular 
diffusion, but to some extent by convection. In the pipeline mixer a “core” of 
unmixed solution is evident for much of the length of the tube. Consequently, 
crystallization occurs in the region surrounding the core where diffusion has taken 
place to give a change in solvent characteristics. The core becomes coated with 
crystalline material which gradually separates into the bulk c f the surrounding, 
largely aqueous, fluid. Concentrated solutions give materials of slightly larger 
particle-size than those produced at comparable theoretical degrees of supersaturation 
under turbulent flow conditions. However, the materials are small in particle-size 
compared to those resulting from injection of weaker solutions, even under turbulent 
conditions. It seems that because mixing is much less rapid with laminar flow, the 
15 % sulphadiazine solutions give reduced nucleation rates, although the high super
saturations resulting from small degrees of mixing still have an overwhelming 
influence. With the concentrated drug solution, material nucleated around the core 
may grow rapidly because of the higher concentration gradient from the underlying 
concentrated solution. With dilute solutions large crystals are produced, an effect 
again explicable by the low local supersaturations achievable with such mixtures. 
The absence of collision breeding will also emphasize the effect.

The effect of theoretical mixture supersaturations on particle-size
Numerous workers have shown the dependence of crystal number and size on the 

concentration of solute in excess of solubility. Although von Weimarn’s work 
(von Weimam, 1925) has been subject to some criticism (Kolthoff, 1932), the useful
ness of the principles he deduced has been upheld by Cartwright, Newman & Wilson
(1967). It is suggested that the theoretical mixture supersaturation figure is not 
reached in the pipeline because significant and often substantial crystallization occurs 
before mixing is complete. Nevertheless, the amount of drug available for crystal
lization per unit of volume of mixed fluids should be a factor influencing the overall 
process, and therefore the characteristics of the final crystalline product.
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In a series of experiments in which water flow and strength of sulphadiazine solution 

are kept constant (for example samples 12/1 to 12/6, 9/1 to 9/5 and 9/12 to 9/14), 
the general trend is for an increase in average particle size, as final supersaturation 
increases. This result :s the reverse of von Weimarn’s findings; however von Wei- 
marn was studying the precipitation of barium sulphate produced by reaction, rather 
than crystallization by solvent-change. In the present work, increasing theoretical 
mixture supersaturation was brought about by raising the speed of injection of sulpha- 
diazine-DMF solution. This may affect the speed of mixing of the fluids in the tube; 
it will also affect the flew characteristics of the liquid leaving the cannula. Calcula
tion of the Reynolds number for fluid flowing in the cannula, shows that this is 
streamline for all the injection rates used. It is possible that with small volumes, 
turbulent water flow breaks up the incoming fluid into smaller portions in a given 
time, than it does at faster injection rates. The lower scale of segregation would give 
higher supersaturations more rapidly, causing increased nucleation and smaller 
particle-size products.

Table 7. The effect of the concentration of sulphadiazine in the DMF injection solution 
on particle-size.

P a r t ic l e - s i z e  o f  s u lp h a d ia z in e

Water Theoretical Specific
Reference % w/v sulphadiazine flow degree of din, surface area
number in DMF solution (mi min~') supersaturation /¿111 (m2 g-1)

15/2 15 6200 4-48 0-9, 12-7
12/3 12 6200 4-48 1-2 8-9
9/3 9 6200 4-7z 3-0 5-7
6/5 6 6200 4-36 8-3 1-4

15/6 15 3100 4-51 0-95 11-7
12/8 12 3100 4-48 1-5 8-2
9/7 9 3100 4-74 2-8 6-7
6/9 6 3100 4-36 3-7 4-2

15/12 15 620 12-56 1-8 7-6
9/13 9 620 7-53 3-8 4-3
9/14 9 620 15-17 4-4 3-4
3/10 3 620 12-02 7-9 1-5

The effect of the concentration of sulphadiazine in the DMF solution on particle-size 
The effects on particle size of samples prepared under similar conditions of turbu

lence and theoretical mixture supersaturation, but using different strength solutions, 
are compared in Table 7. For any specified level of turbulence and theoretical 
mixture supersaturation, increasing the concentration of sulphadiazine solution brings 
about a decrease in particle-size: the effect is evident for both turbulent and non- 
turbulent fluid flow in the pipeline. With high concentration solutions, high local 
supersaturations exist in the earliest stages of mixing, causing high nucleation rates. 
Also the higher diffusion gradients existing with more concentrated solutions will 
facilitate more rapid mixing at the molecular level, and rapidly reduce the intensity 
of segregation. Table 7 also summarizes results fer similar theoretical mixture 
supersaturations.
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The kinetics of crystallization of 
potassium bromide from aqueous solution

K .  R I D G W A Y  A N D  M .  E .  A U L T O N

Department o f Pharmaceutics, The School of Pharmacy, University o f London, 
Brunswick Square, London, W .C.l, U.K.

The densities of aqueous solutions of potassium bromide have been 
determined as a function of concentration and temperature up to 
saturation at temperatures between 10 and 50°. The saturation line 
and nucleation were studied, over the same temperature range, in a 
circulatory crystallizer with continuous concentration monitoring.
Small quantities of seed crystals were grown under different degrees 
of supersaturation and at different temperatures, so that the mass 
transfer coefficients and the activation energy for deposition from 
solution could be measured. The activation energy of the crystalliza
tion process was 100-9 kJ mol-1, indicating that the rate-determining 
step was the incorporation of KBr on to the crystal lattice. Rapidly- 
grown crystals might thus be expected to be softer, and this proved 
to be so.

Crystallization rates, particularly of pharmaceutically interesting materials from 
solution, have not been extensively studied, although the crystallization process is 
widely used in their manufacture. Rate data are relatively scarce yet are needed to 
test theories of deposition rate limitation, which may be governed by diffusion, 
viscosity or energy of incorporation into the crystal lattice: such data are also useful 
in crystallizer design.

Potassium bromide is used in the photographic industry, in pharmacy and in 
spectroscopy; it therefore seemed that measurements of the rate of growth of 
potassium bromide crystals from aqueous solution would be of some industrial 
interest. In addition, since the alkali halides have a simple crystal structure, it 
appeared likely that any lattice defects would produce macroscopic effects more 
easily observable than proved to be the case with aspirin crystals. Whereas the 
effect of growth rate upon crystal hardness could not be demonstrated with certainty 
for aspirin (Glasby & Ridgway, 1968), with potassium bromide it was felt that rapid 
growth rates might lead to lattice imperfections giving crystals with a measurably 
lower hardness. No data were found in the literature for the crystallization of 
potassium bromide beyond some solubility data for aqueous solutions (Linke, 1965).

A P P A R A T U S  A N D  M E T H O D S

The continuously circulating crystallizer was of the type designed by Mullin & 
Garside (1968) (cf. Glasby & Ridgway, 1968); a small fluidized bed of seed crystals 
is held in a rising stream of supersaturated solution. The solution is heated to remove 
nuclei, then cooled to give the required supersaturation. Its concentration is moni
tored by continuous density measurement. A subsidiary heater prevented crystal 
deposition in the density meter sampling line; the meter compensator easily dealt 
with the 5° temperature rise so caused. Calibration was by using solutions of known 
density.
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Material
The circulating solution was made from potassium bromide (B.D.H. Analar); 

used without further purification; the solution was filtered before pouring it into the 
crystallizer. Seed crystals were hand-picked from small batches recrystallized from 
water.

Density and solubility
Densities of solutions of known concentration were measured at temperatures 

between 50° and either 10° or the spontaneous nucleation temperature, whichever 
was the higher. The temperature was controlled, using a contact thermometer, to 
¿ 0  05° at 5° intervals over the range covered, and was maintained for at least 30 min 
at the appropriate temperature before the density determination was made. The 
range of concentration was 5 to 45% by weight of potassium bromide, the density being 
between T01 and 1-41 gem -3.

The saturation line between 10 and 50° ranges from 37 to 45 wt % of potassium 
bromide, and this composition range was examined in greater detail, using solutions 
increasing in concentration by 1 wt % increments, to give information about satura
tion and nucleation behaviour. The solution was brought to the correct strength in 
the crystallizer and cooled to a temperature of about 10° above the saturation 
temperature, which was already known approximately. The solution was then allowed 
to cool very slowly, density and temperature being recorded continuously, until 
nucleation occurred. This could be observed visually, and corresponded to the 
maximum recorded density. Crystals formed and the system was maintained at this 
constant temperature until there had been no density change, anc hence no growth, 
for at least 1 h. This was considered to be saturation, reached from the super
saturated side. Saturation was then approached from the re vers; direction. Most 
of the crystals that had been formed were removed, and the remainder were re- 
dissolved by heating. The solution was then re-cooled to just below the saturation 
temperature of the original solution. Thus the solution is now w.isatu rated because 
of the amount of potassium bromide that has been removed. When a steady state 
had been reached, this amount of bromide was replaced and the system left until the 
density ceased increasing, i.e., saturation had been reached from the unsaturated 
region by dissolution.

Crystal grow th
The solution temperature was adjusted to 10° above the previously determined 

growth temperature, and the concentration also adjusted until the solution condition 
lay on the correct (extrapolated) density line for the required growth conditions. 
Solution was then circulated, cooled to the growth temperature, and allowed to 
stabilize for about 30 min, when it was ready for seeding.

Seed crystals were prepared by slow evaporation of an aqaeous solution of 
potassium bromide at room temperature. They were removed from the solution 
when of the correct size, washed with acetone, dried and sieved into standard sieve 
fractions. The best cubic crystals were hand-picked under a binocular microscope 
and re-sieved, about 200 mg being used for a crystallization run. The small quantity 
is dictated, partly by the labour of obtaining good seed crystals, and partly so that 
the depletion of potassium bromide in solution in the crystallizer shall be small.



In a typical case, 200 mg were deposited on the seeds from the total of several kg 
in the circulating solution, so that the concentration driving force could be regarded 
as constant during a run.

The weighed quantity of seed crystals was allowed to remain in the crystallizer for 
a measured time under defined conditions, and was then removed, drained, washed 
with acetone, dried, and sieved using a set of 2 inch diameter sieves (Endecott Ltd.): 
the fractions were then weighed. Knowing the initial and final size distributions, 
and the weight of potassium bromide deposited, the coefficient of mass transfer 
operative during the run could be calculated.

The surface area on which the deposition occurred was found by determining the 
mean side length of a number of good cubic crystals by a projection microscope. 
For potassium bromide, which crystallizes in the cubic system, the dimensions of the 
unit cell are 0-328 nm; it has a density of 2-75 g cm-3 at 20°.

Surface hardness
Crystals from each batch were mounted on the stage of a pneumatic micro

indentation apparatus (Research Equipment (London) Ltd.), which gave a curve 
from which the Brinell hardness could be obtained by a technique described earlier 
(Ridgway, Aulton & Rosser, 1970).

R E S U L T S  A N D  D I S C U S S I O N

A summary of the experimental results is given in Table 1. The densities of 
aqueous solutions of potassium bromide at various concentrations are shown as a 
function of temperature in Fig. 1. More extensive determinations were made in the 
immediate neighbourhood of the saturation line to establish its position as accurately
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Table 1. Deposition rate of potassium bromide crystals from solution

Mass
transfer
coefft-

Growth Super Percentage W eight o f Surface area Deposition cient Brinell
Tempera concen saturation o f  super crystals o f  crystals rate ng mm-2 hardness

ture tration AC saturation (g) (mm2) ng m m -2 s_a number
°C Run % w/w %  w/w at growth Initial Final Initial Final s-2 (% w /w )- 1 kgmmr*

21-05 Saturation (39-987» (0) (0) — 3-90
21A 40-183 0-196 27 0-2914 0-3225 1620 2530 0-225 0-301
21B 40-256 0-269 37 0-2101 0-2330 1345 1500 0-422 0-270
21C 40-322 0-336 47 0-2354 0-2804 1016 1192 0-744 0-466
21D 40-412 0-425 59 0-2057 0-3201 1480 1990 3-033 0-310
21E 40-438 0-451 63 0-1957 0-4245 996 1737 93 0-216

Nucléation (40-70) (0-72) (100) —

29-97 Saturation (41-982) (0) (0) — 16-20
30 A 42-233 0-251 38 0-2338 0-2575 1223 1385 0-698 0-354
30B 42-302 0-320 49 0-6413 0-8494 2643 3193 2-328 0-268
30C 42-369 0-387 59 0-3035 0-4758 1655 2632 2-542 0-432
30D 42-435 0-453 69 0-3356 0-6395 1438 2285 15-2 0-151

Nucléation (42-64) (0-66) (100) —

40-00 Saturation (43-584) (0) (0) — 41-75
40A 43-719 0-135 35 0-1631 0-1808 928 982 1-45 0-282
40B 43-815 0-231 60 0-1015 0-1494 515 755 4-15 0-396
40C 43-877 0-293 76 0-3139 0-8314 1606 3825 7-25 0-321
40D 43-918 0-334 86 0-2917 0-5828 1729 2444 454 0-164

Nucléation (43-97) (0-39) (100) —

47-57 Saturation (44-545) (0) (0) — 1310
47 A 44-695 0-150 39 0-2267 0-2775 1200 1369 2-60 0 481
47B 44-753 0-208 54 0-1642 0-2570 779 1102 3-81 0-424
47C 44-809 0-264 69 0-6329 1-1009 1517 3415 17-5 0-339
47 D 44-869 0-322 84 0-2406 31192 K51 6607 185 0-227

Nucléation (44-93) (0-39) (100) —
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Fig. 1. Densities of aqueous solutions of potassium bromide of various concentrations, as a 
function of temperature. The numbers are the wt % KBr in the solution. The saturation line 
is plotted from published data (Linke, 1965).

as possible, and also the position of the nucleation line or limit of metastability, above 
which any solution will nucleate spontaneously under the working conditions of the 
crystallizer (Fig. 2). Since nucleation is a function of the degree and duration of 
agitation in the solution and of the presence of solid impurities which could act as 
nuclei, the scatter of the points defining nucleation is greater than that of the points 
defining the solubility line. The square points in pairs, one open and one filled, are 
the results obtained by approaching saturation from above and below respectively; 
these pairs bracket the saturation line closely.

In Fig. 3, a growth-rate determination is followed through in the form of a histo
gram. This series is for one of the higher temperature runs at which growth is rapid. 
In some of the slower runs, the change in sieve analysis was small, although the 
overall weight change was readily measured. This is why the weight rather than size 
change has been measured in most runs, and used to calculate the mass transfer 
coefficient. The median size increases as growth proceeds, although the range of
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F ig . 2. The solubility line for potassium bromide in water, obtained by approaching the 
saturation condition from above and from below, the line being drawn between the points 
obtained by the two methods. □  approach from the supersaturated solution. ■  approach 
from the unsaturated solution. O density-temperature lines: the numbers on these lines refer 
to the wt % of KBr contained. Points with a vertical line through them indicate that nucleation 
occurred.

size does not broaden. In industrial practice, specific measures are taken to classify 
the product by size and to overcome any tendency of the size range to increase. 
This increase occurs (a) because of nucleation and attrition, both of which cause small 
crystals to form and (b) because large crystals tend to segregate to the bottom of a 
bed and meet incoming strong liquor, and thus grow even larger. In the circulating 
crystallizer used in this work, both effects appear to be absent. Any nuclei or small 
particles formed are removed from the crystal cage; also, the bed is small and well- 
mixed, so that there is no segregation of larger crystals within the cage.

The amount of potassium bromide deposited on the seed crystals is given in Fig. 4 
for four temperatures and a range of supersaturations. After an initial short period 
of fast deposition in some cases all these plots of deposition against time are linear. 
This effect is usually ascribed (Mullin, 1961) to the fact that the seed crystal surface 
is microscopically rough and cracked due to attrition and storage: cracks are healed 
during the initial deposition, but the area for deposition is higher until this healing 
has taken place.

From the weight deposited plots of Fig. 4, the graphs of Fig. 5 are obtainable, 
where the data for each temperature are reduced to a single line, the slope of which 
is the mass transfer coefficient. This is the amount deposited on unit area of crystal 
surface in unit time, divided by the concentration difference causing the deposition. 
The slope of the lines increases with temperature, and all are approximately linear. 
They do not start from the origin, suggesting that a finite supersaturation is needed 
to start growth; such behaviour has been observed in other systems (Mullin, 
Amatavivadhana & Chakravorty, 1970), who showed that a degree of supersaturation 
was required in several salt-water systems to start growth. In dissolution, however,
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B.S. sieve number
Fie. 3. Histogram showing the change of size distribution as growth proceeds.

it seems that the smallest reduction of concentration below the equilibrium solubility 
will cause the solid phase to dissolve. It is this effect which makes it necessary to 
approach the solubility line from both sides in order to fix its position. In this 
present work, at high supersaturations, the linearity of deposition with concentration 
driving force breaks down abruptly, since, even below the spontaneous nucléation 
point, growth occurred by rapid deposition of fresh small parasitic crystals on the 
seeds. Their surface became roughened, the deposition rate increased by a factor of 
10-100 times, and the resultant crystals would have been regarded industrially as of 
very poor quality.

Mass transfer coefficients obtained from the slopes of the linear portions of the 
lines in Fig. 5 are strongly dependent upon the temperature. The dependence is of 
the Arrhenius form, so that a straight line is obtained in Fig. 6, where the logarithm 
of the mass transfer coefficient is plotted against the reciprocal of the absolute 
temperature: the slope of the line is —5260. The Arrhenius equation is

k =  A exp (-E /R T )
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F ig . 4. The weight of potassium bromide deposited per unit area of crystal surface as a function 
of time, for four temperatures as indicated. The supersaturation, expressed as AC =  (actual wt % 
concentration)—(saturated solution wt % concentration) is marked on each growth line.
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Fig. 5. The deposition rate of potassium bromide as a function of supersaturation at four 
temperatures. The initial portion of each graph is approximately a straight line, but a sudden 
rapid increase in deposition rate occurs at higher values of AC; the points are indicated, but the 
measured deposition rates are off the diagram at the scale used to show the other growth rates; 
their values are recorded in Table 1.

where k is a rate, A is a constant, E the activation energy for the rate process, R the 
gas constant and T the absolute temperature. Thus,

log k =
- E

and the slope of the Arrhenius plot is

2-303 RT 
- E

+  log A

2-303 R
: hence the activation energy is

100-9 kJ mol-1. This may be compared with the value of 92-1 kJ mol-1 at 0° obtained 
by van Hook (1944) for the crystallization of sucrose from water, and with 91-2 kJ mol-1 
obtained by Glasby & Ridgway (1968) for the crystallization of aspirin from ethanol. 
It is apparent from this value that the rate-controlling step is the incorporation of a 
molecule or ion-pair into the crystal lattice, and not the rate of diffusion to the 
crystal surface. Activation energies for diffusion are normally much lower, 20-9 kJ 
mol-1 being quoted for sodium chloride between 50 and 70° (Rumford & Bain, 1960). 
These authors’ value for the activation energy of a diffusion-controlled crystallization 
agrees with van Hook’s estimate of 27-2 kJ mol-1, for sucrose, at the same elevated 
temperature. Rumford & Bain also suggested that below 50° the surface reaction 
step becomes controlling; no activation energies were published, however, for this 
region.

In the fluidized-bed crystallizer used in the present work, particularly with solutions 
of low viscosity, diffusion is rapid as boundary layers are thin. The viscosity of the 
solutions from which potassium bromide was deposited was about 1-1 cP despite the 
high concentration of the salt.

Fig. 7 suggests that there is a decrease in hardness with increase in rate of growth; 
rapidly grown crystals would be expected to contain more imperfections, built in
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F i g . 6 . Arrhenius-type plot o f log k against 1/T. The line has a slope o f —5260, giving an 
activation energy for the deposition process o f 100-9 kT m ol-1.

Rate of growth (/ng mm-2s-1)

F i g . 7. Hardness as a function o f  growth rate. The sym bols represent the growth temperatures 
as follow s: O 21°, #  30°, □  40°, A 47°.

during their deposition, and so, to be softer. The plot of hardness against the rate 
of growth for crystals made in the concentration range where the mass transfer 
coefficient was constant, gave an indication of the trend: the variability of the crystals 
within a batch, added to the experimental errors of hardness measurement, made it 
impossible to draw a line, but the trend towards softer crystals at higher growth rates 
is not in doubt; seed crystals moreover were harder than any grown in the circulatory 
crystallizer.
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The dissolution times of spherical particles
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The differential equation governing the rate of change of radius of 
a spherical particle dissolving or growing in a fluid has been numeri
cally integrated by computer. The particle radius, as a function of 
time, can thus be calculated, and the dependence of the overall 
particle lifetime upon physical parameters obtained. The effects of 
high mass flux, change of solubility with particle size, and pro
gressive saturation due to dissolution into a finite volume of liquid 
can all be taken into account during the integration process.
Results are presented for salicylic, boric and citric acids dissolving 
in and crystallizing from water; these represent the behaviour of 
sparingly soluble, moderately soluble and very soluble compounds 
respectively.

The rate of dissolution of a particle in a liquid, the rate of growth of a crystal from 
a supersaturated solution, and the rate of evaporation of liquid from an atomized 
droplet in a spray drier or an aerosol spray, are all examples of high mass transfer 
rate processes. In this context high mass transfer rate means that the normal 
equations for the slow diffusion of a substance through a stagnant boundary layer 
do not apply, either because the movement of the transported substance itself disturbs 
the boundary layer, or because, as the phase change occurs, the surface of the particle 
recedes or advances relative to the instantaneous position of the interface between 
the phases. Ideally, for simulation calculation purposes, the particles should be 
spherical.

Differential equations governing the diffusion-controlled growth or dissolution of 
spheres in the absence of hydrodynamic instabilities have been derived by Readey & 
Cooper (1966). These authors assumed that the interface reaction was virtually 
instantaneous, i.e. that, for dissolution, the liquid adjacent to the surface was 
saturated with the solid. Composition-independent diffusion coefficients, and 
ideality of partial specific volumes of the solute and solvent with respect to concentra
tion change, were also assumed.

Cable & Evans (1967) extended the work of the above authors and gave some 
computer solutions for dissolution by widening the ranges of the numerical factors, 
and by comparing their solutions with those of Scriven (1959) for growth from zero 
size. It became apparent that differences between the numerical computer solutions 
could easily arise, due to starting, iterative and discretization errors. Thus Duda & 
Vrentas (1969), who were interested in the growth and dissolution of bubbles, 
indicated that they disagreed in some quantitative respects with the results of Cable 
& Evans, whilst they in their turn have been criticized by Rosner (1969), for the same 
reason. Rosner has reviewed the earlier work, and has suggested an equation 
governing the rate of change of size; he has also obtained a solution for the overall 
particle lifetime, under dissolution conditions, in closed form for constant parameter

i
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values. In a recent paper, Rosner & Epstein (1970) have included the effect of inter
face kinetic limitations, and have shown how to use the integral profile method 
(Goodman, 1964) in this field of non-linear moving-boundary problems.

F ig . 1. Dissolution of a spherical particle. For explanation of symbols see text following 
equation (4).

Fig. 1 illustrates transfer of material, in dissolution, from the particle to the solvent 
phase (in growth, the transfer direction will be reversed). Dissolved material moves 
away into the bulk solution under the influence of the concentration gradient shown 
in the figure. If the rate of diffusional transport is large, the assumption of equili
brium at the solid-liquid interface may be incorrect, because dissolution rate may 
then become the controlling factor. Under such conditions Rosner (1969) has 
derived the equations which govern the behaviour of the particle. They are:

where r is the particle radius at any time t, D is the diffusivity of the solute, p is the 
density of the solvent and ps that of the solute, k is the rate constant governing the 
interface kinetics, which may or may not be the same for dissolution and for growth, 
and p  is the exponent on the mass transfer driving force, which has been shown to 
range from 10 to 1-8 (Strickland-Constable, 1968). Rosner dealt only with p — 1-0.

The remaining symbols are the concentration terms: csat is the concentration of a 
saturated solution, cw the concentration at the interface between solid and liquid, 
and cn the bulk concentration in the liquid phase at a large distance from the 
dissolving particle.

The logarithmic term is the concentration driving force, in a form suitable for 
diffusional transport at high mass flux (Spalding, 1963). Both equations must be 
satisfied together, that is, the instantaneous rate of change of r with t must be as 
given by equation (1) with the appropriate value of r and of cw; the value of cw must 
satisfy equation (2). In addition, the value of csat may be changed during the 
integration due to the increase in solubility caused by diminishing particle size: this

(1)

and

(2)
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is discussed more fully later. The value of cx will also change if the volume of 
solvent is finite, and this also must be allowed for.

The major restriction on computer simulations of the type considered here is the 
lack of data: solubility, density and diffusivity in a particular solvent are rarely all 
available for any but simple substances. However, empirical correlations exist from 
which diffusivities can be estimated, and which are usually accurate to within 10%, 
at least for dilute solutions of non-dissociating solutes.

Wilke & Chang (1955) give perhaps the best such equation:
( i pMfT

D =  7-4 x  10-8 tKo.( (3)

where D is the required diffusivity of the solute in cm2 s \  the molar volume of the 
solute being V cm3, M  is its molecular weight, T is the absolute temperature, p. is 
the solvent viscosity (in cP), and <p is an “association parameter” for the solvent, 
which has the values 2-6 for water, T9 for methanol, T5 for ethanol and TO for 
benzene and non-polar solvents generally.

There are several pharmaceutical examples of particulate mass transfer relevant 
to the technique reported here. Gwilt, Robertson & others (1963) reported increased 
rates of paracetamol absorption in vivo when sorbitol was added to the tablets; 
Walters (1968) showed that no complex was formed between paracetamol and 
sorbitol and suggested that a higher dissolution rate must therefore be responsible 
for the increase. Any rapidly-dissolving adjuvant should increase the dissolution 
rate of a drug, by increasing the overall mass transfer rate out of the tablet, and 
such aided dissolution could be simulated using the method of the present paper.

Although dissolution-limited absorption rates are usually reported only for 
sparingly-soluble drugs, dissolution rate can control the absorption of sodium 
/7-aminosalicylate and acetylsalicylic acid, and for aspirin formulations at least, 
in vitro dissolution rates can be correlated with rates o: absorption (Levy, Leonards 
& Procknal, 1967). For griseofulvin, absorption rates increase with the addition of 
lactose to the tablet formulation, the mechanism of increase being either the improve
ment of wetting or increased mass transfer (M. H. Rubinstein, personal com
munication).

The dissolution of fat globules in the gut by the action of lipases may well be 
mass-transfer limited; it is known to be assisted by the presence of bile salts, proteins 
and soaps, but the difficulty here is to obtain data for the physical properties of such 
a complex system.

The most promising field for calculations of particle lifetime is in the Ostwald 
ripening process, whereby crystalline precipitates of small particle size can be altered 
so that they contain fewer, but larger particles. In a slightly supersaturated mother 
liquor, the small crystals, which are more soluble, tend to dissolve, and the larger 
crystals, which are less soluble, to grow. The relation between size and solubility 
is due to Ostwald, but a modern discussion is given by Mullin (1961). The basic 
equation is

j  C g a t 2 \ i <7

n c*sat R Tpr
(4)

where csat is the concentration of a solution in equilibrium with crystals of radius r, 
c*sat is the equilibrium solubility of large crystals, M  is the molecular weight, a 

- surface energy, R the gas constant, T the absolute temperature, and p is the density
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of the solid. The effect of Ostwald ripening is enhanced by “temperature cycling”. 
The temperature of the crystals and mother liquor is increased and decreased at a 
slow rate, keeping the mean temperature at about the level required for crystalliza
tion; the dissolution of small crystals and the growth of larger ones then occur at 
an increased rate. Rate determinations have been made for sulphathiazole by 
Carless & Foster (1966) and by Varney (1967) for the same drug and for oxy- 
clozamide. Varney describes an automatic cycling device for implementing the 
method. Carless & Foster noted the peculiar fact that the rate of particle growth 
was decreased by the addition of cetomacrogol to the solution, despite the resultant 
increase in the solubility of the drug. This could be due to a diffusivity change.

Computation
Equation (1) was integrated by the Runge-Kutta method, the inaccuracy due to 

truncation error being checked by doubling the integration step length. Apart 
from this control, the step length was adjusted as the dissolution (or growth) 
proceeded, to provide output information at appropriate intervals. At each radius 
considered, the equilibrium solubility csat was calculated from equation (4); cx 
was calculated by a mass balance, assuming for this purpose that all the dissolved 
solute was distributed uniformly through the liquid bulk—an assumption reasonable 
enough in most cases but open to question where a highly soluble solute is present 
in a severely restricted volume of liquid.

The interface concentration cw was calculated for each radius as follows: Equation 
(2) may be expressed, for dissolution, in the form:

<f> =  (caat — cw)v +  In ^  ^ =  0 . . . . (5)

a corresponding relation existing for the growth case where csat <  cm. 
entiation:

~ j^  (G =at —  cw)V 1 +

By differ

ed

and an estimate of cw may be improved by the use of the recurrence formula:

:<•/£ (7)

where n is the number of iterations. This formula was used repeatedly until both 
cw and the relevant logarithmic term in equation (1) were constant within acceptable 
limits (a final relative correction <0-0005 was accepted). Convergence was good; 
typically 10 to 20 iterations were required to find cw initially, then 2 or 3 iterations 
for each value of r as the latter changed progressively.

R E S U L T S  A N D  D I S C U S S I O N

The physical properties of the pure compounds are listed in Table 1: diffusivities 
given are those calculated by using the Wilke & Chang equation; the solubilities 
are experimental values obtained from the literature (Mullin, 1961).

Table 2 lists the results of calculations of particle dissolution lifetimes, and Table 3 
the times taken to grow to a radius of 1 mm from an initial size of 1-1 times the 
critical radius (defined as the radius at which the particle is just in equilibrium with the



125 SThe dissolution times o f spherical particles 

Table 1. Physical properties o f the three compounds studied.

Molecular Density M olar voi.
weight kg m-3 m3 kmol-1

Boric acid 61-9 1435 0-0393
Citric acid monohydrate 210-1 1542 0-1723
Salicylic acid 138-1 1443 0-1350

Acid Temperature °C
10 20 30 40 60 80

Solubility mass Bor.c 0-0347 0-0476 0-0619 0-0800 0-1289 0-1922
fraction Citric 0-5921 0-6492 0-7073 0-7466 0-8037 0-8621

Salicylic 0-00150 0-00200 0-00279 0-00418 0-00902 0-0221

Diffusivity B ore 1-212 1-632 2-119 2-672 3-977 5-544
m2 s_1 x 109 Citric 0-499 0-673 0-873 1-101 1-638 2-284

Salicylic 0-578 0-779 1-011 1-274 1-897 2-644

Viscosity Water 1-308 1-005 0-801 0-656 0-469 0-357
kg m _1s_1 x 103

Solvent association parameter for water =  2-6.

Table 2. Particle lifetimes in dissolution for various values o f the parameters which 
govern the dissolution rate.

Lifetime
Lifetime Lifetime Citric acid

k <7 Initial Salicylic acid Boric acid monohydrate
°C (m s -1) (J m_s) P phase ratio (s) (s) (s)
10 25 0-2 1-0 infinite* 832 851 16 740 1722
20 25 0-2 1-0 infinite 463 807 9008 1094
30 25 0-2 1-0 infinite 255 341 5298 719
40Í 25+ 0-2Í l o t infinitet 135 103+ 3219+ 5 10i
60 25 0-2 1-0 infinite 41 989 1307 289
80 25 0-2 1-0 infinite 12 210 606 170

40 25 0-2 1-0 large* 202 Oil 4878 1007
40 25 0-2 1-0 medium* 463 325 11 357 2831
40 25 0-2 1-0 small* 1 250 312 30 941 8107

40 25 0-02-10 1-0 infinite 135 107-134 909 3219-3217 510-508

40 25 0-2 1-4 infinite 135 109 3219 510
40 25 0-2 1-8 infinite 135 293 3221 510
40 25 0-2 2-0 infinite 135 736 3225 511
40 25 0-2 3-0 infinite 161 372 3326 517

40 0-01 0-2 1-8 infinite 150 638 3374 525
40 0-01 0-2 2-0 infinite 171 103 3495 534
40 0-01 0-2 3-0 infinite 2 349 248 5155 604
40 0-10 0-2 2-0 infinite 145 502 3304 518
40 0-10 0-2 3-0 infinite 495 260 3974 554
40 0-50 0-2 3-0 infinite 275 713 3636 536

40 0 0 1 - 25 0-2 1-0 infinite 135 138-135 103 3221-3219 511-510

* The term infinite denotes that calculations were based on 106 kg of water per particle. Large, 
medium and small denote that the amount of water was such that, on complete dissolution of 
the particle, the water contained respectively 50%, 90% and 99 % of the solute required to saturate 
it. At the start of the dissolution process the water was free of solute.

{  “ Pivotal” case.
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supersaturated solution, so that it neither grows nor dissolves; the increase in solubility 
caused by the curvature of its surface is just equal to the degree of supersaturation 
of its environment). For all the growth cases, the amount of solute initially was 
2 % more than the amount needed to saturate the water present.

For all these data the conditions for dissolution are for a stationary particle 
surrounded by solvent, and no relative motion between the solid and liquid phases is 
assumed. This is not a restrictive condition when comparing one substance with 
another, but in predicting actual dissolution times the data here yield the longest 
time that dissolution could be expected to take. Any stirring or other movement 
would effectively increase the diffusivity from the molecular motion figure used here 
to a value appropriate to the eddying turbulent conditions caused by the stirring. 
This change in effective diffusivity could have been predicted, although not very 
accurately, by using known correlations based upon the Reynolds, Sherwood, 
Schmidt and Prandtl dimensionless groups (see for example Treybal, 1955). But 
since the change in diffusivity would be dependent upon the system fluid dynamics

T h e  d is s o lu t io n  t im e s  o f  s p h e r ic a l  p a r t i c l e s

T im e  (ks)

Fig. 2. Particle dissolution: (a) salicylic acid, (b) boric acid, (c) citric acid. Temperatures 
were as shown; other conditions “pivotal.”
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rather than upon what substances were being used, there would be little effect for 
comparative purposes. In consequence this parameter was not varied.

Because of the limited time available, all possible combinations of parameters 
were not inspected. For each substance, a “pivotal” case was chosen. This was 
at 40°, the middle of the temperature range, and the other factors were set at con
venient levels in their ranges: a at 0-2 J m~2, k at 25 m s-1, p  at TO, c,:rj at zero for 
dissolution, and the phase ratio, the amount of solvent per unit mass of the solute, 
was made effectively infinite.

The dissolution rates of the three substances at various temperatures are plotted 
in Fig. 2, and Fig. 3 shows growth curves for boric acid only. The increased rate 
of reduction of radius near the end of the dissolution process is affected by the value 
of n, the surface energy. This is not an easily-determined quantity for solids. It 
is analogous to the surface tension of a liquid, the presumption being that the surface 
tension does not disappear when a liquid solidifies, but is “locked in”. The normal 
methods of surface tension determination are not applicable to solids, and the 
methods that are available are inaccurate. They are all based upon scratching, 
indentation or attrition. An account in detail is given by Kuznetsov (1957) who 
quotes values of a few hundred ergs cm”2 (mJ m-2) for some substances, but rising 
to well over 1 J m-2 for results obtained by some of the methods. These are scarcely 
credible, as can be seen by an examination of the effects of varying a, particularly 
in the case of the calculations performed for growth rates. In the present paper the 
initial size of the sphere considered has been taken to be a radius 10% greater than 
the critical size.

It was suggested by Strickland-Constable (1968), as a result of measuring the 
sublimation and deposition rates of benzophenone, that growth rates, and probably 
evaporation rates, were not first order processes. It is known (Mullin, 1961) that a

F ig . 3. Particle growth: spherical particle of boric acid in a 2 % supersaturated solution. Radius 
of nucleus at t =  0 was 1-1 x the critical size. Temperatures were as shown; other conditions 
“pivotal.”
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Fig. 4. The relation between growth or dissolution and concentration difference: (a) sublima
tion and deposition from the vapour phase (after Strickland-Constable)—AA linear (first-order) 
mechanism. BB higher-order mechanism, (b) dissolution, and growth from solution: dissolu
tion is a first-order process, whereas solid deposition needs a finite concentration difference to 
begin, and then follows a power-law relation with exponent greater than unity.

finite degree of supersaturation is necessary to initiate crystal growth from solution, 
and that the growth rate is often proportional to the degree of supersaturation raised 
to a power of approximately 1-6.

These two types of behaviour lead to plots of the kind shown in Fig. 4. For 
sublimation and condensation on the Strickland-Constable model, the line AA in 
Fig. 4(a) shows the linear dependence of growth or evaporation upon concentration 
differences when first-order kinetics apply. For higher-order kinetics, curves such 
as BB are obtained. Crystallization behaviour usually resembles Fig. 4(b), where 
dissolution is a first-order process and yields a straight line, but the growth process 
requires a finite supersaturation for initiation; it then proceeds with a power-law 
relation in which the exponent is greater than unity. Both these types of behaviour 
are easily simulated by the numerical technique used in the present work, although 
such additions make it much more difficult to find an analytic solution to the differ
ential equations which are being obeyed.

The effect of varying both the surface kinetics constant, k, and the exponent on 
the concentration difference term, p, is shown in Fig. 5. For values of k and p  
near the pivotal values of 25 m s_1 and 1 -0, the curves of saturation concentration 
and interface concentration against particle radius follow one another closely down 
to the critical radius. With the higher values of p, however, there is a divergence, 
indicating that the rise in solubility at small particle size is less closely followed at 
the interface—as might be expected. When k also has a small value, the effect is 
enhanced. Even with the rise in solubility, interface concentration falls, because 
the surface kinetic step of removing a molecule from the crystal lattice into the 
solution is limiting. When k is reduced to 0-01, a value admittedly outside the 
normal range of 0-1-130, the effect of k overshadows that of p, so that the curves 
for p  =  2-0 and p =  3-0 are less divergent from one another than both are from 
the Csat curves.

Fig. 6 shows some plots of particle growth at extreme values of the parameters 
k and p. Those of Fig. 6(a) are for boric acid, and show the interface concentration 
and solubility as a function of particle radius during the growth process. Citric acid
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Fig. 5. Particle dissolution: solubility cSat and interface concentration c„ versus particle radius. 
Conditions “pivotal” except where stated, (a) citric acid dissolution; k = 25 m s~‘, p =  3 0— 
O surface solubility, A interface concentration, (b) citric acid dissolution; k = 0-01 m s_1— 
O surface solubility, A interface concentration, p = 2-0, 0  interface concentration, p = 3 0.

Fig. 6. Particle growth: conditions “pivotal” except where stated, (a) Solubility cSat and 
interface concentration cw versus particle radius; boric acid, k  =  1 0, p 3-0—#  surface sclubility, 
□  interface concentration, (b) The parameter (csat — cy)/(csat — cm) versus particle radius. For 
values of the parameter near to unity, surface-kinetic control operates; for values near zero, 
diffusion is the limiting factor—O citric acid, A boric acid.

behaves similarly, but the solubility of salicylic acid is so small that for values of p 
approaching 3-0 the growth time becomes extremely large (>  106 years). This 
reflects the fact that, because solute molecules are present only in very low con
centrations, any process which is governed by third-order kinetics and so depends 
upon the occurrence of intermolecular collisions is bound to be extremely slow.

The variation of the quotient (csat — cw)/(cs&t — cx ) with particle radius is shown 
in Fig. 6(b). This quotient measures the division of the driving force, for either 
growth or dissolution, between the immediate neighbourhood of the solid surface, 
which is the kinetically-controlled region, and the boundary layer, which is the
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diffusion-controlled region. Values near unity indicate surface control, and values 
near zero, diffusional limitation. For the cases shown here, both the boric acid and 
the citric acid growth processes change their limiting mechanism as the particle 
radius increases.

In conclusion, it appears that the simulation algorithm reported here is reliable 
over a wide range of the main parameters which influence the rate of the crystalliza
tion and dissolution processes. It should be useful in evaluating experimental data 
for various substances, particularly for nucleation phenomena and particle growth 
at small radii; in addition, extensions of the technique may in future prove valuable 
in the study of Ostwalc ripening.

T h e  d i s s o lu t io n  t im e s  o f  s p h e r ic a l  p a r t i c l e s
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Alkaloids from two Nigerian species of F a g a r a

F.  F I SH  A N D  P .  G .  W A T E R M A N

Division o f Pharmacognosy and Forensic Science, Department o f Pharmaceutical 
Chemistry, University o f Strathclyde, Glasgow, C. 1, U.K.

Skimmianine, chelerythrine, nitidine, l-hydroxy-2,3-dimethoxy-10- 
methylacridan-9-one and 1 -hydroxy-3-methoxy-l 0-methylacridan-9- 
one have been isolated from the root and stem barks of Fagara 
rubescens. Using thin-layer chromatography and high voltage 
electrophoresis, a comparison of the chloroform-insoluble quaternary 
alkaloids of this species has been made with those from F. leprieurii.
The distribution of the alkaloids within the barks and the chemo- 
taxonomic significance of the alkaloids in the two species are 
discussed.

Fagara rubescens (Planch, ex Hook, f.) Engl. (syn. Zanthoxylum rubescens Planch, 
ex Hook, f.) is a small tree indigenous to Western Tropical Africa where the bark 
has been used as a toothache remedy: bark from F. leprieurii (Guill. et Perr.) Engl, 
(syn. Zanthoxylum leprieurii Guill. et Perr.) has been used similarly and for the 
treatment of coughs and colds (Oliver, 1960).

MATERIALS

The root and stem barks of Fagara rubescens and F. leprieurii, collected in Nigeria 
for the Tropical Products Institute, London, were authenticated at source.

The barks, from which all adhering epiphytes had been removed, were separately 
ground to coarse powders. In the case of the root bark of Fagara rubescens a 
quantity of loosely-adhering cork was removed and ground separately.

Thin-layer chromatography and high voltage electrophoresis. These were performed 
using the methods previously described (Calderwood & Fish, 1969), in the latter 
technique using a barbitone buffer of pH 7-4.

Identification o f isolated compounds. Alkaloids were identified by comparative 
t.l.c. (3 systems), mixed melting points and comparison of ultraviolet and infrared 
spectra with those obtained for authentic samples (Calderwood, Finkelstein & Fish, 
1970; Fish & Waterman, 1971a). Melting points (uncorrected) were determined 
on a Kofler hot stage, ultraviolet spectra (in ethanol) were recorded on a Unicam 
Stereoscan S.P. 800 and infrared spectra (Nujol mull) on a Perkin-Elmer 157B 
instrument.

M E T H O D

Isolation o f the chloroform-soluble alkaloids o f  Fagara rubescens. The powdered 
barks (root bark 1 kg, stem bark 1 kg and cork 100 g) were separately extracted to 
exhaustion (48 h) in a Soxhlet with light petroleum (b.p. 40-60°) and then with 
chloroform. Each extract was concentrated under reduced pressure to a volume of 
250 ml.

For each concentrate an aliquot (100 ml) was extracted successively with 2n 
hydrochloric acid (3 X 50 ml, 2 x  25 ml), the final acid wash beirg allowed to stand



overnight in contact with the original extract. The combined acid extracts were 
filtered and the precipitated base hydrochlorides subjected to column chromato
graphy on alumina (Wnelm, activity II) (20 g/g of crude base precipitate packed in 
chloroform-methanol (98:2). Elution with the same solvent gave chelerythrine in 
the first 50 ml, well separated from nitidine, which was eluted in the subsequent 
150 ml. Chelerythrine was crystallized as the chloride from 2 n  hydrochloric acid- 
ethanol to give yellow needles, melting point 202° (Lit m.p. 202-203°, Cannon, 
Hughes & others, 1953). Nitidine was crystallized as the nitrate from 6n nitric 
acid-ethanol to give yellowish green needles, melting point 276-278° (Lit m.p. 277- 
278°, Gopinath, Khan & others, 1963). Yields are indicated in Table 1.

The bulked acid fractions from each initial extract were separately made alkaline 
with strong solution of ammonia and re-extracted with chloroform. Evaporation 
of the chloroform extracts under reduced pressure followed by crystallization from 
methanol gave (stem bark and the inner root bark) the furoquinoline alkaloid 
skimmianine, melting point 176-177° (Lit m.p. 176°, Deulofeu, Labriola & de Lange,
1942).

A second aliquot (100 ml) of each initial concentrate was subjected directly to 
column chromatography on Silica Gel G-Celite 545 (1:1) (250 g for each 100 ml of 
concentrate) packed in benzene-ethyl acetate (9:1). Elution with the same solvent 
gave l-hydroxy-2,3-dimethoxy-10-methylacridan-9-one which was crystallized from 
ethyl acetate to give fine, yellow needles, melting point 175-176° (Lit m.p. 175-176°, 
Pakrashi, Roy & others, 1961). Elution with benzene-ethyl acetate (1:1) gave a 
second alkaloid l-hydroxy-3-methoxy-10-methylacridan-9-one, crystallized from 
ethyl acetate to give yellow clusters, melting point 175-176° (Lit m.p. 174-175°, 
Drummond & Lahey, 1949) giving no depression on admixture with an authentic 
specimen.

The concentrations of the various alkaloids obtained from the barks are given in 
Table 1 together with yields previously reported from Fagara leprieurii (Fish & 
Waterman, 1971a).

Table 1. Percentages of chloroform-soluble alkaloids present in the root and stem 
barks of Fagara rubescens and F. leprieurii and in the separated cork from  
the root bark of F. rubescens.

Alkaloids from  two Nigerian species o f  Fagara 133 S

F. ru b escen s F . le p r ie u r ii
Root, inner

Cork bark Stem bark Root bark Stem bark
Skimmianine absent 0029 0-015 0-003 0-001

Chelerythrine 0031 0 029 trace 0-017 trace
Nitidine 0 006 0009 trace 0-004 trace

Acridonea*.. absent 0-094 0-081 0-031 0-020
Acridone b* absent 0-062 0-028 0-008 0-005

* a =  1 -Hydroxy-2,3-dimethoxy-10-methylacridan-9-one. 
b =  l-Hydroxy-3-methoxy-10-methylacridan-9-one.

Examination o f quaternary alkaloids. The barks of Fagara rubescens and F. 
leprieurii, previously extracted with light petroleum and chloroform, were further 
extracted with methanol, the extracts concentrated under reduced pressure and
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subjected to a partial purification process in which the concentrates were mixed 
with Amberlite IRC-50 ion exchange resin (75% Na+ form) from which they were 
eluted with methanol containing hydrochloric acid (5%) (Albonico, Kuck & 
Deulofeu, 1964).

The concentrated extracts were then subjected to thin-layer chromatography 
(cellulose, 3 systems) and high voltage electrophoresis. The results obtained are 
given in Table 2.

Table 2. Thin layer and electrophoretic separation o f methanol-soluble alkaloids from  
Fagara barks.

F. rubescens F. leprieurii
Alkaloid

Reference compounds movement Root bark Stem bark Root bark Stem bark
Magnoflorine a 0-24 a 0-25 a 0-25 a 0-22 a 0-25

b 0-30 b 0-31 b 0-31 b 0-30 b 0-31
c 0-24 c 0-24 c 0-24 c 0-25 c 0-25
d 0-30 d 0-30 d 0-35 d 0-35 d 0-40

Alkaloid A .. a ) a j a j a j
b r ? b \. ? b 1 b !>~vec J c J c I c 1
d' 7-70 d 7-80 d j d j

*Tembeterine a 0 81 a 0-83 a 0-84 a 0-83 a 0-88
b 0-55 b 0-57 b 0-56 b 0-56 b 0-56
c 0-57 c 0-58 c 0-59 c 0-59 c 0-58
d 8-50 d 8-60 d 8-65 d 8-50 d 8-60

Candicine a 0-90 a 0-91 a 0-90 a jI a "I
b 0-45 b 0-45 b 0-45 b b
c 0-47 c 0-47 c 0-47 c >~ve c ss~ve
d 14-70 d 14-50 d 14-60 d j1 d .1

(i) a =  Rf in O l N  HC1.
(ii) b =  Rr in butanol-pyridine-water (6:4:3).

(in) c =  Rr in butanol saturated with 2n  HCI.
(iv) d =  distance travelled in high voltage electrophoresis (cm).
Alkaloid A may be either A-methylcorydine or A-methylisocorydine for bnth of which d =  7-75. 
* For previous work on F. lep r ieu r ii, Calderwood & Fish, 1966.

D I S C U S S I O N

The five chloroform-soluble alkaloids isolated from the bark of Fagara rubescens 
are identical with those previously reported from the bark of F. leprieurii (Fish & 
Waterman, 1971a). F. rubescens is thus the second African species of this genus 
shown to contain the acridone type of alkaloid, a type previously not reported from 
any other Fagara species.

The distribution of the alkaloids, indicating the presence of greater concentrations 
in the root bark than in the stem bark, confirms the results previously obtained for 
other members of this group (Calderwood & Fish, 1966; Fish & Waterman, 1971b). 
The presence of large quantities of chelerythrine, together with mtidine, in the cork 
of the root bark and the absence of all the other bases (including the methanol- 
soluble quaternary alkaloids) is noteworthy. These same two alkaloids are also 
present in the remainder of the root bark but almost absent from the stem bark 
although this contains appreciable quantities of the other alkaloids.

Information on alkaloid patterns in the genus Fagara may have chemotaxonomic 
significance since the present classification on African species, totalling about 40, is



135 S
considerably confused. The two species presently considered are morphologically 
very similar (cf. Oliver, 1868; Hutchinson & Dalziel, 1954). Chemical similarities 
obviously exist in that both species contain the dopamine-derived chelerythrine and 
nitidine (probably also tembetarine and magnoflorine) as well as the anthranilic 
acid-derived acridone alkaloids. To date these last have not been demonstrated 
in any other Fagara species. Differences are also shown by the preliminary work 
(Table 2) which suggests that the tyramine-derived candicine is present only in F. 
rubescens.
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Inactivation of resistant P s e u d o m o n a s  

a e r u g i n o s a  by antibacterial combinations
R .  M .  E .  R I C H A R D S

Pharmaceutical Microbiology Group, Department o f Pharmacy, 
Heriot-Watt University, Edinburgh, U.K.

P. aeruginosa resistant to preservative concentrations of benzalkonium 
chloride, phenylmercuric nitrate and chlorocresol in nutrient broth 
was inactivated by using phenylethanol-antibacterial combinations. 
EDTA-antibacterial combinations also showed increased activity using 
benzalkonium and chlorocresol. P. aeruginosa resistant to 0-25% 
chlorbutol was inactivated using phenylethanol-chlorbutol combina
tions at concentrations which were ineffective alone. Similarly 
P. aeruginosa having an increased resistance to chlorhexidine was 
inactivated by phenylethanoEchlorhe.xidine combinations at concen
trations that were ineffective alone. Phenylethanol showed a greater 
general usefulness than EDTA at the concentrations tested.

Pseudomonas aeruginosa, a common contaminant of ophthalmic solutions, can become 
resistant to a wide range of chemical agents (Richards, 1967a, b). It has been shown, 
however (Brown & Richards, 1964b, 1965), that polysorbate 80 and disodium ethylene- 
diaminetetra-acetate (EDTA) are both capable of affecting the resistance of logarithmic 
phase cells of P. aeruginosa to inactivation by chlorhexidine, polymyxin and benzal
konium. Apparently, both polysorbate 80 and EDTA exerted their effects by modi
fying the permeability properties of the P. aeruginosa cells. Although polysorbate 80 
is not suitable for use in combination with most chemical agents, since it inactivates 
antibacterial action, polymixin is an exception (Brown & Richards, 1964b).

The American N.F.XII (1965) recommends benzalkonium chloride as the most 
reliable antibacterial agent for the preservation of ophthalmic solutions and states 
that “Resistant strains of Pseudomonas aeruginosa have been made sensitive to 
benzalkonium chloride by the inclusion of 0-01 to 01 per cent, of disodium eihylene- 
diaminetetra-acetate . . .”.

Richards (1967b) concluded that further evaluation of antibacterial agents suitable 
for using to preserve ophthalmic solutions was needed with special reference to the 
activity of combinations against resistant bacteria.

Phenylethanol has been shown to affect the resistance of P. aeruginosa to inactiva
tion by phenylmercuric nitrate (PMN) (Richards, Suwanprakorn & others, 1969) 
—work extended to other antibacterials by Richards & McBride (1971). Phenyl
ethanol was first recommended for use as a preservative for ophthalmic solutions by 
Brewer, Goldstein & McLaughlin (1953) following a report that it was active against 
Gram-negative organisms (Lilly & Brewer, 1953). Silver & Wendt (1967) showed 
that phenylethanol exerted its antibacterial effect by modifying the permeability 
properties of the bacterial cell.

The investigations now described compare the efficiency of phenylethar.ol-pre- 
servative combinations with that of EDTA-preservative combinations in killing 
resistant P. aeruginosa cells contaminating nutrient broth.
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M A T E R I A L S  A N D  M E T H O D S

P. aeruginosa strain NCTC 6750, Escherichia coli strain NCTC 8196 and Staphylo
coccus aureus strain NCTC 6751 were grown on Oxoid nutrient broth No. 2 for 
liquid cultures and Oxoid nutrient agar for solid cultures: incubation was at 37°. 
The EDTA, PMN, chlcrbutol, />-chloro-m-cresol and 2-phenylethanol were all BDH 
laboratory reagents. Chlorhexidine acetate B.P.C. was from ICI and the benzal- 
konium chloride B.P. from Macarthy Ltd., Glasgow. Cell numbers were estimated 
by colony counts. The counting procedure and inactivating broth were described 
by Richards & others '1969), and the maintenance of stock cultures by Brown & 
Richards (1964a).

Evaluation o f native resistance
A series of six replicates of four dilutions of each chemical was prepared in 10 ml 

volumes of nutrient broth. 0-1 ml overnight culture of each organism was used as 
the inocula to give a final concentration of approximately 6 X  10® cells/ml for 
P. aeruginosa and E. coli and 2 x  10® cells/ml for S. aureus. The resulting reaction 
mixtures in duplicate were incubated for 7 days. Cultures showing no growth were 
subcultured 0-5 ml into 10 ml inactivating broth and incubated for a further 3 days.

Selection of resistant inocula of  P. aeruginosa
The 7-day cultures growing in the presence of benzalkonium 0-02% (6 X  10®)* 

and PMN 0-002% (3-8 x  108) were considered to be resistant cultures. Viable 
counts were made on the cultures and at the same time the cultures were used as 
sources of inocula for investigating the activity of preservative combinations.

The 7-day culture growing in the presence of 0-25 % chlorbutol failed to grow in 
the presence of 0-5 % chlorbutol and was recultured in the presence of 0-25 % chlor
butol. This 7-day culture was counted (3-6 x  107) and used immediately as a source 
of inocula.

Cells showing an increased resistance to chlorhexidine were obtained using two 
methods. The first was to subculture in nutrient broth in the presence of increasing 
concentrations of chlorhexidine and incubate for 7 days. An inoculum of an over
night culture grew in the presence of chlorhexidine 0-001 % and an inoculum from 
this grew in the presence of chlorhexidine 0-00143%. This culture was further sub
cultured in the presence of chlorhexidine 0-02% and the 7-day culture so obtained 
was counted (1-5 X  108) and used immediately as a source of inocula. The second 
method was to use 2 ml overnight culture to inoculate nutrient agar containing 
chlorhexidine 0-004% and incubate for 7 days. The surface culture was harvested, 
stored and used as a source of inocula as already described (Richards & others, 1969).

Cells growing in the presence of 0-05 % chlorocresol were obtained by subculturing 
from a culture growing in the presence of 0 025% chlorocresol. The 7-day culture 
so obtained was also counted (1-4 X  10®) and used immediately as a source of inocula 
in the next series of experiments.

Evaluation o f antibacterial combinations
In this series of experiments each chemical was evaluated at two concentrations, 

both with EDTA and also with phenylethanol. [PMN was not tested with EDTA
* Figures in brackets indicate colony counts.
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because PMN-EDTA combinations have no advantage over PMN alone (Brown, 
1968).] A simultaneous test was made using a series of concentrations of the preserva
tive, EDTA and phenylethanol as individual solutions in nutrient broth. The test 
procedure was the same as for “evaluation of native resistance” except that the 
sources of inocula were cultures having enhanced resistance to P. aeruginosa.

R E S U L T S  A N D  D I S C U S S I O N  

Evaluation of native resistance
Chlorhexidine (0-0005-0-004 %) showed growth at 0 001 % with P. aeruginosa and 

at 0 0005% with all organisms.
PMN (0 00025-0-002%) showed growth at 0-00025% with S. aureus and at all 

concentrations with the other organisms.
Benzalkonium (0 005-0-02 %) showed growth at all concentrations with P. aeruginosa 

and 0-001 % with the other organisms.
Chlorbutol (0-05-0-5%) showed growth at 0-25% with all organisms.
Chlorocresol (0-01-0-10%) showed growth at 0-025% with P. aeruginosa and at 

0 01 % with the other organisms.
Therefore under the conditions of this experiment P. aeruginosa was resistant to 

concentrations of benzalkonium and PMN at concentrations recommended for the 
preservation of ophthalmic solutions. E. coli was likewise resistant to PMN. All 
three organisms showed a similar high resistance to chlorbutol and low resistance 
to chlorhexidine. S. aureus was sensitive to all the chemicals tested with the exception 
of chlorbutol.

Selection of resistant inocula of P. aeruginosa
The inocula obtained consisted of cells having either a native or cultivated resistance 

to the chemicals under test: colony counts/ml of P. aeruginosa have been giver, above.

Evaluation of antibacterial combinations
Table 1 shows chlorhexidine-phenylethanol combinations at all combinations of 

phenylethanol are more effective than either the chlorhexidine or phenylethanol alone. 
The chlorhexidine-EDTA combination showed no advantage over the chlorhexidine 
alone.

Benzalkonium 0-01 % with EDTA 0-05% is more active than either benzalkonium 
or EDTA alone. However, no greater activity is shown with the benzalkonium- 
phenylethanol combinations than is shown by the phenylethanol alone. That 
phenylethanol alone at 0-4% is effective against the benzalkonium resistant cells 
indicates that there is no cross resistance between these two agents. The inactivation 
observed was apparently caused by the phenylethanol alone but Richards & McBride
(1971), using a more sensitive technique, showed phenylethanol enhanced the action 
of benzalkonium against log phase P. aeruginosa.

PMN 0-001% with phenylethanol 0-4% and PMN 0-002% with phenylethanol 
0-3% are more active against P. aeruginosa than either agent alone. These results 
agree with those of Richards & others (1969).

Chlorocresol 0-01% with phenylethanol 0-4%, and chlorocresol 0-05% with 
phenylethanol 0-3 % are more active than either agent alone. Similarly, chlorocresol 
0-01% with EDTA 0-05%, and chlorocresol 0-05% with EDTA 0-01% are more 
active than either agent alone.



Table 1. Effect o f simple solutions and combinations against resistant P. aeruginosa.
All determinations made in duplicate. Minimum concentrations effecting 
sterility determined by observing growth or no growth after incubation 
for 7 days. All apparent no growths were subcultured into inactivating 
broth for a further 3 days.
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Inoculum for simple solutions
Simple solutions and combinations Combinations

Principal Adjuvant antibacterial
Minimum antibacterial (“P”) Minimum Minimum
concen 7-day culture concen concen
tration in broth plus Cells/ml tration % tration %

Antibacterial (%) antibacterial in phenylethanol EDTA plus
concentration effecting concen- reaction Concen plus “P” effecting “P” effecting

(%) sterility tration (%) mixtures tration ( %) sterility sterility

Chlorhexidine 0001-001 0005 Chlorhexidine Chlorhexidine 0001 0 2 None
Phenylethanol 0-2-0-6 0-4 0-02 1-5 x  10* Chlorhexidine 0-01 0-2 0-005
EDTA 0 005-0 1 None
Chlorhexidine 0-001 -0 01 0 002 7-day culture Chlorhexidine 0-001 0-2 None

on Agar plus 6 x 1 0 * Chlorhexidine 0-002 02 0-02
chlorhexidine 0-04

Benzalkonium 0 001-0 01 None Benzalkonium 0001 04 None
Phenylethanol 0-2-0-6 0-4 Benzalkonium 0-02 6 x  104 Benzalkonium 0-01 0-4 0-05
EDTA 0 005-0-1 None
PMN 0-001-0 002 None PMN 0-001 0-4 Not done
Phenylethanol 0-2-0-6 0-5 PMN 0-002 3-8 X 10« PMN 0 002 0 3 Not done
Chlorocresol 0-01-01 0-1 Chlorocresol 0-05 1-4 X 104 Chlorocresol 0-01 04 0-05
Phenylethanol 0-2-0-6 0-5 Chlorocreso. 0-05 0-3 0-01
EDTA 0 005-0-1 None
Chlorbutol 01-0-5 0-3 Chlorbutol 0-25 3-6 x  106 Chlorbutol 0-1 05 None
Phenvlethanol 0-2-0-6 None Chlorbutol 0-5 0-2 0 005
EDTA 0-005-0-1 None

Chlorbutol OT % with phenylethanol 0-5% shows an increased antibacterial effect 
over either chlorbutol or phenylethanol alone. ChlorbutoI-EDTA combinations did 
not show increased activity over the activity of the separate agents at equivalent 
concentrations. Cells grown in the presence of 0-25% chlorbutol would not grow 
in the presence of 0-3 % chlorbutol but were able to grow in the presence of 0-6 % 
phenylethanol. This suggests that it is difficult to produce cells resistant to chlorbutol 
and also that cells having some measure of resistance to chlorbutol are likely to 
show cross resistance to phenylethanol. The inoculum to a final concentration of
3-6 X 105 P. aeruginosa was not the highest used, but nevertheless it was the only 
inoculum to produce growth in the presence of phenylethanol 0-6%. [EDTA 0-02% 
reversed this resistance to phenylethanol 0-2% (Richards, unpublished observation)].

In addition to affecting cell permeability properties, EDTA can also affect cell 
growth by removing Mg, an essential nutrient, from the growth medium. The work 
of Weiser & others (1968 & 1969) and Neu & Winshell (1970) investigating synergism 
with EDTA-antibiotic combinations was criticized by Brown (1971) for not taking 
this effect on the growth medium into consideration in :he evaluation of their results. 
In this present work no concentration of EDTA in simple solution effected sterilization 
of the contaminated broth, although growth was not always evident until after sub
culture in the inactivating medium. This sub-culture procedure therefore eliminated 
no growths occurring solely as the result of the effect of EDTA on the medium. 
In the conditions pertaining in the reaction mixture, however, EDTA could be 
enhancing the activity cf the antibacterial agents both by an effect on cell permeability 
and by making conditions less favourable for growth by affecting the medium.

The results obtained show that, except for the three combinations noted above, 
the phenylethanol-antibacterial agent and EDTA-antibacterial agent combinations,
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at selected concentrations, are more effective than either agent individually in over
coming resistant P. aeruginosa cells contaminating nutrient broth.

The concentrations proposed for using in combination with other antibacterial 
agents, when there are no contraindications, are 0-4 % for phenylethanol and 0-05 % 
for EDTA.
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Phenylethanol enhancement of preservatives 
used in ophthalmic preparations

R .  M .  E .  R I C H A R D S  A N D  R .  J .  M C B R I D E  

Pharmaceutical Microbiology Group, Department of Pharmacy, 
Heriot-Watt University, Edinburgh, U.K.

The growth rates of P. aeruginosa in subinhibitory concentrations 
of antibacterial preservatives alone and in combination with phenyl
ethanol were determined by an extinction method. Phenylethanol 
enhances the effect of benzalkonium chloride on growing cultures 
of P. aeruginosa and the results have been confirmed by viable 
counts. A similar effect is shown by phenylethanol in combination 
with chlorbutol, chlorhexidine diacetate, chlorocresol, merthiolate, 
methyl and propyl hydroxybenzoate mixture and phenylmercuric 
nitrate.

Phenylethanol has been shown to enhance the action of phenylmercuric nitrate (PMN) 
in the preservation of fluorescein solutions against the effects of contamination with 
Pseudomonas aeruginosa (Richards, Suwanprakorn & others, 1969). A permeability 
effect is indicated (Silver & Wendt, 1967), thus enabling concentrations of PMN, 
which, alone, could not effect penetration, to pass into the cell and exert an anti
bacterial effect. The present work was carried out to test the suggestion of Richards 
& others (1969) that phenylethanol might be used with advantage in combination 
with other antibacterial agents in preservation of pharmaceuticals.

M A T E R I A L S  A N D  M E T H O D S

The test organism was P. aeruginosa NCTC 6750 and the counting procedure and 
inactivating broth used were described by Richards & others (1969). Stock cultures 
were maintained and logarithmic phase cultures prepared according to Brown & 
Richards (1964). Incubation was at 37°. The PMN, chlorbutol, p-chloro-m-cresol 
and 2-phenylethanol were all BDH laboratory reagents. The chlorhexidine acetate 
and propyl p-hydroxybenzoate were B.P.C. and the benzalkonium chloride B.P. 
Merthiolate (a 0-1 % w/v thiomersal and 0-1 % w/v monoethanolamine solution) was 
from Eli Lilly Limited and methyl p-hydroxybenzoate from MacLarlane Smith 
Limited. Cell numbers were estimated by colony counts. Growth rates of log phase 
cultures (shaken at 105 throws min-1 in a Mickle incubator) were determined by 
extinction measurements in 1 cm cells at 420 nm with a Unicam SP600 spectro
photometer.

Comparison of extinction measurements with viable counts 
On three separate days, 1 ml quantities of log phase P. aeruginosa having an 

extinction of about 0-35 at 420 nm were used to inoculate 99 ml of prewarmed 
nutrient broth at 37° and the subsequent growth rate followed by means of viable 
counts and extinction measurements. The results were expressed in terms of doubling 
times with the 95 % confidence limits. The relation between viable counts and ex
tinction measurements is given in Pig. 1, where log extinction and log viable counts 
are plotted against time.
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1 ml of log phase P. aeruginosa (extinction 0-35 at 420 nm) was added to each of 
four conical flasks, A, B, C and D, containing 99 ml of prewarned nutrient broth 
(in A and B) or 99 ml of prewarmed nutrient broth containing benzalkonium chloride 
30 /xg/ml (in C and D). The flasks were maintained at 37° and samples taken for 
extinction measurements. When the growth rate had been established, prewarmed 
phenylethanol to a final concentration of 0-2% v/v was added to flasks B and D. 
At the same time an equal volume of prewarmed water was added to A and C. 
Subsequent extinction measurements were made at timed intervals as before. Fig. 2 
shows the results obtained as graphs of log extinction against tine. The regression 
coefficient (b) of the log extinction upon time and the 95 % confidence limits were 
calculated for each line and the results expressed as doubling times or mean 
generation times (0-301 /b) in minutes.

The following procedure was used to determine if the effect of the phenylelhanol- 
benzalkonium combination was additive or not. The increase in doubling time, 
relative to the doubling of the control culture, was determined for phenylethanol 
and benzalkonium alone. The sum of these relative increases was compared with 
the relative increase in doubling time for the phenylethanol-benzalkonium com
bination.

Similar experiments were made using chlorhexidine, PMN, chlorocresol, chlorbutol, 
merthiolate and a mixture of methyl and propyl hydroxybenzoate, the results being 
given in Table 1.

Effect o f  phenylethanol on P. aeruginosa growing in subinhibitory concentrations o f  the
different preservatives

Table 1. The effect o f ophthalmic preservatives and phenylethanoi-preservative com
binations on the growth of Pseudomonas aeruginosa NCTC 6750 in nutrient 
broth.

C o n cen -

N u tr ie n t  b ro th  
c o n ta in in g

N u tr ie n t  t r o th  c o n ta in in g  
0 -2 %  v /v  p h e n y le th an o l

p reserv a tiv e a n d  p reserv a tiv e
tra t io n D o u b lin g  tim e D o u b lin g  tim e R ela tive

P rese rv a tiv e (% ) (m in ) (m in) in c re ase 3

N o n e — 33-3 106-5
(103-4-109-8)

2-2

B en za lk o n iu m  c h lo rid e 0 0 0 3 37-4 1023
(481 -ly sis)

26-4

C h lo rb u to l 0-2 35-0 lysis lysis
C h lo rh ex id in e  d iac e ta te 0 0 0 0 2 7 5 77-7 lysis lysis
C h lo ro c re so l . . 0-024 37-9 13 900 

(855-lysis)
368

T h io m e rsa l (as m erth io la te )  . . 0-0001 65-5 545
(429-750)

7-3

M eth y l h y d ro x y b e n z o a te  a n d 0-023 33-4 368 10
p ro p y l h y d ro x y b e n z o a te  . . 0-0115 — (292-496)

P h e n y lm e rcu ric  n itra te 0-0004 67-8 1683
(853-61  800)

23-8

a T h e  in crease  in  d o u b lin g  tim e  in  c o m p a riso n  w ith  th a t  o b ta in e d  in n u tr ie n t  b ro th  c o n ta in in g  
p re se rv a tiv e  b u t  n o t  p h e n y le th an o l.

T h e  figu res in  p a re n th e se s  a re  th e  95 % co n fid en ce  lim its .

This experiment was repeated to check whether extinction measurements were 
proportional to the viable counts when the preservatives were present in the culture



separately and in combination. The doubling times for each culture were determined 
by extinction measurements and concurrent viable counts.

Effect o f different preservatives on P. aeruginosa growing in subinhibitory concentration 
of phenylethanol

1 ml of log phase P. aeruginosa (extinction 0-35 at 420 nm) was added to each of 
four conical flasks, E, F, G and H, containing 99 ml of prewarmed nutrient broth 
(in E and F) or 99 ml of prewarmed nutrient broth containing 0-15% v/v phenyl
ethanol (in G and H). When the growth rate had been established by a sequence 
of extinction measurements, 0-5 ml of prewarmed benzalkonium chloride solution 
was added to flasks F and H to produce a final concentration of 35 jug/ml when 
the cultures had similar extinctions. At approximately the same time, 0-5 ml of 
prewarmed water was added to flasks E and G. The extinctions were then measured 
at intervals for a further period of time. Similar experiments were made with 
Chlorhexidine and PMN. The results expressed as doubling times for each culture 
(Table 2).

Phenylethanol enhancement o f  preservatives 143 S

Table 2. The effect of the addition of benzalkonium chloride, chlorhexidine diacetate 
and phenylmercurie nitrate on the growth of P. aeruginosa NCTC 6750 in 
nutrient broth containing phenylethanol.

Concen
tration

Preservative (%)
None .. —
Benzalkonium chloride .. 0 0035

Chlorhexidine diacetate . . 0 000275

Phenylmercuric nitrate .. 0 00075

Nutrient broth containing 0-15% phenylethanol 
Doubling tirre (min) Relative increase

42-7 —
94-9 1-22

(90-3-99-9)
52-5 0-22

(50-1-54-6)
824-6 18-3

(416-40 600)

The figures in parentheses are the 95% confidence limits.

R E S U L T S  A N D  D I S C U S S I O N  

Extinction measurements compared with viable counts
The doubling times were 30-1 (26-6-34-5), 29-4 (23-7-38-7) and 30-6 (28-0-33-7) min 

as determined by the viable count and 27-6 (25-11-30-7), 28-3 (27-3-29-5) and 30-6 
(28-7-32-7) were the corresponding times for the extinction method. These results 
indicate that there is no significant diiference at the 95 % level (the figures in paren
theses are the 95% confidence limits) between the doubling times determined by 
extinction measurements and those by viable counts, but the extinction measurements 
gave the closer limits of error.

Fig. 1 shows that the growth rate of P. aeruginosa NCTC 6750 can be followed by 
extinction measurements over the concentration range 2 X 107 to 4 x  10s cells/ml. 
The difficulties of determining growth rates of P. aeruginosa NCTC 8203 by means 
of extinction methods (Brown & Richards, 1964) were not experienced with strain 
NCTC 6750.
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Fig. 1. Growth of P. aeruginosa NCTC 6750 in nutrient broth determined by measurement of 
extinction (O) and viable counts (□).

Effect of phenylethanol on P. aeruginosa growing in subinhibitory concentrations o f the 
different preservatives

The growth rate of P. aeruginosa NCTC 6750 in nutrient broth containing 30 /xg/ml 
of benzalkonium chloride does not differ markedly from that in nutrient broth alone 
(Fig. 2). Addition to similar media of sufficient phenylethanol to give 0-2% v/v 
concentration, however, gave different results. The growth rate in nutrient broth 
alone was reduced by phenylethanol, but that of the medium containing 30 /xg/ml 
of benzalkonium chloride was almost stopped (Fig. 2). The sums of the relative 
increase in doubling time for each preservative and for 0-2% v/v phenylethanol were 
always less than the relative increase in doubling time for similar concentrations 
used in combination. Thus the combination appears to have a greater effect than 
addition.

Both the phenylethanol-chlorbutol and the phenylethanol-chlorhexidine combina
tions caused lysis of P. aeruginosa, while the phenylethanol-chlorocresol and phenyl- 
ethanol-benzalkonium combinations were so effective that one of the 95 % confidence 
limits indicated lysis.

The doubling times of both merthiolate and PMN alone are comparable. Mer- 
thiolate has a lower mercury content than PMN, the ratio being 1 to 2-6. Phenyl- 
ethanol-merthiolate combination has a doubling time 3-2 times faster than phenyl- 
ethanol-PMN combination, the ratio is similar to the mercury content of the two 
compounds. Thus the monoethanolamine in merthiolate appears either to enhance 
the activity of thiomersal or to modify the effect of the phenylethanol.
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F ig . 2. The effect of 0-2% v /v  phenylethanol, 0 003 % w/v benzalkonium chloride, both alone and 
in combination on the growth of P. aeruginosa NCTC 6750. ■ P. aeruginosa grown in nutrient
broth to which water was added after 58 min. □  P. aeruginosa grown in nutrient broth to which 
phenylethanol was added after 58 min. 0  P. aeruginosa grown in nutrient broth containing 
35 ng/ml of benzalkonium chloride to which water was added after 69 min. O P. aeruginosa 
grown in nutrient broth containing 35 ng/ml of benzalkonium chloride to which phenylethanol 
was added after 69 min.

Methyl and propyl hydroxybenzoates at the concentrations recommended by the 
B.P.C. 1959 in Solution for Eye-drops had no significant effect on the growth of 
P. aeruginosa. This is in agreement with the results of Hugo & Foster (1964).

In all of the experiments phenylethanol enhanced the effect of the preservative; 
no antagonism was observed. Richards (1971) has investigated the effect of phenyl- 
ethanol-preservative combination against resistant P. aeruginosa by an end-point 
technique and obtained similar results. This supports the hypothesis that phenyl
ethanol affects the permeability of the pseudomonas cell, allowing more effective 
penetration of the antibacterial agent (Richards & others, 1969).

The doubling times determined by means of viable counts were similar to those 
obtained from extinction measurements. Thus the presence of phenylethanol or 
benzalkonium chloride alone or in combination did not affect the extinction.

Effect of different preservatives on P. aeruginosa growing in subinhibitory concentrations 
of phenylethanol

Potentiation of the antibacterial effect of 0-15% v/v phenylethanol occurred with 
the three preservatives tested (Table 2), but the degree of enhancement was much 
reduced compared with the results for these preservatives, especially chlorhexidine, 
in Table 1. However, the preservatives were added to suspensions already containing
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thirty times the number of viable organisms used in the previous test. The likelihood 
of a drop in effect is supported by the observation that the doubling time of P. aeru
ginosa in nutrient broth initially containing 0T5% phenylethanol is only slightly 
greater than in nutrient broth alone. P. aeruginosa cells selected by 0-2% phenyl
ethanol being present in the broth before inoculation grew more than twice as fast 
as the cells in the log phase after addition of phenylethanol (Richards & McBride, 
unpublished observation). The phenylethanol-preservative combination is, however, 
more effective in reducing the growth rate than either phenylethanol or preservative 
alone.

In conjunction with previous work (Richards & others, 1969; Richards, 1971) the 
present results support the use of phenylethanol-preservative combinations because 
they are more effective in inactivating resistant contaminants than either preservative 
alone. The combinations also permit the use of lower individual preservative 
concentrations.
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The i n  v i t r o  evaluation of gelatin coacervate
microcapsules

J .  R .  N I X O N  A N D  S.  E.  W A L K E R

Department of Pharmacy, Chelsea College, University of London, Manresa Road,
London, S.W .3, U.K.

Microcapsules of sulphadiazine have been prepared by the simple 
gelatin coacervation technique, using sodium sulphate as coacervating 
agent. The free flowing microcapsular material was hardened with 
formalin. There is no direct relation between particle size and 
sulphadiazine concentration nor between different starting gelatin 
percentages. The effects on size of hardening time, temperature 
and sampling time are small. In vitro dissolution studies show that 
first order release characteristics are exhibited by all the hardened 
materials. Temperature and pH effects indicate the dissolution of 
the sulphadiazine itself to be the controlling step rather than the rate 
of diffusion through the microcapsule wall.

Although coacervation has been applied to the encapsulation of a wide variety of 
products (Green & Schleicher, 1956a,b; Phares & Sperandio, 1964; Luzzi & 
Gerraughty, 1964; Nixcn, Khalil & Carless, 1968), few published data are available 
about the size distribution of microcapsules or the in vitro release of inclusions, 
particularly for simple coacervate systems such as gelatin-water-sodium sulphate 
(Phares & Sperandio, 1964; Nixon & others, 1968). Release of material from the 
complex coacervate produced by gelatin and acacia has been extensively studied by 
Luzzi & Gerraughty (1967a,b) and Bell, Berdick & Holliday (1966), as has that from 
nylon (Luzzi, Zoglio & Maudling, 1970).

Whilst the sizing of microcapsules has been performed by a number of methods 
(Editorials 1963, 1968; Luzzi & others, 1970; Shigeri, Koishi & others, 1970), a 
detailed examination of temperature and hardening effects has not been reported.

In the present work we have examined the comparative effects of pH, temperature, 
% sulphadiazine content and hardening on the in vitro release of sulphadiazine from 
simple coacervate microcapsules and we have recorded the effect of temperature, 
% sulphadiazine content, and hardening on their size.

M A T E R I A L S  A N D  M E T H O D S

Gelatins: acid pre-treated material, deionized by the method of Janus, Kenchington 
& Ward (1951) was used throughout. This material had the following characteristics. 
Bloom No. 274, pH 4-2, viscosity (6§ %, 40°) 6-2 cP, I.E.P. 9-2.

Sulphadiazine: (May & Baker) recrystallized from ethanol; m.p. 254-5-255-5°. 
Differential scanning calorimetry and infrared analysis showed the presence of 
Form 1 only.

All electrolytes were of A.R. grade; water was triple distilled from an all glass still.
Sulphadiazine was assayed by the method of Bratton & Marshall (1939).
Preparation o f microcapsules. The method of Nixon & others (1968) was used 

with the following variations: a 10% w/w starting gelatin concentration and a 4:1
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ratio of 7 % cold sodium sulphate solution (7-9°). Batches required 300 g of gelatin 
solution as the starting material.

Dissolution studies. The rate of dissolution from the various microcapsules was 
examined by stirring the sample and dissolution medium in a flask. The microcapsules 
(sufficient to give 20 mg of sulphadiazine litre-1) were prepared as a slurry, to prevent 
agglomeration, poured into 1 litre of Mcllvaine buffer solution and stirred at 100 
rev/min. The temperature was controlled to ±0-5°. Samples were removed at 
suitable intervals and filtered through a Swinnex Millipore adaptor fitted to a syringe, 
before assay for sulphadiazine.

Particle size analysis. A suitable count level dispersion of the microcapsules was 
prepared by pouring a concentrated slurry, deflocculated by exposure to ultrasonics 
for 15 s, into 250 ml of 0-9 % saline contained in a double walled Coulter cell. The 
temperature was controlled to ¿0-5°. Counts were taken at zero time and 30 min 
intervals using a Coulter model B calibrated with pecan pollen (42-3 pm  diam.). The 
results were processed using a computer program first developed by Marshall & 
Ord Smith and adapted by Raymond (1968).

R E SU L TS
Panicle size analysis

The results in Table 1 show that increasing the temperature, particularly for 
hardened microcapsules, causes only a slight decrease in size compared with the effect 
of changes in sulphadiazine content. However, from a study of other sulphonamide 
contents no direct correlation was immediately apparent between microcapsule size 
and sulphonamide content.

Table 1. The effect of temperature and hardening time on the mean cumulative weight 
percentage oversize.

5
% Sulphadiazine

30
Mean microcapsule size, ¡xm, after hardening with formalin,

Sampling
time

at various times (min)

(min) °C 0 30 60 120 180 0 60 120 180 240
0 10 84-5 85-5 84-5 86 86-7 — 43 37 38-5 35

30 84-4 85 — 87 88-7 — 43 37-5 38 34
0 20 80-5 86 85 83 83-5 28-5 41-5 33-5 35 36

30 78-5 85 86 84 84 28-5 37-5 32 33 35
0 30 — 83 82 83 83-5 18-5 28 28 27-5 26

30 — 82 82 83 82 120 26 27 27 26
0 40 — 82-2 80-9 81-3 80-5 — ------- 26 — 26

30 — 81-3 82 80 80 — — 26 — —

Effects of hardening
Capsules containing 5% of the sulphonamide show little difference in size when 

hardened with formalin for up to 3 h. With 30 % sulphadiazine the effect of 
hardening time is more marked; unhardened capsules were smaller than hardened 
ones. Hardening for 1 h with formaldehyde produces an increase in size which 
gradually decreases again as the hardening time is extended to 4 h. At temperatures 
below 30° there is no significant difference in capsule size up to 30 min after the



commencement of hardening. At 30° and above, the unhardened capsules were 
sensitive to sampling time, the hardened capsules were not.

The temperature at which the particle size analysis is made may cause size differences 
either by solution of the gelatin walls or the production of a diffuse hydrated layer. 
For both samples in Table 1 an increase in temperature up to 40° caused a fall in 
microcapsule size. Wr.h 5 % sulphadiazine capsules (hardened) the effect is relatively 
small: for microcapsules containing 30% sulphonamice, particularly at 30-40°, the 
effect of temperature on the size was greater than that caused by the time of hardening.

The reaction between formaldehyde and the sulphonamide core material produces 
a soluble addition compound whose removal may cause a diminution in the micro
capsule size. The other possible cause of particle size reduction could be dissolution 
from the microcapsules during the counting time.

Fig. 1, a typical series of dissolution data, shows that the initial release rate from 
the microcapsules is extremely rapid, but that after approximately 25 % of the core 
material has been dissolved there is a gradual fall in the rate of release with the last 
20 % released very slowly. This pattern holds for all the dissolution rates investigated.
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F ig . 1. Typical dissolution curves for sulphadiazine release from microcapsules. Temp. 20°, 
pH 6, Sulphadiazine O, 5; □ , 4%. 30 min hardening time.

The dissolution data have been examined by the methods of Gibaldi & Feldman 
(1967), Schwarz, Simonelli & Higuchi (1968) and Wagner (1969). Factors studied 
include the % sulphadiazine content of the microcapsules, the effect of hardening with 
formalin, the temperature of dissolution and the pH of the dissolution medium.

When the gelatin concentration was maintained constant, there was no apparent 
effect on the dissolution rate from an increasing sulphadiazine concentration in the 
microcapsules.



150 S J. R. NIXON AND S. E. WALKER

Time of hardening
The effect of hardening on the capsule size and the leaching effect of the formalin 

on the sulphonamide complicate the study of hardening effects on dissolution rates. 
Wagner plots (Fig. 2Ai) derived from hardened microcapsules no longer give straight 
lines over the whole range. As in all the dissolution experiments on this system, the 
initial release of drug was rapid and the amount released was slightly increased for 
longer hardening periods. Because of the cross linking effect of formaldehyde with 
the gelatin, the 50% release time was increased from that of unhardened capsules; 
hardening time to 50% release time (min) are: 0/13, 30/37, 120/37, 180/26. Higuchi 
plots (Fig. 2Aiii) show that hardening the microcapsules resulted in the dissolution 
obeying the Schwarz & others (1968) model.

The first order release plots (Fig. 2Aii) give straight lines for the hardened materials. 
As the hardening time was increased the initial rapid release of sulphadiazine was 
greater. Once the straight line portion of the curve is attained, the slope of the line 
is marginally dependent on the hardening time [Hardening time (min)/slope x  103 
are 30/-4-9, 120/—3-7, 180/-4-6]. Shorter hardening times still produce a faster 
dissolution rate; the unhardened sample gives a shallow curve with a faster release 
time than the formalin-treated material.

Unhardened gelatin microcapsules exhibit a tendency to disperse or dissolve above 
30°. Hardening, as shown by Table 1, is effective in preventing solution of the 
capsule wall particularly with the large capsules of low sulphonamide content. 
Dissolution from unhardened microcapsules gave the usual straight line Wagner 
plots; above 30° solution occurred. An example of the effect of temperature on 
dissolution from microcapsules hardened for 30 min is shown in Fig. 2B.

At temperatures where the unhardened gelatin would not normally soften and 
dissolve, the plots are curvilinear, but at higher temperatures, where unhardened 
gelatin would dissolve, a straight line relation exists. At temperatures up to 60° the 
hardened microcapsules showed no tendency to disperse. A plot of the log mean 
release time against reciprocal temperature for this hardened sample gave a straight 
line.

Higuchi plots of the above data for hardened microcapsules produce no straight
forward relation between temperature and dissolution rate.

First order release plots give a straight line relation, but when relatively small 
amounts of the sulphonamide core material remained to be dissolved the slope of the 
line changed to give a much slower release. An Arrhenius plot derived from the 
first order dissolution graphs gives a good temperature-rate relation (Fig. 3).

For the effect of the pH of the dissolution medium, Wagner plots gave straight lines 
at all pH values studied, although with low pH values there was a tendency at initial 
sampling times to depart slightly from the straight line. Higuchi plots were curvi
linear and could not be readily interpreted; a plot of log % drug remaining against 
time showed a straight line down to 10% remaining, after which a slower dissolution 
rate occurred at low pH values. A plot of the slopes is shown in Fig. 4. At pH 
values between 2 and 6 there is little effect on the rate of dissolution, but once the pKa 
of the NH group is passed and higher pH values are reached, the dissolution is 
extremely rapid. The Mcllvaine buffer systems used do not go below pH 2-2 and 
the use of OTn HC1 to give a pH of 1-5 produced a dissolution rate which did not fit 
the remainder of the data.
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B (ii)

Time (min)
A (¡ii) B (¡ii)

F ig. 2. A. Dissolution plots illustrating the effect of hardening. Temp. 20°, pH 6. Sulphadiazine 
5%; (0 Wagner plots; (ii) First Order plots; (iii) Higuchi plots. Time of hardening: O, 
unhardened; □ , 30; A, 120; V, 180 min.

B. Dissolution plots illustrating the effect of temperature. Sulphadiazine 5%, 30 min 
hardening time, pH 6. (i) Wagner plots; (ii) First Order plots; (iii) Higuchi plots. Temperature:
O, 10; ■ , 15; A, 20; V, 25; • ,  30; □ , 40°.
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l/T x I03
Fig. 3. Arrhenius plot of first order release rates from Fig. 2Bii.

F i g . 4. Effect of pFI on the slope of the first order dissolution plots. Sulphadiazine 5 %, 30 min 
hardening time. Temp. 40°; O, Mcllvaine buffer; □ , 0 1 n  HC1.

D I S C U S S I O N

During the preparation of the microcapsules, before extraction and hardening and 
whilst the temperature is still high enough to keep the gelatin coacervate liquid, they 
are spherical. On hardening, the gelatin wall shrinks and the capsules tend to take 
on the shape of the crystals of sulphadiazine dispersed in them. Unlike microcapsules 
made from liquids or emulsified inclusions, which usually contain only one droplet, 
the individual capsules will be composed of a number of crystals which tend to be 
arranged towards the centre of the microcapsule.

The effect on unhardened microcapsules of temperatures over 30° may be inter
preted by assuming solution of the gelatin wall. With both high and low sulphon- 
amide : gelatin ratios the size of the capsules was relatively unaffected at lower



temperatures. Even at 10° or 20° a certain amount of solution appears to take place 
because there is an increase in size with capsules that have been hardened for up to 
1 h. This effect is very much more pronounced at the higher temperatures where 
hardening with formalin renders the gelatin wall almost insoluble.

All capsules show an almost immediate hydration and swelling effect in water. 
Hardening reduces the degree of hydration and this is reflected by the slight fall in 
capsule size when longer periods of hardening are used. This decrease in size is 
greatest at 10° and 20° with the microcapsules containing 30% sulphadiazine.

One complicating factor in these particle size studies was the removal of sulpha
diazine from the microcapsules in the form of a soluble compound with the formalin. 
Other hardening agents such as gluteraldehyde and acrolein reduced the sulphonamide 
content more rapidly and to a greater extent. The large nicrocapsules, with a small 
sulphonamide content, were far less susceptible to the dissolution of their contents 
than the smaller thin-walled capsules containing a relatively high proportion of 
inclusion (Table 2). With these thin-walled specimens, hardening times in excess of 
1 h could not be used. Comparison of particle size data in Table 1 for 0 and 30 min 
sampling times does not suggest collapse of the capsules on the removal of the inclusion 
and the space occupied by the sulphadiazine appears to remain as a vacuole within 
the microcapsule.
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Table 2. The effect of hardening time on the sulphadiazine content o f microcapsules 
at 25°.

Starting % 
sulphadiazine 0 min

Sulphadiazine % after hardening with formalin for: 
30 min 60 min 120 min 180 min 240 min

5 100 94 81-5 70 58 —

30 100 — 70 19 15-5 10

Dissolution of an encapsulated material will be controlled by a number of factors. 
The rate at which the solvent penetrates the wall material, p, the rate at which the 
drug dissolves in the solvent, s, and the rate at which the dissolved drug can penetrate 
the wall and disperse from the surface, pr The total rate of release, R, can thus be 
described as R = / ( p +  s +  p,). It is not necessary that all these factors will have 
an equal importance and any may exert an overriding influence on the others.

Dissolution from the microcapsules is further complicated because they always 
contain a small proportion of sulphadiazine either unencapsulated or contained in 
cracked capsules (Nixon & others, 1968). This is termed “free sulphonamide” and 
accounted for approximately 2-10% of the total sulphonamide present: it is the 
material released rapidly during the dissolution studies. In the remainder of the 
inclusion contained in complete microcapsules, a certain amount will be associated 
with the wall material, but the bulk will exist as individual crystals in the centre of 
the microcapsules.

The dissolution and in vitro release of the drug from its formulation is open to 
treatment in different ways that are not always easy to correlate (Schwarz & others, 
1968; Wagner, 1969; Langenbucher, 1969; Luzzi, Zoglio & Maudling, 1970). Further, 
the application of any one of these treatments to drug release from microcapsules 
presents a number of exceptions, no one model being able to adequately describe all 
release situations.

L
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Wagner (1969) plots, because they tend to produce straight lines, allow easy com
parison of the T50 release time and it has been suggested that this parameter, coupled 
with a of the curve would serve to define the release pattern. His system, a tablet, 
had initially a low surface area which subsequently increased on disintegration. 
The method of calculation took this factor into account. The data here presented 
are not always amenable to this type of plot. In no case is a straight line cfctained 
from the commencement of dissolution: there are other differences depending on 
hardening and temperature.

The Higuchi equation (Schwarz & others, 1968) was developed to define the release 
from wax matrices. These were tabletted and presented a rather low constant 
surface area throughout the course of dissolution, but because of removal of drug via 
the tortuous channels, which could present a constantly changing area for drug 
dissolution, porosity and “tortuosity” factors had to be introduced. In Higuchi’s 
systems it was necessary to study slow release rates and the experiments did not, in 
general, proceed past 30% release in approximately 100 h.

Hardened microcapsules present an extreme case of the Higuchi model. The 
surface area is very large, but remains approximately constant throughout the 
experiment. Because of the coacervate nature of the original wall, it is possible that 
porosity and “tortuosity” will play an important part in the release of the inclusion. 
Even so, straight line relations were not obtained in all cases, though where these 
do occur, they remain linear to greater than 60% release. The fit of the data to this 
equation may be entirely fortuitous and with unhardened microcapsules a linear 
relation was never obtained, although the size remained little changed throughout 
the course of the dissolution.

As our system retained its gross particle size throughout the course of the experi
ment, the use of the Langenbucher (1969) cube root treatment for non-disintegrating 
granules might be expected to apply. Whilst this treatment adequately described 
his systems down to about 85 % dissolution, application to microcapsules at no time 
produced a single straight line.

The best fit for the bulk of the data was a first order kinetics p ot. The equation 
used, which applies in conditions of exponential change of surface area anc under

sink conditions was log (W” — W) =  log M (t -  t0) for t >  t0 where
2-303

W x — W is the amount remaining undissolved, M =  (K/ks)CsS’ =  intercept, t0 is 
zero time, t is sampling time, S° is surface area available for dissolution at the 
commencement of the experiment, Cs is the equilibrium solubility and K and ks are 
constants.

This gave straight lines down to approximately 10% sulphadiazine remaining, with 
hardened material for all parameters studied. An Arrhenius plot from hardened 
material was also a straight line. Even with this treatment, however, the unhardened 
microcapsules did not produce a straight line relation.

The effect of hardening is complicated by the relation between formalin and 
sulphonamides. Due to the leaching effect it is suggested that a gradient of sulpha
diazine is set up in the microcapsule wall. The longer times of hardening produce 
more of this “wall material”, which will be released faster than the crystalline 
inclusion at the capsule centre.

The nature of the cross linking process for hardening the capsules appears unable 
to significantly reduce further the rate of dissolution of the sulphadiazine for hardening



times greater than 30 min. The coacervating agent, sodium sulphate, will be rapidly 
dissolved from the microcapsule wall by the aqueous dissolution medium to leave 
pores through which the dissolution process can take place. The cross linking 
process cannot prevent this and the number of dissolution channels produced by 
removal of the sodium sulphate is probably the same irrespective of hardening time. 
The unhardened material does not exhibit first order release characteristics, probably 
due to changes in the ccacervate wall brought about by the gelatin forming a diffuse 
hydrated layer. Although no straight line relation exists, tangents to the curve give 
a greater slope, faster release rate, than any of the hardened materials.

The gelatin wall of unhardened microcapsules dissolved at temperatures above 30°, 
but with hardened samples there appears to be little effect on the size. All the plots 
show that at the higher temperatures the dissolution pattern changes slightly. Even 
so, down to about 85 % dissolution there is a straightforward Arrhenius relation 
(Fig. 3): only at 40’ is there a secondary slower release rate from the sample. Thus 
the effect of temperature appears to be only on the solubility of the sulphonamide and 
not on the permeability of the gelatin wall.

The effect of pH is straightforward. Until sulphadiazine becomes ionized there 
is no effect of pH on the rate of dissolution in Mcllvaine buffer. Because the sodium 
salt is far more soluble the rate of dissolution at pH values in excess of 6 rises very 
rapidly. This appears to be simply a solubility effect.

It would appear that the in vitro dissolution of sulphadiazine from gelatin micro
capsules is not amenable to any one type of treatment. Whilst first order rate 
kinetics allow the interpretation of most data it is necessary that other treatments of 
the results be applied to obtain the full picture.
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Further studies on the effect of additives on 
the release of drug from hard gelatin capsules

J .  M .  N E W T O N ,  G .  R O W L E Y  A N D  J - F .  V .  T O R N B L O M  

Lilly Research Centre Limited, Erl Wood Manor, Windlesham, Surrey, U.K.

An experiment based on a 33 design has been undertaken to establish 
the effect on drug release from capsules produced by adding lactose 
(0, 10 and 50%), magnesium stearate (0, 1 and 5%), and sodium 
laurvl sulphate (0, 1 and 10%) to a 76-105/xm particle size fraction 
of ethinamate filled into capsules at a high and low packing density. 
Statistical analysis of the results indicated the presence of 2nd order 
interaction at all time intervals and for both sets of capsule fill 
weights. This signifies that the effect produced by each additive is 
dependent on the presence and the level of the other two additives.
The interaction limits the conclusions that can be drawn about the 
main factors of diluent, lubricant and wetting agent, but the indica
tions are that (a) 10% diluent reduces drug release, whereas 50% 
produces enhanced release; (b) the presence of 1 % sodium lauryl 
sulphate is sufficient to enhance drug release; (c) the additive effects 
are independent of the capsule packing density.

As a result of a preliminary experiment of restricted design (Newton, Rowley & 
Tornblom, 1971), a full three way analysis of variance of the factors diluent, lubri
cant and wetting agent has been made, to elucidate their influence on drug release 
from capsules. In the light of experience, the number of replicates was reduced 
from 8 to 4 and the time intervals were reduced from 5 to 3. The levels of the three 
additives were those used previously and thus the design can be represented by the 
scheme shown in Table 1.

M A T E R I A L S  A N D  M E T H O D S

Materials
A single batch of ethinamate (1-ethynylcyclohexyl carbamate) U.S.N.F. was 

sieved to give a 76-105 pm  size fraction. The lactose, magnesium stearate and 
sodium lauryl sulphate were of B.P. quality. All other chemicals were of BDH 
reagent grade.

Capsule filling
The way in which the different levels of the three additives were combined is set 

out in Table 1. The powder blends were filled into size 0 clear gelatin capsules 
as described by Newton & Rowley (1970) to give a series of capsules of low fill weight 
(95% of the theoretical value predicted from the maximum bulk density), and a 
high fill weight (that produced with a load of 45 kg on the loading plate). Twenty 
capsules were prepared from each blend and only those capsules within ¿ 5  % of 
the mean filling weight were tested further. By replicate assay on random sets of 
capsules, the mixing was found to provide capsules which contained within ±5%  
of the predicted mean drug content.
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Table 1. Scheme for testing the variables o f diluent, lubricant and wetting agent.

D represents diluent, L, lubricant and W, wetting agent. The subscript 
represents the % of additive present.

Lubricant % 0
Wetting agent ( %) 

1 10

0 10 50 0
Diluent % 

10 50 0 10 50
0 D0L0W0 D10L„W, DfioLo W 0 D.L.W, D „LnW, Dt0L0W, D0L0W10 DteLoW,. DS0L0W101 D,L,W0 D1CL1W0 D..L.W. DqLjWj D l L .W , D „L1W, D.L.W,. D10LiW1# D íoL í W jo
5 D.LSW„ DltLsW, d S0l 6w 0 D.L.W, D.oL.W, Ds.L.W, DtL,W„ O10LsWlt DjoLsWjo

Dissolution testing
This was made according to Newton & Rowley (1970) with a multistirrer system 

driven by an electric motor fitted with a Kop Variator, to give a stirrer speed of 
45 rev/min. After known time intervals 2 ml samples were removed through a 
filter by means of a syringe. The ethinamate in solution was hydrolysed with 
sulphuric acid at 90° and the ammonium salt formed with sodium phenate and 
sodium hypochlorite solution estimated, the whole process being carried out using 
a Technicon Autoanalyser. Statistical analysis of the multistirrer system proved 
the interchangeability of results between beakers. Four capsules from each batch 
were tested.

R E S U L T S  A N D  D I S C U S S I O N

The percentage of drug content of the capsules which appears in solution 5, 20 
and 40 min after commencing the dissolution test is shown in Table 2. The analysis 
of variance of the results is summarized in Table 3 where the complexity of the 
effects reported by Newton & others (1971) is confirmed. An important feature of 
the results is the presence of 2nd order interactions (Table 3), which signifies that 
the effect produced by each additive is dependent on the presence and the level of 
the other two. It is thus not possible to predict from a knowledge of the levels of 
the individual factors how combinations of the three additives will influence drug 
release. This is illustrated by Fig. la, b and c Here the effect of lubricant con
centration on the drug release is shown for each level of diluent, at each level of 
wetting agent for high capsule fill weight after 40 min. If there were no interactions, 
for each diluent level each curve for the 3 wetting agent levels would have the same 
general shape, and these would be repeated at each diluent level. The complexity 
of shapes, within and between diluent levels illustrates the presence of 2nd order 
interactions.

The nature of the interactions is a matter for speculation. The % of the drug 
which dissolves during the test is a complex function of numerous factors, such as 
rate of solution of the gelatin shell, rate of penetration of water into the powder mass, 
the rate of de-aggregation of the powder mass and the characteristics of the powder 
mass after break up. The analysis of variance has confirmed the complexity of 
these events.

In spite of the presence of 2nd order interactions, the analysis of variance (Table
3), shows that diluent and wetting agent have a statistically significant effect on drug 
release. Assessment c f the magnitude of the effects of each additive is made by 
averaging the results for a given level of a factor, irrespective of the other factors.
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Lubricant (%)
Fig . 1. The effect o f lubricant content on the release o f ethinamate from high fill weight 
capsules after 40 min at zero wetting agent ( 0 ) ,  low wetting agent ( x )  and high wetting agent 
(O ) content for (a) zero diluent, (b) low  diluent, (c) high diluent.

For example, the effect of a 10% diluent level is obtained by averaging the results 
for the nine experiments in which 10% diluent was present, i.e. the results for all 
the systems D10 of Table 1. When treated in this way the results for the three levels 
of each additive for the low capsule fill weights are depicted in Fig. 2. These results

A b C
60r

Additive (%)
F ig . 2. The averaged effect of diluent (lactose) open columns, lubricant (magnesium stearate) 
hatched columns and wetting agent (sodium lauryl sulphate) solid columns on the release of 
ethinamate from capsules after (A) 5, (B) 20, (C) 40 min.



show that the significant effect of diluent is to produce an increase in drug release, 
especially at the 50 % level. Lactose, being water soluble, will produce this effect 
by changing the powder bed from one which is hydrophobic to one which is more 
hydrophilic. A change in the hydrophobic character of the bed will also be pro
duced by the wetting agent, hence the increase in drug release, Fig. 2. The effect, 
however, appears somewhat less at the high wetting agent concentration (10%), 
which implies that wetting is not the only factor involved in drug release and agrees 
with our previous findings using liquid penetration as an assessment of drug release 
from capsules (Rowley & Newton, 1970).

The finding that the presence of magnesium stearate does not significantly affect 
drug release is somewhat surprising in view of earlier results (Rowley & Newton,
1970). In the present experiments, when magnesium stearate is the only additive, 
drug release is clearly reduced (Table 2, Fig. la). In the absence of wetting agent
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Table 2. Mean percentage o f drug released from capsules in dissolution tests. Each 
block of figures represents the design of Table 1 and each entry is the 
mean of four determinations.

Time
(min)

5 15-75 12-45 37-18
High capsule fill weight 
10-88 21-18 33-05 11-45 11-75 30-38

4-25 3-48 4-75 8-85 18-75 42-80 7-30 9-73 34-05
2-70 1-78 5-40 11-13 14-33 17-00 14-63 14-60 21-43

20 17-78 23-08 16-53 17-45 22-68 59-30 20-05 22-48 54-85
11-38 13-93 7-65 24-55 35-90 72-60 16-18 19-80 65-93

3-90 2-40 5-58 28-83 41-40 36-95 20-90 32-70 57-05

40 26-35 34-73 79-15 28-03 29-13 68-33 32-03 34-38 64-18
17-58 28-08 17-13 31-20 43-93 79-50 27-98 29-00 75-18
7-60 4-93 7-03 43-78 50-03 46-05 57-03 43-20 68-03

5 6-93 12-65 34-75
Low capsule fill weight 
11-30 12-05 38-73 8-78 13-95 27-05

3-95 2-55 4-73 16-15 20-58 31-58 7-38 14-78 33-40
3-40 2-15 6-23 39-50 22-60 14-38 11-95 10-73 31-40

20 14-08 25-03 65-35 15-18 20-78 69-85 16-65 27-08 55-95
8-90 12-73 6-60 24-68 42-52 72-40 20-03 17-83 55-98
5-40 3-73 6-93 27-13 48-05 44-75 26-25 27-25 55-70

40 24-93 38-38 89-38 22-68 31-03 81-73 26-93 41-03 62-90
20-63 25-13 17-45 29-80 52-90 78-73 31-70 27-10 69-50

8-50 7-33 8-50 39-50 57-13 55-05 36-40 39-68 67-00

b u t th e p resen ce  o f  d ilu e n t, th e  a d d itio n o f  m a g n e siu m stea ra te a g a in c a u se s  a
reduction in drug release (Fig. lb, c) but the inclusion of both wetting agent and 
diluent provides the non-predictable pattern observed in Fig. lb, c and the small 
differences in average affect seen in Fig. 2. Thus the overall effect of lubricant is 
overcome by the presence of the other additives and, in terms of statistics, contri
butes mainly to the interaction term.

Comparison of the results for each combination of additives at the two capsule 
fill weights indicates that similar quantities of drug are released for both low and 
high capsule filling densities (Table 2). The magnitude of the effects of each factor, 
shown for low capsule fill weights in Fig. 2 are, therefore, very similar. The variance
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5 min 20 min 40 min
Source of Mean Mean Mean

error square S2 F ratio square S2 F ratio square S2 F ratio
Low capsule fill weight

Dilent D 1844-28 8-30Ì 7843-2 77-95f 9935-96 16-931
Lubricant L 117-68 * 503-3 5-00f 1146-68 1-90
Wetting agent W 1908-47 8-601 5521-91 54-80f 5318-16 9-061
D x L 514-49 2-32 1659-47 16T9f 1297-02 2-21
D x W 195-43 * 1231-88 12-241- 440-2 *
L x W 389-73 1-76 1510-96 15-021- 2057-59 3-51
D x L x W 221-66 8-5 If 100-61 2-491 586-89 12-271
Residual 26-05 40-30 47-84

High capsule fill weight
Diluent D .. 2497-62 19-15f 8831-86 10-651 7242-8 12-991
Lubricant L 743-89 5-70Ì 632-98 * 542-42 *
Wetting agent W 979-2 7-511 4460-99 5-371 6120-89 10-981
D x L 281-22 2-16 828-52 1-0 1278-9 2-29
D x W 154-43 1-18 449-75 * 410-58 *
L x W 430-59 3-30 1158-09 1-40 2665-35 4-781
D x L x W 130-42 4-39f 829-25 25-601 557-66 14-51
Residual 29-69 32-29 41-32

The F ratio for the interaction error D x L x W is the ratio mean square D x L x W: 
mean square residual. As these are always significant at the 5% level, the F ratio for all other 
factors is the ratio mean square for the factor: mean square D x L x W.

t  F values significant at 1 % level.
} F values significant at 5% level.
* The value of the mean square for this source of variation is less than that for the interaction, 

hence the F ratio is less than 1—indicating that the variation in question is probably of a random 
nature.

ratios (Table 3) also show a similar pattern of significance and hence the effect of 
additives can be considered independent of capsule filling conditions.

The failure to exclude interactions from the complete 3 way analysis of variance, 
suggests that the use of this approach to evaluate the effect of combined additives on 
the release of drug from capsules is not satisfactory if but three levels are used. 
Increasing the number of levels within the same range of concentration of additives 
would define the main effects in greater detail and also elucidate the contribution of 
the different factors to the interactions. Unfortunately, increasing the number of 
levels increases the number of experiments to be made, e.g. the use of 5 levels requires 
125 different combinations of factors compared with the 27 of the present experi
ment. Reduced forms of designed experiments can, however, be used and measure
ments of factors other than drug release should also be considered when optimum 
levels of additives are sought.
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Hydrophobic bonding in soap-stabilized
emulsions
S T A N L E Y  S. D A V I S

Pharmaceutics Section, Pharmacy Department, University of Aston in Birmingham, 
Gosta Green, Birmingham 4, U.K.

The rheological properties of emulsions stabilized by potassium 
laurate have been measured at different temperatures and in the 
presence of urea to assess the validity of the concept of aggregation 
through hydrophobic interactions. The elasticity of the systems, 
as measured by a Rheogoniometer, increased with increased tem
perature and decreased with added urea. These results are entirely 
consistent with hydrophobic bonding. The mechanism of bonding 
is discussed in terms of interfacial hydrolysis, complex condensed 
films of acid soap, and polymolecular adsorption of surfactant at 
the oil-water interface.

Recently the aggregation behaviour of liquid paraffin, oil-in-water emulsions stabilized 
by potassium laurate was examined by Shotton & Davis (1968a). A maximum state 
of aggregation in the region of 5 % surfactant could not be explained by the classical 
DVO theory of colloid stability (Derjaguin, 1940: Verwey & Overbeek, 1948). 
Instead, polymolecular adsorption of surfactant at the oil-water interface, followed 
by hydrophobic bonding was suggested as a possible alternative. Similar processes 
of polymolecular adsorption, micellar adsorption or hydrophobic bonding inter
actions (or both) have been proposed previously for the air-water interface (Dixon, 
Judson & Salley, 1954; Ross, 1945; Moilliet, Collie & Black, 1961), solid-water 
interface (Matijevic & Ottewill, 1958; Ottewill & Watanabe, 1958; Somasundarin, 
Healy & Fuerstenau, 1966), emulsions (Cockbain, 1952; Osipow, Birsan & Snell, 
1957; Riegelman, 1962) and surfactant protein interactions (Nemethy, 1967).

Cockbain’s original concept of hydrophobic bonding as an effective mechanism of 
aggregation has been thought improbable (Higuchi, Rhee & Flanagan, 1965; Becher,
1965) and some authors have preferred to restrict their conclusions to vague state
ments such as “film-film interactions” (Moore & Lemberger, 1963; Lemberger & 
Mourad, 1965) or “weakly adsorbed, thick hydrophilic layers” (Higuchi & others, 
1965).

The liquid paraffin emulsions we used were pseudoplastic in their flow properties. 
This decrease in viscosity with increased shear rate can be explained in one of two 
ways. The link formation concept of Goodeve (1939) or the entrappment of con
tinuous phase approach of Mooney (1946). Furthermore, any aggregated emulsion 
will be sensitive to changes in temperature. The entrappment theory predicts that 
an increase in temperature will cause partial destruction of aggregate structure and 
a subsequent fall in relative viscosity (Reiner, 1961). On the other hand, aggregates 
stabilized by hydrophobic bonds would be expected to increase in stability as the 
temperature rises due to the endothermic nature of hydrophobic bond formation 
(Nemethy, 1967). The relative viscosity would therefore increase. Likewise the
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addition of a hydrophobic bond breaker, such as urea, should tend to decrease the 
relative viscosity.

Experiments of this nature have been carried out in the present work, to assess 
the validity of our suggested mechanism for aggregation.

M ATERIALS AN D  METHODS

Materials and methods were as previously described (Shotton & Davis, 1968a, b; 
Davis, 1971). Emulsions of 60% liquid paraffin dispersed in potassium laurate of 
differing concentration, were prepared by initial mixing with a high speed stirrer, 
followed by homogenization. All emulsions were stored for one month before 
examination to allow for interfacial equilibrium, release of entrapped air, and possible 
changes in aggregation state (Sherman, 1967). Particle size distributions were charac
terized using a Coulter Counter (Model A—Industrial) (Shotton & Davis, 1968b). 
Rheological studies were performed with a Ferranti-Shirley viscometer and a Weissen- 
berg Rheogoniometer. Bulk solution viscosities were measured by U-tube viscometers.

RESULTS AND D ISCU SSIO N
Continuous phase

The viscosity of soap solutions varies exponentially with concentration:
p — eKC

where K is a constant and C the soap concentration (Davis, 1967). The exponential 
shape of the curve is due to the association of soap molecules into micellar aggregates 
(Booij, 1949) and in the region of the critical micelle concentration there is a break. 
An increase in temperature or added solute would be expected to disturb the equili
brium between micellar and monomeric species and thereby affect viscosity.

Temperature. The viscosity of potassium laurate solutions falls monotonically 
with increased temperature over the range 25-40° (Fig. 1). This is qualitatively in

F ig . 1. Viscosity temperature relations for potassium laurate solutions above the critical micelle 
concentration. Potassium laurate concentration (% w/w). ■  2-5. #  5. A  10.



accord with an empirical relation analogous to the Arrhenius equation of chemical 
kinetics:

r, =  AeE/RT
where A is a constant and E is the activation energy (Martin, Swarbrick & Cam- 
marata, 1970). The curves are not truly exponential because the concentrations of 
the two dissolved species, monomer and micelle are highly dependent on temperature 
In general, for ionized surfactants such as potassium laurate, an increase in tempera
ture results in an increase in the number of monomeric species and a reduction in 
the size and number of micelles (Shinoda, Nakagawa & others, 1963). A slight 
concomitant fall in viscosity would therefore be expected.

Urea. Urea produces a rise in viscosity and above a concentration of 2m there 
is a linear relation between viscosity and urea concentration (Fig. 2). The addition
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Urea concentration (M)

F ig. 2. The effect o f urea on the viscosity o f 5%  potassium laurate (25°).

of urea to a soap solution above its c.m.c. will have two opposing effects on viscosity. 
It will raise the dielectric constant of water (Wyman, 1936) and should therefore 
promote micelle formation by decreasing the repulsive forces between the ionic heads 
of the laurate molecules. However urea has been shown to break up micellar 
structure due to its effect on hydrophobic bonds (Emerson & Holtzer, 1967; Bruning 
& Holtzer, 1961; Mukerjee & Ray, 1963), and would therefore be expected to reduce 
solution viscosity. Or the other hand the addition of a solute, at high molar con
centrations, will increase the viscosity on simple hydrodynamic grounds. The result 
of these two opposing effects is clearly shown in Fig. 2. At low concentrations 
(below 2m) micellar breakdown is occurring, and the gradient of the viscosity 
concentration relation is smaller than that at high urea concentrations where added 
urea is having a hydrodynamic effect only.
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The effect o f temperature on emulsion stability 
Cone and plate viscometer. Samples of emulsion, stabilized by different concen

trations of potassium laurate, were examined at temperatures in the range 25-40°. 
In all cases the flow curves were pseudoplastic and there was no evidence of thixo
tropy. The instrument was programmed to effect a compromise between instru
mental effects at short sweep times and evaporation at longer sweep times (Davis, 
Shotton & Warburton, 1968). Rheograms were characterized by apparent viscosity 
(ratio of shear stress to shear rate at the highest shear rate of 1700 s_1) and limiting 
viscosity (calculated from gradient of linear portion of flow curve). Both parameters 
fell with increase in temperature but the calculated relative viscosities increased with 
temperature. Relative apparent viscosity values are shown in Fig. 3. The relative 
limiting viscosities were similar.

Temperature (°C)
Fig. 3. The effect of temperature on the relative appa~ent viscosity of potassium laurate stabilized 
liquid paraffin emulsions (phase volume =  60%). Potassium laurate concentration (% w/w). 
■  2-5. •  5. A 10.

The rise in relative viscosity suggests that hydrophobic bonding interactions are 
indeed probable. Since the Ferranti-Shirley Viscometer is known to suffer from 
spurious effects due to evaporation, even when fitted with the manufacturers anti- 
evaporation unit (Davis & others, 1968), a further method of testing was selected.

Weissenberg Rheogoniometer. The emulsions under study were highly aggregated 
systems that demonstrated measurable elasticity when tested at very low shear rates. 
For a linear viscoelastic material undergoing forced harmonic oscillation of small 
amplitude

a — 2tf y
where a is the shear stress, y the shear rate, and rj* the complex dynamic viscosity 
which is a function of the frequency of oscillation (W rad. s -1) (Walters, 1968). 
We can express as real and imaginary parts

rj* =  tj' — i (G'/W)
where f  is the dynamic viscosity, G' the dynamic rigidity, and i =  \J  — 1 .
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Samples of emulsion stabilized by 5% potassium laurate (the most highly aggre

gated system) were contained in parallel plate geometry and oscillated at small strain 
amplitude and low frequency (shear rate). The measured data, phase angle between 
stress and strain sine waves, and amplitude ratio were obtained using a Transfer 
Function Analyser (Warburton & Davis, 1969). These data were subsequently 
treated by digital computer using the equations of Walters & Kemp (1968).

A frequency of 0-5 rad. s ^ 1  and an accurately known gap of around 0-06 cm were 
used for all experiments. The maximum shear rate was 8-5 X 10 3  s _ 1  and the 
maximum shear strain 2 X 10~2. All experiments w’ere performed as quickly as 
possible to avoid evaporation effects. Initially, viscoelastic properties were measured 
at 25° at weekly periods to monitor any storage change in G' and 7 7' (Sherman, 1967). 
When constant reproducible results had been obtained, measurements were made 
over the temperature range 22-5-35°. Each temperature was held constant for three 
days before testing. Finally the system was re-examined at 25°.

The elasticity (G'), and (7 7') increased with temperature over the whole range 
studied (Fig. 4). This was a reversible increase since on returning to the original
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Temperature (°C)
F ig . 4. The effect of temperature on the viscoelastic properties of a potassium laurate stabilized 
liquid paraffin emulsion (phase volume = 60%, soap concentration = 5%w/w). #  Dynamic
viscosity. A  Dynamic modulus. Open symbols refer to repeat test after temperature cycle 
completed.

temperature, the two parameters had not changed significantly. The particle size 
distribution remained effectively the same throughout the tests. [Potassium laurate 
emulsions, although highly aggregated are known to be extremely stable to changes 
in particle size and particle size distribution (Shotton & Davis, 1968a, b)]. The 
results with the rheogoniometer confirm that the emulsions become more highly
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aggregated as the temperature is increased. Using the Goodeve theory of pseudo
plastic flow we can consider that the interparticulate linkages become stronger with 
increase in temperature.

The process of hydrophobic bond formation (Nemethy, 1967; Kauzmann, 1959; 
Nemethy & Scheraga, 1962) has been compared thermodynamically with the solution 
of hydrocarbons in water (Kauzmann, 1959; Nemethy & Scheraga, 1962) and at 
room temperature has the following properties: AFH <  0, ASH >  0, AHh >  0.

The unfavourable enthalpy of formation is more than counterbalanced by the 
positive entropy term which results in a favourable free energy. Entropy is the most 
important factor in bond formation which can be profitably discussed in terms of 
water structure and the Frank & Evans (1945) concept of “ice-berg” formation 
around non-polar regions of dissolved species. The endothermic nature of the 
process causes the bonds to become stronger as the temperature rises to approxi
mately 60°.

The effect o f urea on emulsion stability
Quantities of high purity urea were added at 25° to emulsions stabilized by 5 % 

potassium laurate. The systems were agitated for 2 h and then G' and ff  measured 
as before. Both parameters were reduced by urea, the major effect being in the 
concentration region 0-2m (Fig. 5).

Urea concentration ( M )

F ig . 5. The effect of added urea on the viscoelastic properties of potassium laurate emulsion 
in Fig. 4 (25°). f t  Dynamic viscosity. A  Dynamic modulus.

Urea is known to break hydrophobic bonds (Kauzmann, 1959; Nemethy & 
Scheraga, 1962), although the exact mechanism is not clear. Frank & Franks (1968) 
and Mukerjee & Ray (1963) have pointed out that urea can hydrogen bond strongly 
with water and will therefore alter the water structure that presumably forms around 
hydrocarbon groups. That is, the “ice-berg” structures will be modified and hydro- 
phobic interactions will be reduced. Kauzmann (1959) has also suggested the forma
tion of urea-hydrocarbon clathrates as a possible mechanism. Urea concentrations 
in the range 0-2m are sufficient to cause breakdown of most of the hydrophobic 
bonds in the emulsion systems as well as the laurate micelles (Fig. 2).



Hydrophobic bonding in emulsions
The experiments on temperature effects and added urea are consistent with the 

premise that emulsions stabilized by potassium laurate are aggregated through a 
hydrophobic bonding mechanism. Cockbain’s (1952) suggestion that aggregation 
could be accounted for by hydrophobic bonding was based on the assumption that 
a secondary layer of surfactant was adsorbed at the interface at concentrations just 
above the cmc. Single surfactant molecules would then be adsorbed with their 
hydrocarbon chains orientated towards the aqueous phase. Such particles in an 
aqueous medium would be hydrophobic and aggregation would occur through 
hydrophobic bonding. However, polymolecular adsorption of surfactant at interfaces 
is thought to occur only when two or more surface-active materials react to form a 
complex film (Moilket & others, 1961). Indeed, Riegelman (1962) has proposed 
micellar adsorption of surfactant at the oil-water interface when a co-emulsifier is 
present. Polymolecular adsorption with “pure” surfactants can be considered 
improbable. The problem remains one of defining a pure surfactant when dealing 
with fatty acid soaps. The stability of soap emulsions has been attributed to the 
formation of acid soap by hydrolysis at the interface to give a complex condensed 
film (Martin & Hermann, 1941; Davis & Bartell, 1943). Such interfacial hydrolysis 
can occur even at high pH when bulk hydrolysis is negligible (Cook & Talbot, 1952; 
Eagland & Franks, 1957) so that the emulsions in the present study can be assumed 
to have complex interfacial films of ionized soap and free lauric acid. This type of 
film will have a greater stability than than a single component film. The mechanism 
of interaction between the two components is still uncertain, as is its stoichiometry 
(Goddard, Smith & Kao, 1966). Three alternative suggestions can be made: (i) Van 
der Waals attraction between hydrocarbon chains and the repulsive forces between 
charged heads screened by intervening carboxylic acid groups (Spink, 1963), (ii). The 
negative character of the carboxylate ion leads to strong hydrogen bonding 
interactions (Alexander, 1941—42) and (iii) Ion-dipole interaction between charged 
and uncharged head groups (Marsden & Schulman, 1938). As yet the position is 
unresolved but nevertheless it is clear that complex films are more stable than their 
one component counterparts and that coulombic repulsion between charged heads 
is considerably suppressed.

At this stage we can propose a tentative model for polymolecular adsorption and 
hydrophobic bonding based on interfacial hydrolysis of potassium laurate and the 
formation of a complex condensed film of soap and free acid (Fig. 6 ). Similar 
mechanisms could apply to other “pure” ionic surfactants such as sodium dodecyl 
sulphate. Here the mixed film would be available from either interfacial hydrolysis 
or incomplete sulphation in manufacture.

The process of bond formation can be considered similar to the dimerization of 
long chain surface active ions described by Mukerjee, Mysels & Dunlin (1958). The 
structure of the dimer is visualized as one in which the ionic heads are far apart 
and the flexible chains intertwined. The reduction in the amount of hydrocarbon 
surface exposed to water is estimated as being approximately equivalent to the 
removal of 8 CH2  groups from aqueous environment. At 25° the change in free 
energy upon transfer of one CH2  group from a non-polar organic phase to water 
is in the region of 3-6 kJ mol” 1  (0-85 kcal mol”1) with AH =  T7 kJ mol- 1  (0-4 kcal 
mol-1) (Davis & Higuchi, unpublished observation). Such values can be used to 
calculate the energetics of hydrophobic bond formation (Nemethy, 1967) if we bear
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F i g . 6. A model of the mechanism for hydrophobic bonding aggregation in emulsions stabilized 
by potassium laurate.

in mind that the CH2 groups in the bond will be much more constrained than in 
the liquid hydrocarbon and have a lower entropy (Mukerjee, 1967). A more realistic 
AF value for the CH2 group is obtained from the thermodynamics of micellization 
of non-ionic surface active agents [AFCH; =  2-9 kJ mol-1 (0-7 kcal mol-1)]. Hence 
at 22-5° AFh =  —23-0 kJ mol-1 (—5-5 kcal mol-1).

We are currently exploring the possibilities of using aggregated soap emulsions as 
model systems for the systematic study of hydrophobic interaction s. The hydrophobic 
bond is known to be of great influence in determining secondary and tertiary structure 
of protein molecules and other polymers as well as in the non-specific interaction 
of drugs at enzyme surfaces and with receptor sites (Belleau & Lacasse, 1964; 
Hansch, 1968).
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The determination of residual ethylene oxide 
and halogenated hydrocarbon propellants 

in sterilized plastics
B.  W A R R E N

Abbott Laboratories Ltd, Queenborough, Kent, U.K.

A specific and sensitive method is described for the determination of 
residual ethylene oxide, dichlorodifluoromethane and trichlorofluoro- 
methane in sterilized plastic surgical equipment. Residues are iso
lated from the plastics by high vacuum distillation and analysed by 
gas chromatography using an exponential dilution apparatus, to 
avoid the use of solvents. Under the conditions specified, a lower 
limit of 1 ppm of each component could be detected in blood giving 
sets of which the main plastics material was PVC. The rate of loss of 
each component has been studied, to indicate the necessary holding 
time of the material before it can be considered safe to use.

Undesirable reactions in vivo have been reported from the use of surgical equipment 
sterilized with and containing residues of ethylene oxide (Freeman & Barwell, 1960; 
Clarke, Davidson & Johnson, 1966). There is thus a need for a specific ana sensitive 
method for the determination of ethylene oxide. Many commercial sterilizing gases 
also contain halogenated hydrocarbon propellants but as yet no residue study has 
been made on these.

Chemical methods proposed for residual ethylene oxide (Gunther, 1951; Critch- 
field & Johnson, 1957; Belman, 1963; Sawicki, Stanley & Pfaff, 1963) either suffer 
from lack of sensitivity and specificity or require rigorous control of experimental 
technique. None is adaptable to propellant determination. Gas chromatography 
has also been used but the methods proposed (Kulkarni, Bartak & others, 1968; 
Ben-Yehoshua & Krinsky, 1968; Mokeeva & Tsarfin, 1968) suffer from the 
difficulties associated with leaching or solution of the plasric in a suitable solvent 
before analysis.

This investigation has been made to determine concomitantly the rate of loss of 
ethylene oxide and propellants from sterilized plastic materials, so that the storage 
times necessary to reduce their concentration to an insignificant level may be pre
dicted. To achieve this it was necessary to develop a method which would be adapt
able to a wide range of sample sizes, eliminate the use of solvents for residue removal 
and preferably be capable of application to the control analysis of purchased supplies 
of sterilizing gas mixtures.

M E T H O D S

The method is based on distillation under high vacuum with a distillate trap cooled 
in liquid nitrogen. The volatile components in the plastic are thus removed in 
under 30 min and trapped without the use of a solvent. They are then expanded into 
an evacuated “exponential gas dilution” vessel (Lovelock, 1961) and raised to 
atmospheric pressure. The contents of the vessel are then diluted exponentially
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and samples analysed by gas chromatography at timed intervals. The peak height
time plot is compared v/ith individual standard dilution plots of ethylene oxide, and 
propellants diluted in the same way. From a comparison of the time taken for sample 
and standard to reach an equivalent peak height using the same gas chromatography 
amplifier sensitivity setting, the initial concentration of residues in the plastic can be 
calculated.

Extraction technique
Using the apparatus shown in Fig. 1 the residues are extracted as follows: (a) Weigh 

the complete plastic sample and place in test tube A : open tap 1 to connect test tube 
to trapping coil. (b) Cool the trapping coil in liquid nitrogen and apply vacuum 
source (0-1 mm) to outlet (x) of tap 2. (c) Heat the test tube containing the sample 
to 130° (30 min), (d) Isolate trapping coil with tap 1. (e) With taps 3 and 4 closed 
to isolate the exponential dilution vessel, adjust tap 2 to evacuate this vessel. 
( f) Adjust tap 2 to connect the trapping coil to the dilution vessel isolating the vacuum 
source, (g) Replace the liquid nitrogen bath with a water bath at about 60° and 
allow the volatile condensate in the trap to expand into the dilution vessel, (h) Using 
tap 1 allow pressure in the dilution vessel to return to atmospheric or other fixed 
pressure, then close tap 1. (/) Isolate dilution vessel with tap 2.

At this stage the dilution vessel contains in the gaseous state and at the predeter
mined pressure, the volatile components from the plastic. Exponential dilution and 
subsequent gas chromatographic analysis may then be carried out as follows: (k) 
Simultaneously open tap 3 and connect the nitrogen inlet to the dilution vessel by

Determination o f ethylene oxide in sterilized plastics

F i g . 1. E x tra c tio n  a p p a ra tu s  (see tex t fo r  d esc rip tio n ).
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tap 4. (/) Sample the dilution vessel effluent at timed intervals with a gas sampling 
valve attached to the gas chromatograph. (m) Record peak heights, time of injection 
and sensitivity setting for each peak.

Standardization

Known concentrations of the individual standards are prepared in an exponential 
dilution vessel either by volume or by weight. Although standards may be prepared 
by volume using gas-tight syringes, correction must be made for deviation from 
N.T.P. Standards prepared by weight are more convenient but their initial prepara
tion requires careful experimental technique. Individual components are sealed into 
preweighed lengths of capillary tubing cooled in liquid nitrogen and reweighed. 
The weighed tube is then placed in a sampling tube, and the exponential dilution 
flask evacuated. The sealed capillary is broken in a suitable manner, allowing the 
sample to vaporize into the dilution vessel, which is then raised to atmospheric 
pressure.

Calculation

Lovelock (1961) and Williams & Winefordner (1966) have previously demonstrated 
the exponential dilution of permanent gases in the type of dilurion vessel used. The 
dilution follows the relation:

Ut Ut
C =  C0exp — — or 2-303 log C =  2-303 log C0 — —

where V =  volume of flask (cc). U =  flow rate of diluting gas (cc/min). t =  time 
(min). C0 =  initial concentration of sample gas. C =  concentration at any 
time t. Therefore a plot of C versus time will give a slope of — U/V and intercept of 
2-303 Log C0.

Since the major contribution to non linearity in the system probably comes from 
the gas chromatographic detector response and amplifier, it is preferable to compare 
the times taken for sample and standard to reach an equivalent peak height on identi
cal amplifier sensitivity ranges. Then for both sample and standard, equation (1) 
applies.

Ut
loge C =  loge Co — — ...........................  (1)

When peak heights for both sample (sm) and standard (Std) are equal, then

or

Ut Ut
loge Co (sm) — —  (sm) =  loge C0 (std) — — (std)

. • . loge Co (sm) =  loge C0 (std) — ^  (tgtd — tsm)

logio Co (sm) =  log10 Co (std) — U(tstd — ta-n) 
2-303 V (2)

From equation (2), it is possible to calculate the initial concentration of ‘residual’ 
gas in the dilution vessel and hence the amount present in the original plastic sample.
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Equipment. Pye 104 gas chromatograph equipped with flame ionization detector. 

5 ft X 4 mm i.d. glass column packed with Phasepak Q (Phase Separations Ltd); 
column temperature: 150° isothermal; carrier gas: nitrogen 80 ml/min; sample 
injection: Pye gas sampling valve fitted with 0-14 ml sample loop.

Reagents. Ethylene oxide supplied by BDH. Dichlorodifluoromethane and 
trichlorofluoromethane supplied by ICI.

A 3  B

Determination o f ethylene oxide in sterilized plastics

F i g . 2. A . A  ty p ica l gas c h ro m a to g ra p h ic  s e p a ra tio n  o f  d ic h lo ro d if lu o ro m e th a n e  (1), e th y le n e  
o x ide  (2), a n d  tr ic h lo ro flu o ro m e th a n e  (3).

B. Graph of log peak heights against time. A Trichlorofluoromethane. □  D ichlorodi
fluoromethane. O Ethylene oxide.

R E S U L T S

Separation of propellants and ethylene oxide
Fig. 2A shows the separation achieved under the conditions stated. A porous 

polymer column with no liquid phase was chosen for this separation to achieve 
greater stability on high sensitivity; different conditions may be necessary for other 
propellants.

Linearity of the gas chromatographic system to exponential dilution
The complete amplifier range was checked for response to ethylene oxide, dichloro

difluoromethane and trichlorofluoromethane during exponential dilution from 
0-33 % v/v to the minimum detectable level. The graph of log peak height vs time 
shows a series of straight lines for each range step on the amplifier; Fig. 2B shows a 
typical example. When the amplifier range is changed the slope of this line changes 
to a new value. Hence, it is important to measure peak heights of sample and 
standard on identical ranges.
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Effect o f  extraction tim e and temperature

Treatment at 130° (30 min) was found satisfactory for distillation of ethylene oxide 
and propellants from the PVC of blood transfusion equipment. Temperatures in 
excess of 150° tended to cause pyrolysis of the PVC leading to numerous additional 
chromatographic peaks.

Study o f  residue content o f  sterilized  equipment

Samples of the blood transfusion equipment sterilized in a 200 ft3 water jacketed 
sterilizer, were stored at room temperature under normal warehouse conditions and 
examined periodically by this technique to determine the rate of loss o:' ethylene 
oxide and propellants. The sterilization cycle was at 135° F ±  5° F. The chamber 
pressure was reduced by 12-77 p.s.i. and the chamber humidified for 1 h at a relative 
humidity in the range 50-65%. The sterilizing gas consisting of ethylene oxide 
11 % w/w, dichlorodifluoromethane 35% w/w and trichlorofluoromethane 54% w/w 
was then admitted to a pressure of 14 p.s.i. and maintained for 5 h, after which an air 
flushing cycle of 2 h was used before removal of samples.

The blood giving sets consisted mainly of PVC with some parts in high and low 
density polyethylene, nylon, polycarbonate, modified acrylics and latex rubber. 
The sets were stored in their normal cardboard trays and sleeves. No plastic covering 
is used in this packaging. For each estimation a complete blocd set weighing about 
40 g was extracted. Fig. 3 shows the residue levels obtained over 42 days. After 
this period the levels of ethylene oxide and dichlorodifluoromethane fell below 1 ppm 
whereas trichlorofluoromethane was still present to the extent of about 5 ppm.

F ig . 3. Residue concentration with holding time o f plastic blood giving sets. O Trichlorofluoro
methane. A Dichlorodifluorom ethane. □  Ethylene oxide.

D I S C U S S I O N

The use of vacuum distillation for removal of residues in an analysis of this kind 
has many advantages over solution techniques which require solvents of high purity 
and suffer severe limitations in the sample to solvent ratios that can be used. The 
use of an exponential dilution system enables a number of chromatograms to be
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obtained from a single sample so that suitable sensitivity settings can be obtained as 
the dilution proceeds. Extension of this method to the analysis of sterilizing gas 
mixtures can be made by sealing samples of the liquified mixture into capillaries as 
detailed under the section on standardization. An exponential dilution plot of the 
constituents of this mixture can then be compared to standard dilution plots. With 
little modification the method may be used for other volatile residues or extended 
below the lower limit of 1 ppm described in this paper.
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A polarographic method for the determination 
of flurandrenolone

M.  J .  H E A S M A N  A N D  ( I N  P A R T )  A.  J .  W O O D t  

Lilly Research Centre Ltd., Erl Wood Manor, Windlesham, Surrey, U.K.

A simple fast scan polarographic method has been developed for the 
determination of the A4-3 ketosteroid flurandrenolone in pharma
ceutical formulations. The polarographic peak current due to 
steroid reduction is measured after ointments have been subjected to 
a preliminary extraction procedure and creams have been treated 
with tannic acid to precipitate interfering excipients. The method 
enables concentrations down to 0-01 % w/w of the s:eroid to be 
measured. Neomycin sulphate does not interfere and clioquincl 
is readily removed using an ion exchange resin. Evidence is presented 
to show that the carbon-fluorine bond rather than the enone is 
primarily reduced. The method is faster than a colorimetric method 
using tétrazolium blue and has a similar accuracy ard precision.

Flurandrenolone, 6a-fluoro-11 (8,16a, 17,21 -tetrahydroxypregn-4-ene-3,20-dione-16,17- 
acetonide is used for the topical treatment of local inflammatory conditions and 
because of the low concentrations employed in formulations, oreviously described 
analytical methods meet problems owing to interference frcm excipients. Lengthy 
extraction or chromatographic procedures are often necessary to remove this inter
ference (Jakovljevic, Hartsaw & Drummond, 1965; Bailey, Holbrook & Miller, 1966; 
Gôrôg, 1968).

The polarographic behaviour of A4-3-ketosteroids has been well documented 
(Milner, 1957; Brezina & Zuman, 1958; Kabasakalian & McGlotten, 1962; Cohen, 
1963; Zuman, 1967), but there are few references to the use of this technique in the 
quantitative analysis of formulated products. Gantés & Juhasz (1966) have 
described a polarographic method for the determination of hydrocortisone in oint
ments, but their method applies only to concentrations much in excess of those 
likely to be encountered using fluorinated steroids.

M A T E R I A L S  A N D  M E T H O D S

Apparatus
Because of the low levels of fluorinated s:eroid involved, a cathode ray polaro- 

graph type A1660 manufactured by Southern Analytical Ltd., Camberley, Surrey, 
was used. Two synchronized dropping mercury electrodes (subtractive polaro- 
graphy) were found necessary for the determination of flurandrenolone in creams. 
In all cases measurements were made with a mercury pool as the reference electrode.

Reagents
Unless otherwise stated, all chemicals are of analytical reagent grade.
n-Heptane—M & B laboratory reagent. 50% v/v aqueous methanol containing 

0T % v/v concentrated hydrochloric acid. 50% v/v aqueous methanol containing 
10% tannic acid (B.D.H. laboratory reagent).

t  Present address: Hewlett Packard S.A., No. 7 rue du Bois du Lan, 1217 M eyrin, No. 2 
Switzerland.
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Supporting electrolyte. 50% aqueous methanol 0-5m with respect to potassium 

chloride and m with respect to hydrochloric acid.
Stock standard solution. Accurately weigh about 50 mg of flurandrenolone 

analytical standard and dissolve in 50-0 ml of methanol.
Working standards 1 and 2. Solutions containing 0-1 mg and 0-2 mg/ml of 

flurandrenolone (analytical standard) in 50% v/v aqueous methanol.

Preparation of samples for polarography
Ointments containing 0-0125 % w/w o f flurandrenolone. Disperse the ointment (4-0 g) 

in n-heptane at about 40° and extract the flurandrenolone with 20 ml, then 15 ml 
and finally 5 ml methanol-hydrochloric acid (see reagents): add supporting electrolyte 
(5-0 ml) and dilute to 50-0 ml with methanol-hydrochloric acid.

To 20-0 ml of the above solution add working standard 1 (2-0 ml).
Ointments containing 0-05 % w/w offlurandrenolone. These are prepared as above 

but a 2-0 g sample of ointment is used and working standard 2 (2-0 ml) added to 
the final extract.

Creams containing 0 0125% w/w flurandrenolone. Dissolve 8-0 g of cream sample 
in a stoppered erlenneyer flask containing methanol (25 ml) at 50°, add water 
(20 ml) mix well and cool to room temperature. Add tannic acid solution (10 ml) 
and shake vigorously (1 min). Add celite 545 (filter aid) (4 g) and again shake 
then filter the sample through a porosity 3 sintered funnel (low vacuum) into a 
100 ml volumetric flask containing supporting electrolyte (10-0 ml). Wash through 
and dilute to volume with several small amounts of 50% v/v aqueous methanol.

Using 8-0 g of cream sample without steroid prepare a blank solution in an 
identical manner.

To the sample solution (20 ml), add 2-0 ml of working standard 1. This is the 
sample plus standard solution.

Creams containing 0 05 % w/w flurandrenolone. The method is as for the 0-0125 % 
cream but only 4-0 g of sample and blank are used with working standard 2 (2-0 ml).

Polarography o f samples
Ointments. Polarograph the solutions of sample alone and sample plus standard 

at 20 fz 0-1° and determine the flurandrenolone peak currents at about —0-9 V for 
both solutions. All solutions should be degassed with oxygen-free nitrogen 
(saturated with 50% aqueous methanol).

Creams. Place the sample solution and blank solution under each of two synchro
nized dropping mercury electrodes. Polarograph and determine the flurandrenolone 
peak current at about —1-0 V with the instrument in the subtractive mode. Deter
mine the sample plus standard peak current in the same manner.

Where Pa =  peak current of sample; Pas =  peak current of sample plus standard; 
Ws =  weight of standard (mg) in 50 ml of stock standard; Wa =  weight of sample 
(mg); F =  dilution factor =  1 for 0-0125% ointments, 2 for 0-0125% creams and 
0-05 % ointments and 4 for 0-05 % creams.

% flurandrenolone =  -
1-1 Pas — Pa

Pa
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R E S U L T S

The results obtained using the polarographic procedures for the analysis of cream 
and ointment samples, together with comparative results obtained by the colori
metric method using tétrazolium blue are summarized in Table 1.

Table 1. Results for the analysis of cream and ointment samples using the polaro
graphic and colorimetric assays.

Flurandrenolone content No. o f Flurandrenolone found (mg/g)*
claimed (mg/g) determinations Polarographic assay Colorim etric assay

Ointment (0-5) 12 0-515 y  0-005 0-517 ±  0-010
Ointment (0-125) 12 0-130 ±  0-003 0-127 ±  0-005
Cream (0-5) 9 0-482 ±  0-007 0-484 4- 0-008
Cream (0-125) 12 0-125 ±  0-004 0-125 ±  0-003

* Average ±  standard deviation.

D I S C U S S I O N

Cathode ray polarography shows that flurandrenolone in 50% aqueous methanol 
is reduced in a variety of buffered systems having pH values within the range of
1-11. In acid solutions the major reduction peak is sharp and well defined 
but becomes broader at higher pH values indicating a slower reduction. The 
most satisfactory polarograms are obtained at pH 1 using a supporting electrolyte 
of potassium chloride and hydrochloric acid. At this pH, the flurandrenolone 
peak occurs at —0-79 V versus the mercury pool anode and is most probably due 
to reduction of the fluorine atom rather than to the enone system in ring A. This 
was shown by controlled potential electrolysis ( — 0-8 V for 48 h) after which the 
flurandrenolone solution still retained the typical absorption of an a/8-unsaturated 
ketone in Amax from 238 nm to 242 nm The infrared spectrum (KBr disc) of 
the residue obtained from this experiment shows little change in the carbonyl 
stretching region (1700 cm-1) but an absence of the C-F stretching frequency 
present in flurandrenolone itself. Reduction of the carbonyl in addition to the 
C-F group can be accomplished by working with a more negative potential ( — 1 -22 V) 
at which a second poorly defined reduction peak occurs. At this potential a large 
drop in absorbance of the «a240 nm band is observed.

Calibration graphs of flurandrenolone at concentrations fromO to 100 ppm against 
peak current on the cathode ray tube show deviation from linearity above 20 ppm. 
This has been tentatively ascribed to adsorption of the flurandrenolone on the surface 
of the mercury cathode drop (Mclver & Rooney, 1962). Such adsorption effects, 
common in organic polarography, can be prevented by the addition of a small 
amount of a non-ionic surface-active agent to the solution to be electrolysed.

In flurandrenolone ointments which do not contain surfactants, therefore, the 
polarographic peak current at —0-79 V for such ointment samples is best compared 
directly with that of a standard in the region of linearity (curve A Fig. 1).

On the other hand, where creams and ointments do contain non-ionic surface- 
active agents, calibration graphs show linearity up to at least 100 ppm of fluran
drenolone. Some of the surface active agent is carried through in the method of 
analysis to the final solution to be electrolysed and probably prevents adsorption
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F ig . 1. Polarographic peak displayed by flurandrenolone after extraction from  an ointment not 
containing surface-active agents (curve A), and one containing surface-active agents (curve B).

effects from taking place. In ointments of this type, however, the presence of non
ionic surface active agent, and possibly other excipient, in the final solution to be 
electrolysed, results in a shift of peak potential for flurandrenolone from —0-79 V 
to approximately —0-88 V. As no adsorption of flurandrenolone occurs on the 
mercury drop surface, a reduction in peak current is also apparent (curve B, Fig. 1). 
These two effects make the direct comparison of sample and standard peak current 
values impossible and the technique of standard addition to the sample may be 
adopted.

The non-ionic surface active agents (and possibly other excipients) in creams, 
which remain in solution after tannic acid precipitation, shift the peak potential for 
flurandrenolone very close to that of the hydrogen ion reduction wave (Fig. 2, curve

Applied voltage

F ig . 2. Curve A — single wave displayed fo r flurandrenolone after extraction from  cream 
excipients. Curve B— inverted single cell wave displayed by a solution resulting from  treating a 
blank cream in  the same manner as the sample. Curve C— the resultant wave obtained by 
subtraction o f B from  A.
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A). Although the flurandrenolone peak and hydrogen wave can be resolved using 
derivative polarography, great loss in instrument sensitivity occurs and a more 
satisfactory result is achieved using subtractive polarography. Fig. 2, curve C 
shows the resultant wave which is the subtraction of the wave for the blank solution 
(Fig. 2, curve B) from the wave for the sample solution. Standard readings for 
creams are obtained using the technique of standard addition to the sample.

Neomycin sulphate which may be present in some formulations only gives a reduc- 
t on wave in 50% v/v aqueous methanol when the pH is greater than 3. Conse
quently, no interference occurs due to the presence of this antibiotic under the 
conditions for determining flurandrenolone.

Clioquinol gives a reduction peak on the polarogram which completely masks that 
of flurandrenolone. The interference can be overcome by removal of the clio
quinol from 50% v/v aqueous methanol solutions using Dowex 50W-X12 (a 
sulphonated ion exchange resin).

Comparison of the polarographic with the colorimetric assay (tétrazolium blue) 
shows that the accuracy and precision is similar in both (Table 1). The main 
advantage of the polarographic method lies in the speed at which a particular 
determination can be made. This makes it particularly suitable for the rapid checking 
of content and homogeneity of production samples.

Acknowledgements
The authors thank Mr. R. Rooney and Mr. C. Pratt of Southern Analytical for 

their helpful discussions and technical advice. They also wish to thank Mr. D. 
Tompkins for technical assistance.

R E F E R E N C E S

B ailey , F., H o lb r o o k , A. &  M il l e r , R. J. (1966). J . P h a rm . P h a rm a c ., 18, S u p p l., 125-165. 
B r e z in a , M. &  Z u m a n , P. (1958). P o la r o g ra p h y  in  M e d ic in e , B io c h e m is try , a n d  P h a r m a c y , 

p. 434. New York: Interscience.
C o h e n , A. I. (1963). A n a ly t . C h em ., 35, 128-131.
G an tés , P. &  J u h a sz , J. P. (1966). A  m ils  P h a rm . Fr., 24, 687-692.
Görög, S. (1968). J . p h a rm . S e i., 57, 1737-1741.
J a k o v ljev ic , I. M., H a r t sa w , P. E. &  D r u m m o n d , G. E. (1965). Ib id ., 54, 1771-1773. 
K a b a sa k a lia n , P. &  M c G lo t te n , J. (1962). A n a ly t . C h em ., 34, 1440-1442.
M c I v er , P. J. &  R o o n ey , R. C. (1962). A n a ly s t , 87, 895-899.
M il n e r , G. W. C. (1957). T he P r in c ip les  a n d  A p p lic a tio n s  o f  P o la ro g ra p h y , pp. 609-615. 

London, New York: Longmans Green.
Z u m a n , P. (1967). S u b s ti tu e n t E ffec ts  in O rg a n ic  P o la ro g ra p h y , pp. 312-365. New York: 

Plenum Press.



/ .  P h a rm . P h a r m a c ., 1971, 23, S a p p i., 181S-194S R e c e iv e d  F e b ru a ry  3, 1971

Digital filters in the evaluation of 
titration curves
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The shape of a titration curve contains useful information, which 
may be extracted in terms of orthogonal polynomial coefficients. In 
this way, it is possible to (i) distinguish a monobasic acid from a 
polybasic acid, having groups of closely similar strength; (ii) detect 
acid-base impurities in acids and bases, and (iii) study medium effects.
The choice of polynomial, range, number of points and experimental 
conditions are discussed. Using twelve point polynomials and 
equipment of modest performance, the Pi coefficient (for the central 
half of a monobasic acid titration curve) can be measured with a rela
tive standard deviation of 0-58.

Instrumental methods have led to a substantial increase in the quantity of numerical 
data, which may be ascertained for a given sample. Whereas a pair of numbers 
(e.g. the volume of acid required to neutralize a given volume of sample) emerges 
from each gravimetric or volumetric assay, a mathematical function (e.g. a graph of 
pH against volume) may emerge from an instrumental method, like potentiometric 
titration. Furthermore, when extracting a maximum of chemical information, a 
function necessarily requires more complicated arithmetic than does a pair of numbers. 
Hence, when dealing with a function, the use of simple arithmetic, entirely adequate 
to gravimetric or volumetric results, will normally lead to much loss of information. 
Such a loss is bound to occur, in fact, if the analyst selects a maximum or minimum 
value from an instrumental curve and ignores all other values, when calculating the 
result. This loss is wholly concerned with the shape of the function and so certain 
principles of curve fitting (Draper & Smith, 1966) are bound to play an important 
role in any attempt to increase the yield of information. Nevertheless, we must 
emphasize that, despite the use o f curve fitting arithmetic, the present work is not 
concerned with curve fitting in the usual sense.

P R I N C I P L E S  O F  C U R V E  F I T T I N G

(a) Summation of curves
In Fig. la, f(v) is a function of the abscissa variable, v, and is reproduced by 

summing the three functions in Fig. lb. Thus, for a given abscissa value, Vk, we can 
write:

f(vk) =  A0(vk) +  Aj(vk) +  A2(vk) • ■ • • ..  (1)

This means that the value, f(vk), in Fig. la  is obtained by taking a sum of the 
values ( A 0(Vk), Aj(vk) and A2(vk)), read from the three curves in Fig. lb  (all these 
ordinate values referring to the same abscissa value, Vk). By repeating this process 
at many points on the abscissa, we could construct the entire curve, f(v), by summing
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F i g . I . S u m m a t io n  o f  c o m p o n e n t cu rve s .

the three curves (A0(v), Ax(v) and A,(v)) in Fig. lb. Hence, in mare general terms, 
equation (1) becomes

f(v) =  A0(v) +  Aj(v) +  A 2(v) ........................... (2)

where A0(v), A,(v) and A2(v) are mathematical components of the function, f(v), and 
equation (2) is a mathematical model thereof.

These mathematical components evidently determine the shape of the curve f(v). 
Thus, if A2(v) were absent, f(v) would become a straight line. In a similar way, the 
overall slope of f(v) depends upon the component, A^v). Moreover, we can claim 
to have fitted  the curve, f(v), as soon as its mathematical components have been 
calculated by the method detailed below and tested for statistical significance, where 
necessary.

(b) Standard mathematical components
The above exercise would be trivial if the mathematical components were arbitrary 

and so curve fitting always proceeds on a basis of particular mathematical functions, 
which in the present context, may be regarded as no more than a set of standard 
shapes. For most experimental purposes, orthogonal polynomials (Fig. 2) afford the 
most useful set (Milne, 1949; Davies, 1958; Buckingham, 1962).

The curves in Fig. 2 were constructed from tables of orthogonal polynomials 
(Fisher & Yates, 1957). These give ordinate values of the polynomial at a specified
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F i g . 2. Orthogonal polynomials. In each diagram, Pj(v) is  plotted against a set o f e q u a lly  s p a c e d
abscissa values, v0, v2..........vn, the same set being used in all six diagrams. Each set o f points
represents a fundamental curve shape, whose general characteristics are indicated by the line 
which joins them.

number of points, equally spaced on a generalized abscissa scale (“v” in this paper); 
for example, one such table gives Pj(v) for 12 equally spaced values of v. For any 
given polynomial, the number of points varies from table to table and, in the present 
case, Fig. 2 was constructed from “ 15 point polynomials”.

We can now reveal that the three curves in Fig. lb were obtained by using 
coefficients (p0, px and p2) to adjust the scale of the curves, P0(v), Pi(v) and P2(v), in 
Fig. 2. Thus,

A0(v) =  p0Pu(v), Aj(v) =  PjPjCv) and A2(v) =  p2P2(v)
so that

f(v) =  PoPo(v) +  PiPi(v) +  p2P2(v) ...........................(3)

The shape of f(v) is thus determined by the magnitudes of coefficients p0, px and 
p2: if f(v) were more curved, p2 would be greater, whilst if it possessed no overall 
slope, pj would be zero.

(c) Calculation of coefficients
Calculation of the mathematical components of f(v) is greatly simplified by the use 

of polynomials, which are orthogonal. Thus, to obtain coefficients of 12 point 
polynomials for the curve in Fig. la, it is only necessary to:

(i) note the ordinate values of f(v) at 12 equally spaced points on the abscissa (v).
(ii) multiply each ordinate value by the appropriate integer in the Table of ortho

gonal polynomials (Fisher & Yates, 1957, see Table 1) (the first ordinate value times 
the first integer in the Table, the second ordinate value times the second integer in 
the Table, and so on).

(iii) sum the products obtained in (ii) and then divide by the normalizing factor, 
given at the bottom of the Table (and in brackets in Table 1).

Such a calculation is set out in Table 1, wherein the data (used to plot Fig. la) 
appears in the first two columns, 12 point polynomials in the next four columns and 
the necessary products in the last four columns.

Each product is obtained by multiplying the value of f(v) in the same row by the 
appropriate value of the polynomial, also in the same row. For example, in the 
first row, the product, —40-15, is equal to 3-65 x  (—11).

In clarifying the arithmetic, Table 1 gives a false impression of the real arithmetical 
labour. An electric desk calculator, which is suitable for statistical work, sums the 
products automatically, whilst with a desk top computer, values of the orthogonal 
polynomials can often form part of the program, in which case, it is only necessary
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for the operator to insert the correct program and enter the values of f(v) in numerical 
order.

Table 1. Calculation of orthogonal polynomial coefficients.

Data Orthogonal Polynomials Froducts

V f(v) P»(v) Pi(v) P2(v) P3(v) f(v)P0(v) f(v)Pdv) f(v)P2(v) f(v)P3(v)
0-25 3-65 +  1 — 11 +  55 — 33 +  3-65 — 40-15 +  200-75 — 120-45
0-50 3-15 +  1 — 9 +  25 +  3 +  3-15 — 28-: 5 +  78-75 +  9-45
0-75 2-71 +  1 — 7 +  1 +  21 +  2-71 — 1847 +  2-71 +  56-91
1-00 2-33 +  1 — 5 — 17 +  25 +  2-33 — 11 + 5 -39 -61 +  58-25
1-25 201 +  1 — 3 — 29 +  19 +  2-01 — 6-C3 — 58-29 +  38-19
1-50 1-75 +  1 — 1 — 35 +  7 +  1-75 — 1-75 — 61-25 +  12-25
1-75 1-55 +  1 +  1 — 35 — 7 +  1-55 +  1-55 — 54-25 —  10-85
200 1-41 +  1 +  3 —29 —19 + 1-41 +  4-23 —40-89 —26-79
2-25 1-33 +  1 +  5 —17 —25 +  1-33 +  6-65 —22-61 —33-25
2-50 1 -31 +  1 4-7 +  1 —21 +  1-31 + 9-17 +  1-31 —27-51
2-75 1-35 +  1 +  9 +  25 —3 + 1-35 +  12-15 +  33-75 —4-05
300 1-45 +  1 -11 +  55 +  33 +  1-45 +  15-95 +  79-75 +  47-85

(12) (572) (12,012) (5148)

Sums o f products
Orthogonal polynomial coefficients

+  24-00 
200

—57-20 
—0-10

+  120-12 
+  0-01

0-00
0-00

From the coefficients at the bottom of Table 1, the curve in F.g. la  evidently con
tains constant (P0), linear (Pj) and quadratic (P2) components but no cubic (P3) 
component.

The values of f(v), used to plot the curve in Fig. la and provide data for Table 1, 
were deliberately chosen to obtain an exact fit from equation '3). Thus, on sub
stituting the above coefficients, equation (3) becomes 
for v =  0-25,

[(2-00) X (+1)] +  [(-0 -1 0 ) X (-1 1 )] +  [(+0+1) X ( +  55)] =  3-65 =  f(0-25) 

for v =  0-50,
[(2+0) x  (+1)] +  [(-0 -1 0 ) x  ( -9 ) ]  +  [(+0-01) X (+25)] =  3-15 =  f(0-50) 

for v =  0-75,
[(2+0) x  (+1)] +  [(-0 -1 0 ) X ( -7 ) ]  +  [(+ 0 + 1 ) x  ( +1)] =  2-71 =  f(0-75)

For each abscissa point, these expressions calculate the values of A0(v), A,(v) and 
A,(v) in Fig. lb and sum them to obtain the corresponding value of f(v) in Fig. la. 
Such an exact fit is most unlikely to occur in practice and, if fiV were derived from 
experiment, observational errors would almost certainly lead to a non-zero value of 
p3. Hence, some coefficients are devoid of statistical significance (Davies, 1958).

(d) Simplicity of calculation
From the above example, it is evident that, if measurements are equally spaced 

on the abscissa scale, it is very easy to specify the shape of an experimental curve by 
calculating one or more orthogonal polynomial coefficients. In other words, it is 
very easy to extract most of the information, contained in an experimental function.

D I G I T A L  F I L T E R I N G

With increased availability of computers, the need to extract more information 
from instrumental techniques has been increasingly recognized (Fenwick, 1932; Gran,
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1952; Feates & Ives, 1956; Sternberg, Stillo & others, 1960; Jones, Seshadri & others, 
1963; Katakis, 1965; Fraser & Suzuki, 1966; Wernimont, 1967; Westerberg, 1969; 
Anderson, Gibb & Littlewood, 1970).

The present paper follows earlier work (Glenn, 1963; Glenn, 1967; Agwu & Glenn, 
1967) in using a technique, more recently known as digital filtering (Blackburn, 1969) 
which is no more than a computer analogue of the communication engineer’s well 
known technique of electrical filtering. In digital filtering, electrical filters are 
replaced by the arithmetic of curve fitting, but, as we shall argue below, digital filters 
should not be restricted to the usual objectives of curve fitting, for in the hands of 
communications engineers, electrical filters have been used with greater imagination!

The aim o f filtering, whether electrical or digital, is to reject some part o f the 
experimental function and so obtain a more reliable and useful conclusion. A pertinent 
analogy would concern a communications engineer asked to measure the intensity of 
sound emitted by a whistle, when blown at a busy traffic junction during the rush 
hour. In these circumstances, a huge positive error would emerge from a straight
forward measurement of the gross intensity of sound and so special apparatus would 
be essential.

Fig. 3 shows the kind of apparatus, which would be suitable for a whistle, having 
a fundamental of 4KHz. The microphone and amplifier convert the total sound 
input to a measurable electrical signal, having a complicated waveform (A). This 
signal then passes through a 4KHz filter, when all frequencies which lie outside the 
passband of the filter are absorbed and only a small range of frequencies (B) are 
allowed to reach the A.C. meter. After suitable calibration, the latter would give 
a greatly improved estimate of the desired sound intensity.

Digital filters in the evaluation o f titration curves

(A)

(B)

Fig. 3. Isolation of a s gnal from a noisy background.

The ability of the filter to reject unwanted sound is inversely related to the width 
of its passband; that is, assuming average conditions, wherein the unwanted sound 
is well distributed throughout the frequency range, 0-15 KHz (serious error might, 
however, result from a small boy with a similar whistle!).

The characteristic sound of a whistle resides more in its harmonics than in its 
fundamental frequency. Hence, if the filtered signal were applied to a loudspeaker 
instead of the A.C. meter, a somewhat characterless note would emerge. Neverthe
less, the use of additional filters (at 8KHz, 12KHz and 16KHz) to measure the 
intensity of these ha_monics (and so extract the full character of the whistle) would 
multiply the risk of interference from unwanted sound. In other words, additional 
filters would merely provide additional channels, through which the unwanted sound

N
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could affect the meter. On average, it is unwise to use more than one channel in this 
kind of application.

The above example demonstrates two points:
(1) For some purposes, an experimental function can be adequately represented 

by only one of its mathematical components. This applies to the above example, 
in which the whistle was adequately represented by its 4KHz component. It also 
applies to the present work, wherein the central half of a titration curve is represented 
by just one component, other statistically significant components being unnecessary.

(2) For some purposes, it may be very unwise to represent an experimental function 
by more than one of its mathematical components. This applies to problems of 
background interference, as in the above example and also in spectrophotometric 
analysis (Wright, 1941; Glenn, 1963). Nevertheless, although relevant to the general 
problem of digital filtering, this point does not apply to the present analysis of titration 
curves, wherein the use of one component is a matter of convenience rather than 
necessity.

These two points justify an earlier statement, namely that, despite the use of curve 
fitting arithmetic, the present work is not concerned with curve fitting in the usual sense.

Curve fitting is usually concerned with faithful models of experimental functions 
and is mainly directed towards the elimination of observational error. Such an 
approach is equivalent to a communications engineer’s use of a low pass filter to 
remove high frequency electrical noise, which often represents a high proportion of 
the total error of observation. Nevertheless, electrical filters can be used in other 
ways (p. 185S) and the same is also true of digital filters (or curve fitting arithmetic).

As in earlier work, this paper is concerned with useful working models of experi
mental functions and, in deriving such models, a number of statistically significant 
mathematical components are usually omitted. In consequence, one of our working 
models may differ very greatly from the corresponding faithful model, but this may 
be turned to advantage in some cases (p. 185S) and may constitute no material dis
advantage in others.

In spectrophotometric analysis, the well known “base-line” method (Mulder, 
Spruit & Keuning, 1963) is an apt example of digital filtering, even as a purely graphical 
operation. It extracts the quadratic (P2) component and rejects the constant (P0) and 
linear (P j components of the absorption curve. For assay purposes, the quadratic 
component is a good working model of the compound’s absorption curve.

Information obtainable from the shape of a titration curve
It is common practice to ignore the shape of a titration curve and confine attention 

to one or two abscissa points, such as the equivalence point and pH at half neutralisa
tion, in the case of a monobasic acid. Although the shapes of small segments of a 
titration curve are important to the evaluation of equivalence points by derivative 
methods, the latter can hardly be said to evaluate shape in the present context.

By evaluating the shape of a titration curve, or a substantial segment thereof, we 
take account of more data than hitherto and, therefore expect an improvement, 
either in the quality or quantity of information produced. This is certainly true of a 
derivative method, which takes account of an appreciable segment of the curve 
(Fenwick, 1932). Moreover, in the authors’ experience, the accuracy of a poorly 
defined equivalence point is greatly improved when the derivative is obtained by a



convolution process (Savitzky & Golay, 1964), which spans a reasonably large seg
ment of the curve.

The scope of potentiometric titration is currently limited by the fact that even 
Savitzky & Golay’s approach has difficulty in detecting an equivalence point between 
two stages of neutralization, which are associated with a difference of less than 2 units 
in pKa. Nevertheless, from results obtained in the present work, evaluation of 
orthogonal polynomial coefficients would seem to offer good prospects for tackling 
this kind of difficulty in cases where the two stages can be separately characterized. 
Thus, even in the case c f a mixture of two monobasic acids, which differ by as little 
as 0-5 unit in pKa, the Pj coefficient is still fairly sensitive to the composition of the 
mixture.

By evaluating pt for a substantial segment, it is relatively easy to distinguish 
between the curve of a monobasic acid and a curve which relates to a mixture of 
monobasic acids or to the overlapping stages of a polybasic acid. Such an approach 
may, therefore, be useful to investigations of molecular structure, where knowledge 
of the number of individual acid-base groups in a molecule is not only valuable in 
its own right, but is also essential to the calculation of a molecular weight from a 
titration curve. The same approach may also prove useful to the quality control of 
acid-base solutions, particularly in view of results obtained in the present work.

For quantifying solvent effects, acid-base interactions and association (King, 1965), 
there is much to be said for the use of orthogonal polynomial coefficients, based upon 
a substantial segment of the curve. In this respect, an accurate potentiometric 
titration constitutes a rapid method for detecting and quantifying the non-ideal 
behaviour of an acid-base system (see p. 192S).

When using a given polynomial (e.g. Px) to quantify such effects,

p,(effect) =  p^observed) — p^theoretical)

where p,(effect) is a measure of non-ideal behaviour and p^theoretical) is obtained 
by substituting species concentrations into the appropriate acid-base equation (Ricci, 
1952) and then calculating pl5 as in Table 2.

The present paper is concerned with an initial study of the potentialities of 
orthogonal polynomials in evaluating titration curves. To this end, it is essential,
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Table 2. Theoretical values o f px x  105 for monobasic acids.
[0-25-0-75 neutralization; 12 point polynomial (n =  11)]

pKa 1-0 molar 0-1 molar
1 (or 13) 3222-6 2316-6
2 (or 12) 4010-7 3222-6
3 (or 11) 4190-2 4010-7
4 (or 10) 4211-2 4190-2
5 (or 9) 4213-4 4211-2
6 (or 8) 4213-6 4213-4
7 4213-8 4213-8

Values of p, x 103 :n Table 2 were based on pH’s calculated from the following expression:

[H+l =  Kaf —---- —---- - 'l  where x is the fraction of neutralization,\  xc +  y /
and c, the stoichiometric molarity of acid. For pKa < 6, y =  [H+] and for pKa ^  8, y = 
-[OH-]. For pKa =  7, y = 0. j . ,

Deviation of the pKa from 7 and reduction of concentration both produce a decrease in the 
magnitude of p,.
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not only to choose a suitable function, range of application and number of points, 
but also, to estimate the order of accuracy with which chosen coefficients can be 
measured by normal chemical procedures.

0-2

s(pH)

0-1

0 -2 5  0 -5  0 -75
V

Fig. 4. Monobasic acid titration curve: standard deviation of pH measurement a: different 
fractions of neutralization. •  =  s(pH).

Choice of function and range
The typical weak monobasic acid curve of Fig. 4 provides a useful basis for the 

choice of function and range. Bearing in mind the principles outlined on p. 182S, 
the entire curve, A—E, can be seen to originate mainly from the mathematical com
ponents, P0(v), Pj(v) and P3(v). Moreover, in view of the relation between the shape 
of a monobasic acid curve and the pK of the acid, it is evident that coefficients, p„ 
and p3, are highly dependent upon pK, p0 bearing a substantially linear relationship 
thereto, whilst p3 is a more or less linear function of |pK — pH( ieutrality)[. Apart 
from such high dependence upon pK, there is an added disadvantage that the poorly 
buffered regions, AB and DE, must inevitably provide major contributions to the 
error of the calculated coefficients. Similar objections apply to regions, AB, AC, 
CE and DE, but not to the region, BD, which therefore represents a good choice for 
most purposes. The further decision to assign B to 25 % and D to 75 % neutralization 
throughout the present work reflects a desire for the safety of a well buffered region.

Between 25 and 75 % neutralization, p0 and p, are the only significant coefficients. 
Moreover, the usefulness of p0 in the study of solvent effects is underlined by the fact 
that Ap0 =  ApK for small values of ApK.

The number of points
This part of the discussion refers to a general form of equation (3), namely,

f(v) =  PoP0(v) +  PiPi(v) +  p2P2(v) +  ... +  PnPn(v) . . . . (4)

Perfect representation of a continuous experimental function, such as a titration curve, 
may demand an infinite number of terms in equation (4), in which case, one would
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need to measure f(v) at infinitesimal intervals of v. In practice, however, one can 
never do more than sample the continuous function at a discrete set of abscissa values. 
Thus, in view of restrict.ons, such as the limits of reading a chart or the inevitable 
truncation of a digital output, all experimental variables are granular.

The effect of taking too small a sample is evident from the simple example in 
Fig. 5, wherein two different continuous functions, fj(v) and f2(v) give identical 
values of a given coefficient for the set, (v =  1,3,  5), but two different values of the 
same coefficient for the set, (v =  1, 2, 3, 4, 5). In other words, fx(v) and f2(v) are 
indistinguishable when sampled atv =  1, 3 and 5, this phenomenon being known as 
“aliasing” (Blackburn, 1969).

Digital filters in the evaluation o f titration curves

V
Fig. 5. The number of points.

Sudden fluctuations in f(v), arising from features such as a spike, hump (or step 
in the case of a titration curve), contribute to the coefficients of higher terms in 
equation (4). Moreo\er, the number of terms in (4) is limited to the number of 
points, (n +  1) and so n must always exceed the order of the highest term, which is 
statistically significant (n should, in fact, exceed this lower limit by a comfortable 
margin, in view of the tendency for observational errors to move from lower to higher 
terms as n increases). Hence, in determining the coefficients of lower polynomials, 
an adequate number of points is often a good deal larger than the bare minimum 
required to calculate the coefficient in question (e.g. 2 points for pj).

In comparing coefficients obtained from equivalent segments of different titration 
curves, it is essential *.o adhere to a constant number of points. The latter must, 
therefore, be choser. in the light of that curve which contains the largest fluctuation 
in f(v) within the segment analysed.

An increase in the number of points also affects the reproducibility of the observed 
coefficients and in view of special circumstances, may be shown to reduce the relative 
standard deviation of the Pi coefficient, used throughout the present work.

Substituting pH for f(v) and using s(x) to denote the estimated standard deviation 
of quantity, x, sfpj is approximately equal (Davies, 1958) to s(pH)/Nf, where Nj
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is the normalizing factor for Pj(v); that is, 572 for 12 points. s(pH) refers to the 
observational error of pH measurement, which to validate the expression for s(Pl), 
must be homogeneous over the set of points used to calculate p,. Nevertheless, apart 
from small regions at the start and finish of a monobasic acid titration curve, there 
should be no difficulty in achieving reasonable homogeneity of s(pH), which can only 
depend upon errors in the measurement of pH and v respectively. Of these two 
contributions, the one due to pH measurement should be constant for measurements 
in aqueous solvents which avoid extremes of pH, whilst that due to v should also be 
constant if the curve undergoes no great variation in slope over the segment analysed. 
From the results in Fig. 4, the anticipated good homogeneity of s(pH) was evidently 
achieved over most of the curve for acetic acid, s(pH) at the equivalence point being 
the sole exception.

The present work involved analysis of an approximately linear segment of titration 
curve, spanning about 1 pH, and in these circumstances,

i=n lOOsfnHiNi
Pi <=» s  (i/^PiivO/Nj so that r.s.(p,) s* —--------:----  . .  - - (5)

i=° 2  (i/n)P1(vi)
i = 0

where i =  0, 1, 2 ,. . . . n and r.s. denotes relative standard deviation (or coefficient of 
variation, which term might confuse the reader in present circumstances).

Theoretical values of r.s.fo), obtained by substituting the convenient value, 
s(pH) =  0-01, into the last formula, are shown in Fig. 6. There is evidently a useful 
reduction in r.s.Cpj) to be gained by increasing n, over and above the bare minimum, 
n =  1.

r.s.ip,)

1-0

0 -5

Fig. 6. Relative standard deviation of px and the number of points.

Instrumentation and technique
The preliminary investigation now reported was carried through with a pH meter 

of modest performance and with no more than the usual technique for producing 
titration curves, accurate by present day standards. In consequence, it was only by 
extensive replication that the smaller differences between mean coefficients in Table 3
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achieved significance. Improved instrumentation and technique on the other hand 
might well have reduced the number of replicates required to discriminate a given 
difference.

The accuracy and precision of coefficients depends not only upon operator technique 
but also upon maintenance of a linear pH/e.m.f. relationship of constant slope. 
Furthermore, although electrode standardization must remain constant throughout 
the measurement of a given coefficient, its accuracy is unimportant to the deter
mination of any coefficient other than p0. With a slide wire linearity of 0-01 % and 
ability to discriminate +3-0005 pH, a modern pH meter will achieve these require
ments to within ±0-0005 pH over a range of 1 pH unit, particularly when equipped 
with a single helical potentiometer which eliminates switch contact potentials from 
the slide wire system. In these circumstances, attainment of the desired pH/e.m.f. 
characteristics is effectively determined by the electrode system.

Under the dynamic conditions of an ordinary potentiometric titration, deficiencies 
of the electrode system mainly arise from hysteresis (Beck, Caudle & others, 1963) 
of the glass electrode and from the temperature coefficients of both electrodes. Some 
glass electrodes require a long time to reach the pH of the surrounding solution and 
in a titration of reasonable duration, the observed pH may lag behind the true value 
by as much as 0-05 pH. Moreover, the isothermal condition so necessary to 
meaningful pH measurement is destroyed by the heat of neutralization, which can 
raise the temperature by 1° in the course of titration, so affecting the pH/e.m.f. 
relationship as well as the potentials of reference electrode and inner half-cell of the 
glass electrode. The slope of the pH/e.m.f. relationship also depends upon other 
factors such as the electromotive efficiency (British Standards, 1965) of the glass 
electrode and the efficiency of the guard ring (Parker, 1950) both of which may 
fluctuate from day to day.

The last factors can be remedied by calibration, which for the limited purpose of 
quality control may also reduce the adverse effects of glass electrode hysteresis and 
thermal shifts. For this purpose, bracketing a given titration by titrations of a pure 
reference acid would seem to offer a powerful though laborious calibration procedure. 
For other purposes however, such as the study of solvent effects, it would seem 
advisable to (i) allow adequate time for electrode equilibration; (ii) stabilize both 
temperature and ionic strength and (iii) control factors such as electromotive efficiency 
by calibration with two buffers.

Using a free piston burette, titrant volume can be controlled to a limit (e.g. 0-01 ml 
in 20 ml) equivalent to about 0-0005 pH over the range of neutralization employed 
in the present work. Titrant volumes can be made integral by taking a suitable 
weight of titrand, based on a prior titration to complete neutralization. Coulometric 
generation of titrant would however be more attractive in view of the possibility of 
automating the process in conjunction with a pH meter giving a digital print out.

Experimental procedwes
Organic acids were lab. grade, except for acetic acid (Analytical Reagent). In all 

titrations, 0-5m NaOH aq., contained in a Jencon free piston burette, was added to 
40 milliequivalents of acid in 100 ml of water. Titrant volumes necessary to produce 
12 readings, equally spaced on the abscissa scale, between 0-25 and 0-75 of total 
neutralization, were calculated from a prior titration. pHs were measured on a 
Cambridge Bench Type pH meter (discrimination: approximately 0-01 pH) using

Digital filters in the evaluation o f titration curves
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glass (General Purpose) (British Standard, 1965) and saturated calomel electrodes, 
the temperature compensator being set to lab. temperature (19-6 ±  2°). Each 
titration was completed in about 30 min during which time the reading on m/20 
potassium hydrogen phthalate drifted by less than 0-02 pH, usually toward higher 
values. The electromotive efficiency of the glass electrode, checked with phthalate 
and borate buffers at 2 hourly intervals, was never less than 0-996.

Discussion of results
In Table 3, each block (except c) refers to a set of replicate titrations of a given 

sample of acid, carried through in the course of two or three days. Trends between 
blocks were probably reduced, but not eliminated, by the use of the same glass 
electrode throughout all blocks. In block c, two samples of propionic acid were 
titrated alternately, in order to minimize the effect of trends.

Table 3. Titration o f mono- and di-carboxylic acids: mean values o f orthogonal 
polynomial coefficients (0-25-0-75 neutralization: n — 11) and relative 
standard deviations thereof.

Mean value of coefficient x 10“, 
relative standard deviation, 

degrees of freedom
p K .  --------------------------------------------------------------

Block Acid (25°C) Pi Pa
a Acetic 4-76 4219, 0-59%, 9 

(0-00%)
—

b Propionic 4-88 4136, 0-61%, 9 
(-1-97%)

—

c Propionic j
Fraction I 

L Fraction V

4125, 0-59%, 9 
(—2-23 %) 
4084, 0-83%, 9 
(-3-20%)

—

d Acetic 1 
Propionic J

i Equimolar 
r proportions

4-76 \  
4-88 f 0-12 4162, 1-46%, 8 

(-1-35%)
—

e Oxalic 1-23 \  
4-19 / 2-96

11 090, 0-49 %, 9 
(+163%)

—399, 0-92%, 9

f Malonic 2-84 \  
5-70 / 2-86 12 700, 0-44%, 9 

( +  201%)
—502, 1-30%, 9

g Succinic 4- 19 \
5- 48 /1-29 5874, 0-39%, 7 

( +  39-2%)
19, 21%, 7

The relative standard deviations given in Table 3 for all blocks, other than d, relate 
to variances, which, according to Bartlett’s test, form a homogeneous set whose mean 
corresponds with s(px) =  24-3 X 10~5. This value is approximately equivalent 
(p. 189S) to s(pH) =  0-0058, which is consistent with the equipment and technique 
employed.

To assist comparison, the percentage deviation from the mean value of p; for block 
a is given beneath each mean value of pj in Table 3. Small statistically significant 
differences between means should be regarded with caution in view of possible trends 
between blocks. The difference between means (t =  10-1) for block a and Fraction 
V of block c probably reflects the tendency, in aqueous solution, for acetic acid to 
dimerize to a smaller extent than propionic acid. Thus, whereas acetic acid gave 
reasonable agreement between observed and theoretical values (Table 2), propionic 
acid showed a greater divergence on account of its larger association constant (Nash & 
Monk, 1957).



Differences between the means for blocks a, b and d  are relevant to the distinction 
of mono- from polybasic acids, the pKa difference between acetic and propionic acids 
being less than the theoretical minimum (0-3) for the difference in pKa between 
consecutive stages of a pnlybasic acid. The statistical significance (t =  2-63, <f> =  10) 
for the small difference between mean values of p! for blocks a and d  suggests that in 
view of the much larger ApKa likely to arise between consecutive stages of a polybasic 
acid, a valid distinction would require rather less than the 12 measurements employed 
throughout the present work. The absence of a significant difference between the 
mean values of px for blocks b and d  probably arose from a loss of degrees of freedom 
which resulted from the unusually large variance associated with block d. pj for 
succinic acid, whose titration curve exhibits no noticeable inflexion at the first 
equivalence point, is distinguishable from p, for a monobasic acid on the basis of 
only one titration. For the same acid, p3 is too small for precise determination by 
the equipment and technique of the present work. Oxalic and malonic acids on the 
other hand exhibit P3 coefficients large enough for precise determination.

To obtain some indication of the potentialities of orthogonal function coefficients 
in quality control, a sample of propionic acid was separated into five portions by 
fractional freezing. The first and fifth fractions gave significantly different (t =  3-09) 
mean values of p3 in an experimental design from which trends in experimental 
conditions were virtually eliminated. Moreover, as px for a mixture of two acids of 
similar pKa should be greater than that for either acid alone, the means show the 
anticipated relationship, pj for the first, presumably less pure, fraction being larger 
than that for the fifth fraction.
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C om puter analysis o f the relation between 
tablet strength and com paction pressure

J. M .  N E W T O N , *  G .  R O W L E Y , *  J . T .  F E L L , ' ) '  D .  G  P E A C O C K , )  A N D  K .  R I D G W A Y )  

Lilly Research Centre Ltd., Erl Wood Manor, Windlesham, Surrey, U.K.

The load necessary to fracture lactose monohydrate tablets under 
diametral compression has been determined using an Instron physical 
testing instrument, so that true tensile failure was obtained in all cases, 
leading to improved reproducibility. Four ranges of tablet thickness 
were examined at 12-7 mm diameter. All tablets gave a linear 
increase of breaking load with compaction pressure up to 310 MN/m2. 
Expressing the tablet strength as the breaking load gave a separate 
regression line for each range of tablet thickness, whereas the use of 
tensile strength provided a common regression line, within given 
statistical limits, for all but the lowest range of tablet thickness. The 
fact that such a correlation is possible shows that the tensile strength 
is a property of the “as compacted” material and provides a new and 
useful parameter to maintain constancy of properties when tablet 
size is changed.

Pharmaceutical tablets, when compressed diametrically, as in any of the tablet 
crushing tests normally applied, may fracture in any of the five ways shown in the 
upper part of Fig. 1. Failure by any of the first four mechanisms (a-d) will lead to 
greater variability in the crushing strength measurements than will failure by mech
anism 1 (e). This is purely tensile fracture, giving a straight crack dividing the tablet 
into two semi-circular parts. It occurs only when the force applied to break the tablet 
is carefully controlled: in such circumstances the stress distribution within the tablet 
is calculable (Frocht, 1948) and is as shown in the lower part of Fig. 1. The vertical 
stress component oy varies along the vertical diameter, as does the maximum shear 
stress t . The horizontal stress component ctx, however, is virtually constant along 
the vertical diameter and tends to split the tablet into two equal halves. The value 
of this uniform horizontal stress is, at failure, the ultimate tensile strength of the 
“as compacted” material forming the tablet, and is given by

2P
~  TrDt

where P is the load necessary to cause fracture, D is the tablet diameter and t is its 
thickness.

The various versions of the crushing strength tests have been compared by Ridgway
(1970). To ensure correct load application, it is sometimes necessary to have packing 
pieces between the tablet and the loading platens, and experiment appears to be the 
only method of assessing the nature and quantity of padding required. Recognition 
of tensile failure is, however, readily made by inspection of the tablets after fracture.

* Lilly Research Centre Ltd., Erl Wood Manor, Windlesham, Surrey; t  Pharmacy Department, 
The University, Manchester 13; ) The School of Pharmacy, London University, Brunswick 
Square, London, W.C.l.
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Fig. 1. Failure of tablets subjected to diametral compression:—(a) Compression failure locally 
at the loading points. (6) Failure under local shear at and near the loading points, (e) Failure 
along maximum shear loci when point loading applied. (d ) “Triple-cleft” racture due to transfer 
of load to each half-disc after breakage along the vertical diameter. (») lceal tensile failure.

The lower part of the figure illustrates the stress conditions in a tablet v'hich are present when 
ideal tensile failure occurs.

The tensile stress (ax) on the vertical diameter is constant at 2P/wDt over most of the graph. The 
compressive stress on the same diameter is oy. If ideal point loading was obtained this would 
tend to infinity. The shear stress is r. The tablet material must be eight times stronger in 
compression and six times stronger in shear than it is in tension if the ideal tensile failure is to be 
obtained.

Failure in tension reduces the variability of the breaking load (Fell & Newton, 1970). 
The tensile strength is a fundamental property of the compressed tablet material and 
could, therefore, be a possible parameter for the characterization of tablets of different 
dimensions. Rees & Shotton (1969) showed that the strength of sodium chloride

tablets of different dimensions could be compared by the expression where t0

is the tablet thickness at zero porosity. They suggested that this expression could be 
considered as a “stress” (their inverted commas). It differs from the tensile strength 
defined above only by a multiplying constant, and by the use of the zero porosity 
thickness, which is constant, instead of the actual tablet thickness, which varies with 
the compaction pressure. Thus it neither represents the true stress that is acting, nor 
is it quite proportional to it, though it becomes more closely so as the compaction 
pressure increases. Thus, the use of the tensile strength proper (<7X) appears likely to 
give an improved assessment of tablet strength. Derivation of the basic equation 
for tensile stress assumes that the compacted tablet is homogeneous throughout, 
whereas in fact tablets show an internal distribution of both density (Train, 1956) 
and hardness (Ridgway, Aulton & Rosser, 1971); these facts may limit the range of 
applicability of tensile strength methods.
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MATERIALS AND METHODS

Materials
The powder used was lactose monohydrate B.P. supplied by Whey Products Ltd. 

(Crewe). The particle size distribution was Gaussian, with a median value of 67 p.m 
s.d. 41 /xm, as determined by an Alpine Air-Jet Sieve. The lactose was dried at 90° 
for 24 h and stored over silica gel.

Methods
Tablet preparation. Tablets were made on a Manesty F3 tablet machine instru

mented by four foil strain gauges (Showa Sokki Kenkyusko, Japan, type 2b) con
nected as a bridge on the shank of a 12-7 mm diameter flat-faced upper punch. 
Another four strain gauges were similarly placed on the lower punch holder. The 
output from both bridges was fed into a signal conditioning unit, type MR701 (Data 
Acquisition Ltd., Stockport) and the amplified signal was recorded on a U.V. recorder, 
type 2005 (SE Laboratories (Engineering) Ltd., Feltham), fitted with type B160 moving 
coil galvanometers. The die walls and punch faces were thoroughly cleaned and then 
lubricated with a suspension of magnesium stearate in carbon tetrachloride. Tablets 
were prepared using a range of upper punch pressures at a machine speed setting of 
42 tablets/min, for die fill weights of 0-4, 0-6, 0-8 and 10  g. The mean compaction 
pressure was calculated as the average of the upper and lower punch pressures. The 
weight of each tablet was determined to ±0-0001 g. The diameter and thickness 
were determined to —0-005 mm.

Tablet strength. This was determined by diametral compression on an Instron 
physical testing instrument (Fell & Newton, 1968). The loading rate was 0-1 cm/min. 
No padding was used between the platens and the tablets, and all the tablets fractured 
in the fashion shown in Fig. 1 (e).

ANALYSIS OF RESULTS

For the large number of tablets examined the weight of fill and the compaction 
pressure could not be controlled exactly. The analysis was therefore designed to 
treat each tablet as an individual item. The calculations made enable the following 
tasks to be performed; regression lines are fitted to sets of data, associated in pairs, 
such as tablet breaking load and the corresponding mean compaction pressure Pm. 
The gradient, intercept and confidence ranges are calculated for each regression line. 
These linear regressions can then be compared, two at a time, and the significance 
level of the apparent differences between them determined. Such differences are 
examined in terms of the gradients and intercepts of the lines and of the quality of fit 
of the points to them. Comparison in pairs, although a little unorthodox (a more 
conventional approach would be a multiple regression analysis on all sets of data 
taken together), was preferred because the variations due to different tablet weights 
were expected to be substantial and not necessarily linear. Also this approach 
seemed to offer less difficulty in interpretation, whilst the computer programs* 
produced seemed likely to be of more general future value. The statistical methods 
are not generally presented in the standard textbooks in this form, but the underlying 
principles are well-documented (see, for example, Kendall & Stuart, 1951; Kenny 
& Keeping, 1951; Johnson and Leone, 1964).

* These are generally available through the University of London Descriptive Programme 
Index.
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D I S C U S S I O N

The compaction of 0-4, 0-6, 0-8 and 10 g quantities of lac ose monohydrate at 
mean compaction pressures up to 310 MN/m2 produced tablets with thickness: 
diameter ratios of 0-170-0-224, 0-250-0-330, 0-340-0-466 and 0-440-0-540 respectively. 
Analysis of the results for the relation between tablet breaking load and the mean 
compaction pressure resulted in the regression lines of Fig. 2. Statistical evaluation 
proved that each set of tablet weights yielded a significantly diiferent relation (Table 1). 
Not unexpectedly, the results show that, as the quantity of lactose present increases, 
the breaking load of the tablets compacted with the same mean compaction pressure 
also increases.

Mean compaction pressure (MN m-2)
Fig. 2. Regression lines for the relation between the breaking load P, of the tablets and the 
mean compaction pressure Pm. The equations of the lines, with the res dual variance of the P
values given in parentheses are: 0-4 g tablets------P = 3-29 x 10~7Pm +2-75 (2-00)49 points.
0-6 g tablets------ P =  6-33 x 10-7 Pm -11-57 (0-80)48 points. 0-8 g tablets------ P =  8-49 x
10^7 Pm -19-61 (1-50) 87 points. 10 g tablets--------P =  10-01 x 10~7 Pm -13-73 (2-86) 70
points.

When the breaking loads are converted to tensile strengths, however, a different 
picture (Fig. 3) is obtained. Here the line for 0-4 g tablets is quite distinct from those 
for 0-6, 0-8 and 1-0 g tablets which are closely similar. Two of the differences within 
this set are only significant statistically at the 0 01 % level desp te the 48-87 points 
represented by each line; the third difference is totally insignificant (cf. Table 1). A 
common regression line was calculated for all 205 points from the 0-6 to 1-0 g experi
ments, yielding:

<TX =  0-0098 Pm -  0 33

with residual variance 2-58. It appears from the analysis that over the range of 
tablet weights 0-6 to 1-0 g the tensile strengths of 12-7 mm diameter lactose tablets 
are well correlated with compaction pressure by this common regression. Thus, in 
spite of the possible variation in the distribution of hardness w thin the tablet, the 
resultant tensile strength for the 0-6, 0-8 and 1-0 g tablets is the same, and the tensile 
strength is a linear function of the compaction pressure for all the tablets of these 
quantities studied. One allowance that can be made for the no i-correlation of the
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Mean compaction pressure (MN rr-2)
F i g . 3. Regression lines :'or the relation between the tensile strength ox, of the tablets and the 
mean compaction pressure Pm. The equations of the lines with the residual variance of the <jx
values given in parentheses are: 0-4 g tablets------ ox = 0-0075 Pm — 0 067 (7-57) 49 points.
0-6 g tablets------  ox =  0-0096 Pm — 0-221 (1-30) 48 points. 0-8 g tablets -----  ox =  0-0101
Pm -  0-267 (3-42) 87 points. 10 g tablets--------a* =  0-0096 Pm -  0-192(2-29) 70 points.

Table 1. Statistical comparison of the gradients and intercepts o f the regression lines 
of tablet strength and mean compaction force.

Significance level (as a %) of the hypothesis that the parameters of the regression
lines differ

Regression lines for 
breaking load

Regression lines for 
tensile strength

Regression lines for 
tensile strength 

corrected for voidageTablets
weight

compared
0-4:0-6 
0-4:0-8 
0-4:10 
0-6:0-8 
0-6:10 
0-8:10

Gradient
<0-01
<0-01
<0-01
<0-01
<0-01

0-2

Intercept Gradient
0-01 

<0-01 
<0 01 

8-5 
97 
10-8

Intercept

35
22-25
84-86

Gradient
0-01
0-01
0-01
5*

99
7

Intercept

34*
26

93-94

* Thus for example the gradients of the estimated regression lines for the tensile strengths, 
corrected for voidage. of 0-6 and 0-8 g tablets differ marginally, the difference being statistically 
significant at the 5 % level. On the hypothesis that the true gradients are identical, the intercepts 
differ only at a 34% significance level, i.e. negligibly.
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Fig. 4. Regression lines for the relation between the tensile strength, corrected for voidage 
(ax)c, of the tablets, and the mean compaction pressure Pm. The equations of the lines, with the
residual variance of the ( a x ) c  values given in parentheses are: 0-4 g tablets------ (crx)c =  0 0077
Pm + 0-0018 (8-89) 49 points. 0-6 g tablets------ (ctx)c =  0-0100 Pm — 0-159 (1-28) 48 points.
0-8 g tablets----- (ax)c =  0-0106 Pm — 0-218 (3-90) 85 points. 1-0 g tablets---------- (<jx)c =
0-0100 Pm — 0-13 (2-75) 70 points.

0-4 g tablets is to correct for the voidage. Since the fraction of the cross-sectional 
area occupied by solid is (1 — e), where e is the fractional voidage, the tensile strength

2P
corrected for voidage will be ------—------ -. The regression lines of this quantity

7rDt (1 — e)
upon the mean compaction pressure are given in Fig. 4 where the line for the 0-4 g 
tablets is still distinct from that for the other three weights. This is confirmed by 
calculation (Table 1). However, the above correction for a voidage effect is only an 
average correction that cannot allow for local differences in voidage. The 0-4 g 
tablets have the highest surface to volume ratio and hence are subjected to greater 
surface friction and shearing during compaction. Rees & Shotton (1969) reported 
that for short compacts, relatively large deviations from the relation between com
paction pressure and breaking “stress” occurred, particularly at higher pressures. 
The deviations, as in the present case, resulted in lower values of tablet strength than 
would have been expected by comparison with the thicker tablets. It is also note
worthy that the residual variance in the correlation on a tensile strength basis for 
0-4 g tablets is greater than it is on a breaking load basis (7-57 as compared with
2-00). The thinner tablets are thus intrinsically more variable: this may be due to 
maldistribution of powder within the die, which is more likely to occur where the 
amount of powder fill is small.



The practical significance of the present work is in the preparation of tablets of 
different dimensions from the same formulation. If the tablets are compacted to give 
the same crushing force, in kg, on the testing machine, different compaction pressures 
will be required and their true strengths will be different, as will their friability resist
ance and disintegration time. Compaction to the same tensile strength will provide 
tablets of more nearly identical properties. Because of the common regression line, 
tablets of the same tensile strength can be prepared by ensuring that the same mean 
compaction pressure is applied, provided that the frictional effects are not so great 
that deviations from the common regression line occur. Linking the present findings 
with the correlation c f the tensile strength of mixed component tablets reported by 
Fell & Newton (1970), the manufacture of tablets c f known strengths containing 
different ingredients and of different dimensions becomes a feasible proposition.
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The application of photoelastic techniques 
to a rotary tabletting machine

K . R ID G W A Y  A N D  P . H . R O SSE R

Department of Pharmaceutics, The School of Pharmacy, University of London, 
Brunswick Square, London, W C \N  1 AX, U.K.

Powders have been compacted on a rotary tabletting machine, using 
a Perspex die mounted above the die table, with an extended lower 
punch and a shortened upper punch. By high speed cine photo
graphy in polarized light, the fringes due to the radial stress in the die 
wall were recorded during compaction. At the same time, the upper 
and lower punch forces were monitored by instrumented pressure 
rollers coupled to a recording oscilloscope. The total information 
thus obtained was sufficient to enable compression cycles to be 
determined for the first time on a rotary machine.

Much fundamental work on the compaction of powders has been carried out since 
the development of the instrumented single punch tablet machine, and most of the 
available data relate to such machines, or to compression in a hydraulic press. 
Shlanta & Milosovitch (1964) pointed out that non-equilibrium data alone have 
physical meaning and relevance to tablet production, where the compaction process 
is much more rapid. Because of this commonly recognized fact, various workers 
have instrumented rotary tabletting machines to obtain data at normal operating 
speeds.

A Manesty type D3 machine was instrumented by Shotton, Deer & Ganderton 
(1963) by bonding strain gauges to the punches. The strain gauge signals were 
transmitted by a radiotelemetric system to the chart recorder. A comparison 
between the applied pressure and the tablet crushing strength was made for rotary 
and single punch machines. The upper and lower punch pressures were much more 
nearly equal in the rotary machine, the lower punch force being the smaller because 
the lower roller was sprung, the upper being rigidly supported. Sodium chloride 
tablets when produced by the rotary machine were stronger than when made by the 
single punch machine at the same mean pressure, but this difference was not found 
with aspirin tablets.

Knoechel, Sperry & others (1967) fitted strain gauges to the compression screws 
interposed between the arm holding the moveable axis of the pressure wheel and the 
spring used to adjust the compression force applied. Deflection measured by the 
gauges was proportional to the force applied to the punch. Modification of one of 
the supporting bolts for the ejection cam allowed the ejection force to be measured. 
The compression force was approximately linearly related to the tablet weight, when 
all other machine settings were held constant. The apparent density of the tablets 
produced increased to an asymptotic value as the compaction force was increased, 
at constant tablet weight. In correlating the physical properties of the tablets with 
the forces applied to them, Knoechel & others (1967) distinguished two types of 
property:

(i) thickness, apparent density, ejection force and compression forces were thought 
to depend on the machine rather than upon the material being compressed.



(ii) hardness, friability, disintegration and dissolution rates varied with compaction 
pressure, but this vacation depended on the material being pressed. These pro
perties were thought to be affected by the formulation at least as much as by the 
compressional forces used in the manufacture of the tablets.

Similar studies have been carried out by Wray (1967, 1969) who improved the 
measurement of the ejection force, finding it to be linear with percentage of added 
lubricant over a narrow range. He confirmed the equality of upper and lower punch 
forces to within about 3 %.

In the work presented here the photo-elastic technique of Ridgway (1966) has been 
developed for use on a Manesty type D3 rotary tablet machine. The axial loads 
applied to the compact were monitored using instrumented compression rolls as 
described by Deer, Ridgway & others (1969) and the radial pressures transmitted to 
the die-wall were determined photoelastically as described by Ridgway (1966). 
Compression cycles were thus obtained for seven substances of pharmaceutical interest. 
These were the same seven used for compression cycle measurement using a Perspex 
die in a static hydraulic press (Ridgway, Glasby & Rosser, 1970). These static 
measurements showed the radial force to be dependent upon the surface hardness of 
the crystals in the die, confirming quantitatively the qualitative suggestion of Higuchi, 
Shimamoto & others (1968) that such a relation appeared to hold. They found that 
the lowest radial pressure was given by lactose and the highest by stearic acid, which 
were the hardest and softest materials which they compressed.

The work done by a punch during compression is J F.dcc where F is the force and 
x  is the distance moved by the punch face. Higuchi, Nelson & Busse (1955) 
measured this force in a single punch tablet machine as a function of punch displace
ment. The area under the curve of displacement against applied load for a 
sulphathiazole granulation then gave the work done. We have been able to make 
similar calculations, and have used the energy input to calculate the expected tem
perature rise for comparison with the results of Travers & Merriman (1970). Their 
method, implanting a thermocouple in a tablet during compression, cannot be 
extended easily for measurements on a rotary machine.

M A T E R I A L S  A N D  M E T H O D S

A Manesty D3 rorary tabletting machine, capable of producing 500 tablets per 
minute in normal operation, was modified to enable the required measurements to 
be made. The general arrangement of the measuring equipment fitted to the machine 
is shown in Fig. 1 (for fuller details of technique and results, cf. Rosser, 1970). 
Fifteen of the stations were blanked off, and the Perspex die fitted at the remaining 
station on the die table with its associated shortened upper punch and lengthened 
lower punch. Brackets were bolted to the machine frame to carry the equipment 
for photoelastic measurement. Light from an Atlas 100 W projector bulb was 
passed through a 10 cm diameter condenser lens, focal length 25 cm, to give a 
parallel beam. This beam then passed through a polaroid filter, a first quarter-wave 
plate, the Perspex die, second quarter-wave plate, analysing polaroid and into the 
camera, a Hycam (Red Lake Laboratories, Inc., California) capable of a framing 
rate of up to 10 000 pictures s_1 on 16 mm film (Ilford Mk V, using a green filter for 
maximum fringe definition).

The die had a lower section which fitted into the die table and was held in position 
by two 4 B.A. screws. The upper section, 57 mm diameter and 32 mm deep, had a

Photoelastic techniques applied to a rotary tablet machine 203 S
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F ig . 1. General arrangement of the apparatus. Light passes through the condenser lens and is 
polarized by the Polaroid filter A. It passes through the die and the second Polaroid B to the 
camera. U pper and lower punch pressures are measured by the instrumented pressure rollers, 
the values being recorded on the oscilloscope or the chart recorder. The camera and oscilloscope 
are triggered by the contact wire, with timing marks being derived from the stroboscope and an 
initiating flash from the flash bulb.

12 mm bore. Two flat surfaces were cut at the front and rear for viewing purposes, 
and a graticule was ruled on the front surface.

The normal pressure rolls were replaced by a pair of the type mentioned earlier 
(Ridgway, Deer & others, 1969). These had two central spokes which deflect 
slightly under load. The original method of using two moire fringe plates to measure 
the deflection, and hence the applied force, was changed; strain gauges were fitted to 
the spokes as they gave greater precision. Four C6-121 foil gauges (Automation 
Industries Ltd., Camberley) were fitted to each pressure wheel. The wheels were 
mounted with their spokes horizontal, and a strain gauge was cemented to the upper 
and lower side of each spoke. By suitably connecting the four gauges into a 
Wheatstone bridge network, it was possible to make the assembly respond only to 
forces in the vertical direction, horizontal forces and twisting couples exerted on the 
wheel giving changes in the gauges which cancelled out.

The bridge output was fed to a differential D.C. amplifier (ZLD 2U. RC silicon 
integrated circuit, Ferranti Ltd.) and could be recorded by a Tektronix type 564 
double-beam storage oscilloscope. The wheels and force-measuring equipment were 
calibrated by pressing in a hydraulic press along with a standardized load pillar of 
known characteristics.

For a tabletting run, in addition to the camera and the oscilloscope, a stroboscope 
(1209B, Dawe Instruments Ltd.) was operated so that it flashed light at 6000 flashes/ 
min through a mirror to one part of the camera field of view, and also sent an 
electrical pulse at the same time to the second channel of the oscilloscope. This 
synchronizes the time for film and oscilloscope, and also gives a time interval cali
bration. As the die comes round to the compression station, it makes an electrical 
contact which fires a flash bulb as well as triggering the single sweep of the oscilloscope. 
The starting instant of the oscilloscope sweep can thus be correlated with the 
light flash appearing on the film. The filming speed was usually 1000 frames s-1.

The net result of the technique is that a photographic record of the fringe pattern 
in the die wall during a compression is obtained, the film carrying markers which 
enable each frame to be calibrated for time and correlated exactly with the oscilloscope 
deflection which measures the tabletting force applied. Normally about 20 separate



frames during a compression were enlarged and printed for scrutiny. The calibration 
factor between radial load and the number of fringes obtained was determined by 
compression of a rubber plug which gives a hydrostatic pressure distribution under 
applied punch pressure. Punch displacement during a compression could also be 
obtained from the film or from a large scale drawing of the pressure roll and punch 
head profiles.

Weighed amounts of powder were loaded by hand into the die, since the feed frame 
had to be removed as it would have fouled the Perspex die. Ejection force was not 
measured because (a) the tablet was gripped more firmly for a given residual stress 
than it would have been in a steel die, because of the yielding of the wall and (b) the 
die was held in position by two small screws fitting into tapped holes in the die base, 
and the strength of these fixings was only just adequate to withstand the greater 
ejection force.
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RESULTS AND DISCUSSION

Since the major remaining difference in compaction conditions between the present 
work and normal industrial practice is that the die is made of Perspex instead of steel, 
two sets of aspirin tablets were made at a range of compaction pressures in two dies 
of the same diameter, cne steel and the other Perspex. Their diametral crushing 
strengths are shown in Fig. 2. Tablets made in the Perspex die are some 30% 
stronger on average than those of the tablets made in the steel die. This is because 
the wall of the Perspex die yields more than that of the steel die; this allows more 
shear to occur, which increases the tablet strength. The important point for the 
purpose of the present work is that it does not appear that compaction in Perspex

Fig . 2. Crushing load for aspirin tablets as a function of applied compaction pressure 
O tablets made in Perspex die. •  tablets made in steel die.
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F ig . 3. Upper punch force as a function of lower punch force for a number o f substances: 
O aspirin, •  hexamine, A sucrose, A  urea, □  salicylamide, B  sodium chloride.

is fundamentally different from compaction in steel, so that photoelastically-obtained 
results should be valid generally.

In Fig. 3 the experimentally-determined relation between upper and lower punch 
load is plotted for seven substances. From elementary statics, upper and lower 
punch forces should be equal. The only force which has a vertical component, other 
than those applied by the punches, is the shear between the tablet and the die wall, 
and even this should be fairly small. Indeed, for loading equally from top and bottom, 
it should be zero by symmetry. Inequality of upper and lower punch forces is thus

F ig . 4. Applied pressure, radial pressure and punch displacement as a function of time as 
derived from the photographic and electrical records. O punch load, •  racial pressure, A punch 
displacement.
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F ig . 5. Pressure cycles, derived from plots of the type shown :n Fig. 4, for seven substances.

caused by dynamic factors, is probably machine-dependent, and is relatively un
important. The greatest average difference in this work between upper and lower 
punch forces is 8%, for aspirin, but with no apparent correlation with substance 
properties. Shotton & others (1963) found a 10% difference, but in the opposite 
sense to that found in the present work (on the same machine). It seems certain that 
such force differences are due to different accelerations of the punches, either due to 
one being heavier and therefore more sluggish, or to slight relaxation of the sprung 
lower roller.

A typical result of a compaction run is shown in Fig. 4, where the applied pressure, 
the radial pressure on the die wall, and the punch displacement are shown as a
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function of elapsed time from the zero marked by the flash bulb and the electrical 
contact. All three quantities increase to a maximum and decrease again, the radial 
pressure lagging behind the other two. The curve of punch load is a flat-topped 
parabola, the flatness reflecting the “dwell time” due to the shape of the punch head. 
The applied pressure is above 80% of its peak value for more than a third of the 
compaction event.

If the applied punch load is plotted against the radial force exerted at the same 
instant, pressure cycles may be obtained, and these are shown, for each of the sub
stances examined, in Fig. 5. This method of plotting is due to Long (1960). The 
cycles in Fig. 5 may be compared to those resulting from slow compression in a 
hydraulic press (Ridgway & others, 1969). The chief difference is that in the static 
case, the force transmitted to the die wall is proportional to the hardness of the 
material being compacted, whereas in the rotary machine, no such correlation is 
immediately apparent, and it seems that under fast dynamic loading the racial force 
is more machine-dependent than substance-dependent.

Flowever, some regularities can be seen which do reflect substance properties. 
Sodium and potassium chlorides both have elongated narrow cycles, pointed at the 
upper right extremity, indicating good recovery from the applied stress with a rapid 
deformation under load, as might be expected from an ionic crystal. As soon as the 
punch force decreases, recovery begins because the substance is capable of following 
the stress change applied to it.

The softer substances, aspirin, salicylamide and hexamine, show rounded extremities 
to the cycles. The two latter substances tend to have a horizontal upper contour as 
the punch force is removed, leaving a higher residual radial stress within the die at 
zero axial pressure.

The energy put into the tablet by the compression can be estimated, since the force 
exerted by the punch is known as a function of its instantaneous position. A top 
punch force versus displacement curve is shown in Fig. 6. The area under the upper 
part, up to A, is the work done in compressing the powder into a tablet. The area 
between the line AB and the punch displacement axis is the work done by the tablet

Punch displacement (mm)
Fig. 6. Load applied by the upper punch as a function of punch displacement. The area inside 
the curve is the net work done on the tablet in a compaction. Equal work is done by the lower 
punch.
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on the punch as it is withdrawn, and thus represents elastic recovery. The difference 
between these two quantities is the area of the cycle, and is the net work done on the 
tablet, J F.dx. It is absorbed as particle fracture energy, plastic deformation, cold 
welding, wall shear and friction, and appears as heat. Taking upper and lower 
punch pressures to be equal and opposite, this cycle area is half the total work done 
on the tablet.

The cycle area in Fig. 6 is 2000 kg-mm, which is 2 kg-m or 18-6 Nm =  18-6 J. 
The tablet weight was 0-7 g of Asagran, specific heat 1-8 J/g, so that a temperature 
rise of perhaps 12° would be expected. The net work agrees with the value obtained 
by Higuchi & others (1955) for a sulphadiazole granulation on a single punch machine, 
and the temperature rise agrees with the measurements of Travers & Merriman (1970) 
for Asagran and other materials, also on a single punch machine: values between 
10 and 15a on compression were obtained by these authors.
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The effect of granule shape on bulk density, shear properties and tablet weight variation
K. RIDGWAY, C. LAZARCU AND J. B. SCOTTON
Department of Pharmaceutics, The School of Pharmacy (University o f London), 29/39 
Brunswick Square, London, W C\N  1 AX, U.K.
Two size fractions of a commercial lactose granulation (Thomas Kerfoot & Co. Ltd.) have 
been shape sorted on a vibratory table as described by Ridgway & Rupp (1969). They were
18-22 mesh (710-850 /¿m) and 30-36 mesh (425-500 pm) and when sorted, yielded 13 
fractions varying from about 7-5 to 15 0 in Heywood shape factor. The poured bulk density 
and crater angle of repose were determined for three shape fractions in each size range. 
Figs la and b show the variation of these two parameters with particle shape: some earlier 
results for sand are included for comparison.

A -18*22 granules 
B -30*36 granules C -18*22 sand

A new type of annular shear cell was developed which enabled the granules to be sheared 
under constant volume conditions. This means that the normal force exerted by the granules 
as they attempt to dilate under shear can be measured, as distinct from the more normal 
method of allowing the dilation to occur against a known constant applied load. The upper 
cup was held in an air bearing, and the lower cup was supported by a square array of steel 
strips carrying strain gauges, so that the vertical force exerted either by external loading or by 
the granules, could be measured.

Batches of about 150 tablets were made, from three shape fractions from each size range of 
granules, using an automatically-controlled instrumented Betapress rotary tabletting 
machine (Manesty Machines Ltd.) (Ridgway, Deer & others, 1971). All tablets were made at 
a machine speed of 730 tablets per minute, at which rate it proved possible to collect the 
tablets serially in a long glass tube of suitable diameter. The applied pressure for each tablet 
was determined from a chart record; the tablets were weighed individually, and their thick
nesses measured. It is believed that this is the first time that a one-to-one correlation of such 
measurements has been made.

It was thus possible to analyse the variance in weight due to (a) the variation in punch 
lengths, eccentricity of the pressure rolls etc. in one revolution of the machine, (b) repeated 
compactions of the same pair of punches at one station in the machine and (c) the effect of 
granule size and shape. The intention was to put into a practical context the results obtained 
with shape-sorted sand particles on a hand-operated die simulator (Ridgway & Scotton,
1970).
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Automatic weight-control in a rotary tabletting machine
K. RIDGWAY, J. J. DEER, C. LAZAROU AND P. L. FINLAY
Department o f Pharmaceutics, The School o f Pharmacy (University o f London), 29/39 
Brunswick Square, London, W C \N  I AX, U.K.
A Manesty Betapress 16 station rotary tabletting machine has been fitted with an automatic 
weight control system. With the control system in operation, constancy of tablet we ght is 
maintained in the face of changes in machine operating speed and granule size or shape 
distribution; gradual drift due to wear is also held in check. An adjustable upper and lower 
weight limit can be set, and any tablet falling outside the limits (despite the constar.cy of the 
mean tablet weight) can be directed by a small air-blast onto a rejection chute.

The basis of the system is as follows:
(a) the pressure rolls have been modified by machining cavities in the axles so that piezo

electric load washers (Kistler Ltd., type 903A) can be mounted inside the axle body. As each 
punch head contacts the pressure roll, an electrical pulse is produced from the load washer. 
The pulse voltage is proportional to the pressure applied to the powder in the die by the 
punch.

(b) the pulses are amplified and fed to a discriminator unit. This unit inspects the voltage 
of each pulse. If  it is within the acceptable limits for the tablet being made, nothing is done. 
If  the pulse voltage is too high or too low, a signal is sent to a stepping motor which drives, 
through appropriate gearing, the fill adjusting screw on the machine. This screw sets the level 
to which each punch drops as it passes under the powder feeding frame, and thus the amount 
of powder entering the die. For a pulse which is too large, the screw is raised by one step of 
the stepping motor, so that the amount of powder is reduced. For a pulse which is too small, 
the reverse happens. Thus the machine is kept at and near a preset mean tablet weight.

(c) when a pulse is too high or too low, a signal is also sent to a small rapid-acting solenoid 
valve which controls a compressed-air supply. This signal is sent some four compaction 
events later, at the time when the out-of-specification tablet is just leaving the die table. The 
tablet is deflected by a jet of air so that it enters a chute for reject tablets, separate from the 
chute carrying the bulk of the within-specification tablets. Because the pulse discriminator 
locks onto the operating speed of the machine, change in machine speed makes no difference 
to the efficiency of the rejection system. The high and low levels for rejection can be set by the 
operator.

(d) the amplified pulses are available for recording either by a high-speed u.v. chart 
recorder, or by a storage oscilloscope. Both methods have been used. If  provision is made to 
collect the tablets serially as they come from the machine, it is possible to produce individually 
weighed tablets, with a record of their weight, at the full output rate of the tabletting machine, 
1500 tablets per minute.

(e) the force to eject each tablet has also been monitored and a signal obtained, though 
currently nothing is done with this information.

A number of test runs have been carried out with the system, to determine what the control 
limits are. The ultimate limit is, of course, the quality of the granulation used to feed the 
machine.

The properties of tablets made from direct-compression bases on an automatically controlled 
rotary machine
K. RIDGWAY, C. LAZAROU AND E. E. THORPE
Department o f Pharmaceutics, The School o f Pharmacy, (University o f London) , 29/39 
Brunswick Square, London, W C \N  1 AX, U.K.
Four direct-compression bases, Celutab in the hydrous and the anhydrous form, Emcompress 
special and spray-dried lactose, have been compared with a traditional lactose granulation 
with respect to the initial physical properties of the powder, their tabletting performance and 
the characteristics of the tablets produced. The tablets were made on an automatically- 
controlled instrumented machine, a Manesty Betapress, so that compression force was con
tinuously monitored. The following tablet properties: tensile strength by diametral crushing, 
porosity, weight, coefficient of variation of weight, surface microindentation hardness and



disintegration time were assessed for 180 batches of several hundred tablets. They were 
correlated with changes in compaction pressure, machine speed and tablet thickness.

Tablets were made from each material in three thicknesses: 3, 4 and 5 mm at a constant 
diameter of 12 mm us ng flat-faced punches. At each thickness, compaction pressures of 
approximately 90, 180, 260 and 330 M N  m-2 were used, and at each pressure the tabletting 
machine was run at 700, 1100 and 1500 tablets/min.

Because Emcompress special (calcium dihydrogen phosphate) required a lubricant, 1-5% 
by wt of magnesium stearate was blended in with it, and with the other bases also in order to 
give comparability. In all cases the tap density of the powder was slightly increased by the 
addition of the lubricant. All the materials flowed well, and compressed without any sign of 
capping or difficulty in ejection, except for an initial test on unlubricated Emcompress 
special, when ejection difficulty was experienced.

Weight variation was small for all materials (coefficient of variation about 0-4%) but 
tended to increase with increasing machine speed and with decreasing tablet thickness. At 
the highest speed for 5 mm tablets, there was a great increase in coefficient of variation to 
above 2% due to difficulty in getting the powder to flow into the dies sufficiently freely.

Surface hardness and elasticity were independent of compaction force for all five materials, 
once a sufficient pressure had been applied to make a good tablet (usually 180 M N  m-2). 
The hardness was greater at the centre of the face than at the periphery.

The tensile strength decreased in the order Celutab hydrous, Celutab anhydrous, Emcom
press, spray-dried lactose, lactose granulation. Machine speed had little effect. Plots of 
tensile strength against compaction pressure for lactose, both spray-dried and in granules, 
were linear, as reported by Fell & Newton (1970). This linearity cannot extend indefinitely, of 
course, but it does appear to cover the normal range of compaction pressures.

Mean disintegration times depended upon tablet thickness and upon compaction pressure. 
Celutab dissolved rather than disintegrated, the anhydrous form the more rapidly. Spray- 
dried lactose tablets dissolved to about 40 % of their initial bulk, then fragmented. Emcom
press tablets require a disintegrant and only a few were tested to check that they remained 
unaffected by two hours immersion in water at 37°. Lactose granulation tablets took the same 
time to pass the mesh as did Celutab anhydrous.
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Contribution of slip and Knudsen flow to tablet permeability measurements
W. T. RISPIN, A. B. SELKIRK AND P. W. STONES
School o f  Pharmacy, The Polytechnic, Sunderland, U.K.
A cell was constructed to measure the air permeability of tablets after ejection from the die. 
Measurements were made either by drawing or by blowing dry air through the tablet.

The values of the specific permeability, B„, were found to be a function of the pressure drop 
across the tablet. The permeability equation of Carman and Malherbe (1950), which allows 
for slip flow, includes a pressure dependent term. Using a modified permeability,

B =  e2/k (1 —e)2S02,

Carman’s equation can be written as a quadratic equation in V  B, i.e.,

aB +  V B =  p ,

where a and ¡3 are functions of the experimental variables and atmospheric pressure. The 
terms in B and VB depend upon the contributions of slip and viscous flow respectively. Ignor
ing the slip flow term, B0 can be calculated from B0 =  e(/3/o), suggesting that the correct 
permeability should be obtained from an expression of the form, e(B +  \/B /a). This is a
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function of pressure, but by inserting zero flow conditions at standard atmospheric pressure 
a non-pressure dependent permeability can be calculated, i.e.,

B* =  e(B +  0-2268 x 10-6.CON. \/B), 
where CON is a constant dependent in part upon the Kozeny constant.

Table 1 compares values of B0 and B* and the contribution of slip and viscous flow to B* 
at different flowrates and porosities for lactose tablets. The contribution of slip flow to the 
total flow is of the same order or greater than the contribution of viscous flow. This will lead 
to large errors in calculated values of S0. The error in B0 is sufficiently great at low porosities 
to require the computation of B*.

Table 1

e Bo.1015(m2) B*.10I5(m2) Viscous flow Slip flow
0-1035 0-1141 0-1285 0-0185 0-1100
0-1035 0-132^ 0-1265
0-1686 0-6078 0-6445 0-1924 0-4521
0-1686 0-6889 0-6416
0-2809 5-667 5-731 3-310 2-421
0-2809 5-843 5-736

The authors acknowledge the assistance of Mr. I. Boyd in preparing the computer program.
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The compaction properties of potassium bromide with particular reference to infrared spectro
scopy
K. RIDGWAY AND M. E. AULTON
D e p a r tm e n t  o f  P h a r m a c e u t ic s ,  T h e  S c h o o l  o f  P h a r m a c y  ( U n iv e - s i ty  o f  L o n d o n ) , 29/39, 
B r u n s w ic k  S q u a r e , L o n d o n , W C \ N  1 A X , U .K .

Potassium bromide in a range of particle sizes has been compacted in a vacuum die at various 
applied pressures to produce flat discs. The infrared transmittance of the discs has been 
measured and related to the compaction mechanism.

The material used was potassium bromide (Analar grade: B.D.H. Ltd.). It was milled, and 
the following size ranges (fim) were prepared by sieving: 53-90 (mean 71), 90-140 (mean 110), 
355-420 (mean 388) and 500 -600 (mean 550). All of these fractions were then used to make 
flat discs or tablets, 13 mm diameter, in a vacuum die. Compaction pressure was applied 
and measured by a small calibrated hydraulic press; the pressure range covered was 100- 
1000 M N  rrr2. The infrared transmittance of each disc was determined on a Pye SP100 
spectrophotometer, and its tensile strength was measured by diametral compression 
using the apparatus of Shotton & Ganderton (1960).

Lambert’s law was obeyed by all the discs: plots of log (absorbance) against thickness were 
straight lines, plotting at constant compaction pressure. All the lines had the same slope, with 
the exception of the thinnest tablets at the largest particle size, where the thickness was only 
one or two particle diameters.

Over practically the whole pressure range, the 110 p m  material gave higher transmittance. 
The 71, 388 and 550 p m  particle sizes all scattered a greater proportion of the incident 
radiation. At any one particle size, the transmittance increased fairly rapidly with increasing 
compaction pressure, usually reaching a maximum at or about 400 M N  m~2. Thereafter, 
there was a slight fall, followed by a less-pronounced rise in the region of 1000 M N  m-2. 
This behaviour reflects the fact that in the initial compaction stages the crystals are being 
forced into contact and welded together: the relative density reaches about 0-99 at 400 M N  
m-2. Additional compaction force introduces flaws into the crystals which act as scattering 
centres for radiation and reduce the transmittance. At 1000 M N  m~2 these tend to heal. This 
is confirmed by the behaviour of the tensile strength of the discs, which also rises, for 0-5 g



tablets made from the 71 p m  material, from 3 M N rrr2 at 100 M N  rrr2 compaction pressure 
to 7-6 at 800 M N  m-2, subsequently falling to 6-9 at 1000 M N m-2. Thicker tablets, weighing 
TO g of the same material, had lower tensile strengths. So also did tablets made from the 
larger particle size material.

It thus seems that at about 110/xm particle size, the initial crystal size is such that inter
granular scattering and flaw scattering are minimized over the whole pressure range at the 
13 mm die diameter used here.
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A stable free radical for the investigation of hydrogen abstraction reactions in aqueous solution
J. C. DEARDEN AND A. O. ODUSINA
S c h o o l  o f  P h a r m a c y ,  L iv e r p o o l  P o ly te c h n ic ,  B y r o m  S t r e e t ,  L iv e r p o o l  L 3  3 A F , U .K .

A large number of biological and pharmaceutical reactions involve the abstraction of 
hydrogen, often as a primary step in the reaction sequence. An established method of ex
amining hydrogen abstraction reactions is by use of a hydrogen-deficient, stable free radical, 
such as a,a-diphenyl-/?-picrylhydrazyl (DPPH) (Dearden, 1971). However, the characteristics 
that bestow stability on a free radical generally tend also to bestow water-insolubility; whilst 
certain of the nitroxides are reasonably soluble in water, they are poor hydrogen abstractors.

In a search for a stable water-soluble free radical, we examined a number of ionic deriva
tives of DPPH, and found that the potassium salt of a,a-diphenyl-j8-2,4-dinitro-6-sulpho- 
phenylhydrazyl (DDSH), first prepared by Ikrina & Matevosyan (1962), is reasonably stable 
in aqueous solution, ar.d abstracts hydrogen readily from -O H, -N H 2 and > N H  groups, but 
not in general from -COOH. We prepared the radical by sulphonation and subsequent 
nitration of p-chloronitrobenzene, followed by reaction with 2,2-diphenyIhydrazine; treat
ment with lead dioxide then gave the free radical, which is deep purple in solution. The 
stability of DDSH in Clark and Lubs phosphate buffer is as follows:

% decrease in absorbance
pH (525 nm)
5-6 0-7
6-5 0-6
7-4 0-8
8-6 M
9-8 1-9

These stabilities can be increased appreciably by de-gassing. The radical appears to be stable 
indefinitely in the solid form. The kinetics of hydrogen abstraction may be followed by either
u.v. or e.s.r. spectroscopy. In the former case, a correction must be applied for absorption by 
the corresponding hydrazine formed as hydrogen abstraction proceeds, and a computer 
program has been written for this purpose.

We have so far investigated hydrogen abstraction from amino-acids and dipeptides in 
Clark and Lubs phosphate buffer (pH 7 -4 ) , and have obtained the following results: 
Glycine, k =  0 -0 0 4 8  !mol-1s-1; L-alanine, k =  0 -0 0 2 5  1 mol-1s-1; L-proline, k =  0 -0 1 5  
Imol-1s_1; glycylglyc;ne, k =  0 -0 3 1  l2 mol-2s-1; L-alanylglycine, k =  0 -0 1 1  l2 mol 2s 
glycyl-L-alanine, k =  0 -0 2 4  l2 moC2s_1; glycyl-L-proline, 0 -0 2 3  l.moT's-1; L-alanyl-L-proline, 
0 -0 1 3  1 mol-1s-1. The ra:e constants are clearly sensitive to changes in molecular structure, 
and may thus be explained in terms of electronic and steric effects within a molecule. In 
addition to its role in studies of reaction mechanisms, DDSH can also be used in quantitative 
analysis of pharmaceuticals (Papariello & Janish, 1 9 6 5 ).
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The effect of pH on the aerobic degradation of ascorbic acid solutions
A. R. ROGERS AND J. A. YACOMENI
Department o f  Pharmacy, Heriot-W att University, Edinburgh, E H \ 277/, U.K.
The stability of ascorbic acid in aqueous solution at 25° in the presence of excess oxygen has 
been studied in citric acid—phosphate buffer solutions in the pH range 2-2 to 7-0. The residual 
ascorbic acid was determined by potentiometric titration with ceric ammonium sulphate in the 
presence of iodide. At each pH, the logarithm of the concentration (C) of ascorbic acid is a 
rectilinear function of time, and the standard errors are about 2-5% of the regression co
efficients. The degradation rate shows a maximum near pH 4 and a minimum near pH 5-6.

Finholt & others (1963) reported that the maximum rate of anaerobic degradation of 
ascorbic acid at 96° was at pH 4 and attributed this to a 1:1 complex of ascorbic acid mole
cules (A) and hydrogen ascorbate ions (A- ) which would bepresentat a higher concentration 
near pH 4  than at any other pH. Kassem & others (1969) found that both on storage at 50° 
and during autoclaving, the maximum loss was at pH 4 and the mirnmum loss at pH 6-5, but 
they gave no explanation.

C =  [A] +  [A-] +  [A2-] +  2[A. A“] =  5-66 X 10“3 m 
K, =  [H+][A-]/[A] =  9-16 x 10“5 m  K, =  [H+][A2-]/[A-] =  4-57 x  I0~12 m

A +  A— A A -  K - [ A A "]1 - A . A  Ks [Aj A_j

The degradation rate has been found to depend mainly on the concentrations of the charged 
species A- , A2- and A .A - , thus:

-d C /d t =  kC =  kj[A-] +  k2[A2-] +  k,[A.A-]

The first-order rate constants k,, k2 and k3 contain the concentration cf oxygen, which is a 
constant at constant temperature. The anaerobic breakdown of ascorbic acid is very slow 
at 25° and it can be ignored in the presence of excess of oxygen (Yacomeni, 1968).

It has been found that the experimental pH-rate profile is matched quite closely with the 
following values for the stability constant of the complex and for the rate constants:

K s =  500 Iitre/mol
ki =  5-7 X 10-6 s-1 k2 =  1-7 s“1 k3 =  7-4 x  lO"5 s“1

If a preparation of ascorbic acid develops acidity on storage and if its initial pH is in the 
range 5 to 5-6, the rate of degradation will increase as the pH falls. An initial pH in the range
5-6 to 6 is recommended.

The authors thank Heriot-Watt University for the award of a scholarship to one of us 
(J.A.Y.).
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The effect of the pore size of the inhaler support upon the concentration of volatile drug emerging 
in the air stream from a nasal inhaler
P. A. M. ARMSTRONG, J. E. CARLESS AND R. P. ENEVER
Department o f  Pharmacy, Chelsea College ( University o f  London), Manresa Road, London, 
S .W .3, U.K.
An investigation of the physico-chemical factors influencing the release of a volatile drug 
from a nasal inhaler (Armstrong, Carless & Enever, 1970, 1971) indicated that the pore size 
of the inhaler support into which the drug is impregnated may affect the concentration of the 
drug in the emergent airstream.

The phenomenon has been studied by using sintered glass plugs (7 mm diameter by 25 mm 
long) ranging in maximum pore diameter from 60 to 240 /xm, in place of the inhaler support. 
Methylamphetamine (0-1 ml) was impregnated into the plugs and, using an air flow rate of



0-95 litre min-1, the concentration of drug emerging from an inhaler system was determined 
over the temperature range of 15 to 35°.

The results for two of the glass plugs are shown in Fig. 1 in the form of a graph of logarithm 
of drug concentration v.y reciprocal of absolute temperature. It can be seen that, the smaller 
the maximum pore diameter, the lower the concentration of drug in the air stream.

Vapour pressure values have been derived from the concentrations of methylamphetamine 
at 25° for the various sintered glass plugs. Fig. 2 shows the plot of logarithm of derived vapour 
pressure against reciprocal of maximum pore radius is a shallow curve rather than the straight 
line that would be expected if the Kelvin equation were obeyed (Gregg, 1961).

science communications, J. Pharm. Pharmac., 1971, 23, Suppl., 219 S 219 S

Fig. 1. Log concentration of methylamphetamine plotted against reciprocal absolute tem
perature. Maximum pore diameters O 206^m, V 109/itn.

Fig. 2. Log derived vapcur pressure of methylamphetamine at 25° plotted against reciprocal pore 
radius.
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The sorption of benzocaine by nylon 6 (polycaprolactam)
N. E. RICHARDSON AND B. J. MEAKIN
Pharmaceutics Group, School o f  Pharmacy, University o f  Bath, Claverton Down, Bath BA2 
1 A Y , U.K.
The sorption of drugs and formulatory adjuvants by plastics can present considerable 
problems when these materials are used as packaging media. These problems are aggravated 
by the lack of specific information regarding the individual contributions of the polymer resin 
and additives such as plasticizers and stabilizers to the product-plastics interaction. Here we 
report preliminary findings on the interaction of benzocaine in aqueous solution with pure 
nylon 6 (polycaprolactam) resin.

Powdered nylon 6 (specific surface by krypton adsorption, 7-0 m2g-1) was prepared from 
nylon chips by a precipitation process. Infrared spectra were consistent with the a form of 
nylon 6 containing very little monomer. Sorption was determined by shaking the pov/der with 
standard benzocaine solutions for one hour at a constant temperature and assaying the 
supernatant spectrophotometrically.

Uptake of benzocaine by powdered nylon 6  is rapid reaching equilibrium in less than 3 0  
min and follows a Cx type partition isotherm (Giles, MacEwan & others, 1 9 6 0 ) which is linear 
over the concentration range studied ( 0 - 6  x  1 0 -3 m ). No plateau was observed. A  similar 
result was obtained for benzoic acid. This contrasts with the finding of Kapadia, Guess & 
Autian ( 1 9 6 4 )  who reported that the sorption of benzoic acid by commercial nylon 6 1 0  film 
followed a Langmuir isotherm.

The Cj isotherms may be described by the expression, Cn =  KCW, where Cn is the uptake 
by nylon (mol kg-1), Cw is the molar concentration in the aqueous phase at equilibrium and K 
is the equilibrium constant which characterizes the extent of adsorption for the system.

For benzocaine in water at 30°, K =  1-94 x  103 which increases to 2-53 X  103 in the 
presence of 0 -5 m  potassium chloride. K values also vary with temperature and pH.

K decreases with increase in temperature and a plot of log K against l/T abS is linear, 
leading to a value of —12-3 KJ mol-1 for the standard enthalpy of adsorption.

K values determined in buffer at ionic strength 0 -5 m  and 30° show :hat benzocaine is only 
slightly adsorbed at very acid pH (0-69) but as the pH is increased sorption becomes more 
extensive, rising to a maximum around pH 5 and thereafter remaining constant. The extra
polated K value of 1-40 x  103 at the pKa value for benzocaine in 0 -5 m  KC1 (2-5) where the 
drug is 50% ionized is almost exactly midway between the maximum and minimum K values, 
2-54 x  103 and 0-2 x  103 respectively.

These results are consistent with the adsorption of a monofunctional solute by a polymeric 
substrate containing regions of varying crystallinity. It seems likely that principal interaction 
sites are the amide groups of the polymer which probably form weak hydrogen bonds with 
the amino group of the free benzocaine base.

REFERENCES
G i l e s , C. H., M a c E w a n , T. H., N a k h w a , S. N. & S m i t h , D. (1960). J  chem. Soc., 3973-3993. 
K a p a d i a , A. J., G u e s s , W. L. & A u t i a n , J. (1964). J. pharm. Sci., 53, 18-35.

In  v itro  and in  vivo  studies of the metabolism of phenylbutazone in the alloxan rat and rabbit
R. M. DAJANI AND S. E. SAHEB
Department o f  Pharmacy: School o f  Pharmacy, A.U.B., Beirut, Lebanon
In in vitro experiments, liver microsomal preparations of normal and alloxan diabetic rats 
and rabbits were incubated with phenylbutazone in the presence and absence of appropriate 
cofactors. These preparations were then assayed for unchanged drug and its metabolites at 
different intervals. In some of these experiments, preformed NADPH and/or a generating 
system for it were also incorporated in the incubation milieu. In separate experiments 
microsomal preparations from diabetic animals pretreated with insulin were similarly used.

In in vivo experiments the drug was administered to the normal and diabetic animals. 
Urine was collected periodically and analysed for unchanged drug and its metabolites. The



level of these substances was concurrently determined in the blood. Moreover, the above 
mentioned determinations were extended to urine and blood samples obtained from animals 
treated with insulin.

The results of the in vitro and in vivo experiments indicated that there is a significant 
difference in the rate of phenylbutazone metabolism in the normal and alloxan diabetic rats 
and rabbits, being slower in the alloxan-treated group. Because NADPH is involved in drug 
metabolism by microsomes it was speculated that the nucleotide may be deficient in the 
diabetic anaimals. To probe this possibility a specific micro assay procedure for NADPH in 
biological material was developed and applied to livers of normal and alloxan diabetic 
animals. The results indicated a very sharp drop in hepatic NADPH in the latter group as 
compared to the controls.
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Metabolism of 5,8,11,14-eicosatetraynoic acid in the rat
J. B. STENLAKE, A. J. TAYLOR AND RICHARD TEMPLETON
Drug Metabolism Unit, Department o f  Pharmaceutical Chemistry, University o f  Strathclyde, 
Glasgow, C. 1, U.K.
Administration of 5,8,11,14-eicosatetraynoic acid (I) (2g/day for 3 to 4 months) to patients 
suffering from acne decreased sebum production by up to 40% over control values (Strauss, 
Pochi & Whitman, 1967), indicating a potential use as an anti-acne agent. The metabolism of 
this compound is not known, but the disubstituted acetylene group in a number of drugs is 
apparently biologically stable.

CH3(CH2)1C = C C H 2C ^ C C H 2C = C C H 2C ^ C (C H 2)3COOH....I 
Intravenous administration (0-7 mg/kg) of A5-6- 14C-I to the rat resulted in an initial rapid 

concentration of radioactivity in the liver (maximum of 40% of dose at 15 min to 1 h). This 
activity was excreted almost exclusively as metabolized drug via the bile to give about 60% of 
the radioactivity in the intestinal contents in 6 h. However it was only after 4 to 5 days that 
this amount of activity was excreted in faeces following i.p. administration of a similar 
quantity of radiolabelfed I. Also, in the bile-duct-cannulated rat about 90% of administered 
activity was secreted in bile in 24 h, while in the intact animal only 40% appeared in faeces and 
3% in urine in 18 h. Thus extensive reabsorption and entrohepatic cycling of this material 
was occurring. Within 5 days of an i.p. injection most of the radioactivity had been excreted 
with 65-68 % in faeces, 8-17 % in urine and 2-3 % expired as 14C 0 2. The latter would indicate 
a minor metabolic route by oxidative attack on the A5“6-acetylene bond, probably following 
initial j9-oxidation. The activity remaining in the body at 5 days (14-22%) was concentrated 
mainly in skeletal muscle (7-7%), skin (4-3%) and fat (3-8%).

Analysis of bile by radio-t.l.c. indicated exclusive incorporation of the radiolabel in phos
pholipids. Hydrolysis released a dicarboxylic fatty acid fraction as the main radioactive area. 
Further analysis indicated the presence of two non-endogenous compounds corresponding 
(by carbon number correlation on g.l.c.) to C-18 and C-16 dicarboxylic acids. In addition, 
examination of urine and faeces also indicated the presence of [14C]dicarboxylic fatty acids. 
The finding of these products would suggest that both ¡3- and oj-oxidative processes are 
important in the metabolism of I. Corroboration of the /3-oxidation pathway was obtained 
from a similar study with 1-14C-I. Within 5 days of an i.p. injection, 40% of the radioactivity 
was expired as 14COz and the activity secreted in bile was associated mainly with the sterol/bile 
acid fraction, little remaining in the fatty acids.

The authors gratefully acknowledge the gift of radiolabelled 5,8,11,14-eicosatetraynoic acid 
from Roche Products, Lid.
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Metabolism, distribution and excretion of orphenadrine in man
A. H. BECKETT AND FARID KHAN
Department o f  Pharmacy, Chelsea College (University o f  London), Manresa Road, London, 
S.fV.3, U.K.
A quantitative g.l.c. method was developed for the routine analysis of orphenadrine in urine 
and blood plasma, and its mono-A'-demethylated metabolite and A-oxide [after reduction 
(Beckett, Mitchard & Shihab, 1971)] in urine.

The total o-tolyl phenyl methyl moiety excreted was determined quantitatively by oxidation, 
with alkaline KMnO„ of the unchanged drug and its metabolites to e-methyl benzophenone 
which was then assayed by g.l.c.

Preliminary investigation showed that the excretion of orphenadrine in urine was depen
dent upon urine output as well as pH. Seven healthy male volunteers were given the drug 
while the urine was maintained at pH 5 ±  0-5 (Beckett & Tucker, 1966) and the intake of 
fluid increased to give a steady urine output (Beckett & Wilkinson, 1965). Under these con
ditions, the reabsorption of orphenadrine and its basic metabolites in the kidney tubules was 
reduced and the fluctuations in the excretion rates of orphenadrine virtually eliminated. Inter 
and intra subject variations were then minimal and therefore the excretion data could be used 
to study the absorption distribution and metabolism of orphenadrine from different prepara
tions and from different routes of administration.

Under these controlled conditions, less than 30% of the drug after an oral dose was ex
creted unchanged while the mono-A'-demcthylated metabolite represented about 5 % and the 
A-oxide about 4 % of the administered dose. The o-tolyl phenyl methyl moiety excreted in the 
urine intact accounted for about 50% of the dose indicating that metabolism involving the 
aromatic rings was a major route for orphenadrine.

Under the controlled conditions, there was a direct relation between concentration of drug 
in plasma and the urinary excretion rates. Urinary excretion data was therefore used to 
propose a three-compartmental mathematical model to describe the kinetics of absorption 
distribution and metabolism of orphenadrine, the validity of which was examined using an 
analogue computer.
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Metabolism and excretion of guanoxan in man
D. B. JACK, J. B. STENLAKE AND RICHARD TEMPLETON
Drug Metabolism Unit, Department o f  Pharmaceutical Chemistry, University o f  Strathclyde, 
Glasgow, C.l, U.K.
Guanoxan, 2-guanidinomethyl-l,4-benzodioxan, is an antihypertensive drug, the metabolism 
of which in man has not been reported. In urine samples (24 h) from 6 hypertensive patients 
receiving guanoxan (20 to 200 mg/day orally) only free guanoxan or 7-hydroxyguanoxan was 
detected. The level of 7-hydroxyguanoxan varied from 12 to 53 % with little correlation with 
administered dose. Only in urine from the patient on the highest dose (200 mg/day) was a 
trace of guanoxan also found. Exceptionally, urine from one severely hypertensive female 
patient (50 mg/day dose) consistently contained no 7-hydroxyguanoxan and only guanoxan 
(39%). In the absence of faeces samples from this patient it is not possible to conclude the 
reason for this difference. Rapid metabolism and excretion, however, was generally 
evident as in the 24 h after an initial dose of guanoxan, up to 43 % was found in the urine as 
free 7-hydroxyguanoxan.

The relation of urinary with faecal excretion was studied in the 24 h excreta from a non
hypertensive male subject following a single oral dose (20 mg). In ur ne no guanoxan was 
detected and 7-hydroxyguanoxan excretion (18%) was complete in 8 h. In faeces, guanoxan 
excretion was low (7-8%) and protracted (over 48 h) while 7-hydroxyguanoxan (4%) was



excreted only in the second 24 h. As the total recovery was only 30 % a further study was made. 
The same subject took guanoxan (20 mg daily) for 7 days and collected excreta during a 24 h 
period following the final dose. A recovery of 59-5% based on one dose was obtained 
and as with hypertensive patients only 7-hydroxyguanoxan (51-5%) was excreted in urine. 
Faecal excretion was again low, the guanoxan concentration falling to 2 % with 7-hydroxy- 
guanoxan at 6%.

Despite the strong basicity of the guanidine group, guanoxan readily crosses body mem
branes and is extensively hydroxylated in the aromatic ring in man. Other work in this 
laboratory has shown guanoxan to be similarly hydroxylated by animal liver preparations. 
There was no indication of conjugation of guanoxan or 7-hydroxyguanoxan and the renal 
rather than biliary clearance of the latter would be anticipated. Although not all of an oral 
dose was accounted for, there was no evidence in excreta for degradation of the guanidine 
moiety of guanoxan. This is in agreement with the generally observed biological stability of 
the guanidine group in non-endogenous compounds, but in contrast to the major route of 
metabolism of guanoxan in the dog (Cañas-Rodriguez, 1966), in which the guanidine group 
underwent transamidination.

The authors gratefu'ly acknowledge the gift of guanoxan and related compounds from 
Pfizer Ltd.
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Interactions between phosphatidylethanolamine monolayers and phenols in relation to anti
bacterial activity
R. C. KAYE AND S. G. PROUDFOOT*
Department of Pharmacology, School of Medicine, Leeds, U.K.
Considerable evidence already exists suggesting that damage to the bacterial cytoplasmic 
membrane occurs in the presence of phenols. This evidence has been reviewed by Proudfoot
(1971). One question has not so far been conclusively answered:—is cytoplasmic membrane 
damage a direct or an indirect effect of phenols? The answer may be sought by determining 
whether phenols affect those molecular interactions which maintain the integrity of the 
cytoplasmic membrane.

To determine whether phenols do so affect lipid-lipid interactions the effects of phenol, 
o-cresol, /7-cresol and 2,6-xylenol on monolayers of phosphatidylethanolamine (obtained from 
E. coli) at the liquid-gas interface have been examined using a film balance technique.

One observed effect of the phenols was a reduction in the total lateral cohesion between 
adjacent phosphatidylethanolamine molecules. For example, a subphase concentration of
4-2 x  1(U3 mol/dm3 phenol was found to reduce the total lateral cohesion of a phosphatidyl
ethanolamine monolayer to the point where desorption of phosphatidylethanolamine mole
cules and disruption of the monolayer occurred at surface pressures greater than 15-2 mN/m.

The relative abilities of four phenols to disrupt monolayers of phosphatidylethanolamine 
was assessed by noting the mean highest surface pressure to which the lipid monolayers 
spread on sub-phases containing 2-1 x 10 3 mol/dm3 of each phenol could be compressed 
before disruption occurred. On this basis, the relative disruptive abilities of phenol, o-cresol, 
p-cresol and 2,6-xylencl were 1-0, 2-0, 2-2 and 3-5 respectively. These values have the same 
order and relative magnitudes as the published phenol coefficients of these chemicals. If 
lipid-lipid interactions contribute to the maintenance of the integrity of the bacterial cyto
plasmic membrane, the experimental observations suggest that phenols are capable of physi
cally impairing this integrity. The observed similarity between the relative disruptive effects 
of the phenols and their phenol coefficients suggests that the antibacterial action of phenols 
involves disorganization of phospholipid molecules present in bacterial cytoplasmic mem
branes.
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Anti-anginal drugs and the vasodilator response to myocardial hypoxia
R. M. WADSWORTH
Department o f  Pharmacology, University o f  Strathclyde, Glasgow, C .l, U.K.
Anti-anginal drugs decrease the work of the heart (Petta & Zaccheo, 1971) and promote the 
formation of a collateral circulation (Russell Rees & Redding, 1969). They may also have a 
beneficial effect on myocardial metabolism (Parratt, 1969). It is possible that their overall 
spectrum of activity is influenced by yet another action—the modification of the normal 
vasodilator response to hypoxia. This could occur with several of the more recently intro
duced anti-anginal drugs, since they have been shown to potentiate the dilator effects of 
adenosine (Raberger & Kraupp, 1971), which itself may be a mediator of physiological 
dilatation (Rubio, Berne & Katori, 1969).

Myocardial blood flow was measured in anaesthetized cats using a heat clearance technique 
(Mclnnes & Parratt, 1969). Vasodilator responses were obtained to reactive hyperaemia, 
systemic hypoxia and by intravenous infusions of adenosine (0-25 mg/kg min). Reactive 
hyperaemia was produced by applying tension to a loose snare round the anterior inter
ventricular artery for 10 or 30 s. After release of the snare, blood flow remained elevated for 
about 2 min. Systematic hypoxia was induced by artificial respiration with 5-10% oxygen in 
nitrogen. It was found that marked increases in blood flow occurred when the arterial p 0 3 
fell below 40 mmHg.

Dipyridamole (1 mg/kg, i.v.) itself produced a shortlasting increase in myocardial blood 
flow, which returned to control levels after 5 min. After dipyridamole, the vasodilator effects 
of adenosine were markedly potentiated. This effect lasted about 45 min. No changes were 
observed in the dilator effects of systemic hypoxia or of reactive hyperaemia.

These results do not support the suggestion that anti-anginal drugs with a dipyridamole
like action would influence the normal vasodilator response to myocardial hypoxia.
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The effects of quazodine on myocardial blood flow in developing myocardial infarcts
J. R. PARRATT AND EILEEN WINSLOW
Department o f  Pharmacology, University o f  Strathclyde, Glasgow, C.l, U.K.
Acute ligation of a major branch of the left coronary artery in dogs markedly decreases local 
blood flow in the area supplied by the ligated vessel; this is partly the result of the conversion 
of the normal local vasodilator effect of adrenaline to vasoconstriction (Grayson, Irvine & 
others, 1968). In cats, the effect of noradrenaline on myocardial blood flow is much reduced 
following coronary artery ligation whereas the effect of isoprenaline is unchanged (Moore & 
Parratt, 1971). Quazodine (MJ 1988; 6,7-dimethoxy-4-ethylquinazoline) which possesses a 
spectrum of pharmacological activity similar to that of the ^-adrenoceptor stimulants and 
the methylxanthines, markedly increases myocardial blood flow and contractility both in dogs 
(Carr, Cooper & others, 1967) and in cats (Parratt & Winslow, 1971) The purpose of this 
study was to determine if these effects were also present in the ischaemic myocardium and in 
the early stages of experimental cardiac failure.

Myocardial blood flow was assessed, in cats anaesthetized with sodium pentobarbitone, by 
a heat clearance technique (Mclnnes & Parratt, 1969). The effects of intravenous infusions of 
quazodine (0-5 mg/kg min-1) on systemic blood pressure, heart rate, cardiac output and 
myocardial blood flow were determined up to 4 h after acute ligation of the anterior descend
ing branch of the left coronary artery. In normal animals quazodine decreased systolic 
pressure by a mean of 7 ±  2 mmHg (from a mean control level of 135 ±  7 mmHg) and 
diastolic blood pressure by 14 ±  2 mmHg (from a mean control level of 92 ±  5 mmHg).



Heart rate was increased by 28 ±  3 beats/min (from 196 ±  7 beats/min), cardiac output by 
44 ±  5 ml/kg body weight min (from 168 ±  16 mg/kg min) and local myocardial blood 
flow by a mean of 220%. Quazodine had similar effects in the infarcted animals, decreasing 
systemic pressure by 13 ±  3 mmHg (from 124 ±  6 mmHg) and diastolic pressure by 
20 ±  3 mmHg (from S3 ±  6 mmHg). Heart rate was increased by 30 ±  beats/min (from 
201 ± 1 2  beats/min), cardiac output by 22 ± 5  ml/kg body weight min (from 133 ± 2 0  ml/ 
kg body weight min) and myocardial blood flow by a mean of 34%. In the infarcted animals 
therefore quazodine produced a more marked decrease in systemic arterial pressure but the 
effects on cardiac output and on myocardial flow were considerably less than those observed 
in normal cats. Nevertheless, the degree of myocardial stimulation and the increase in 
coronary perfusion induced by quazodine, in animals with an ischaemic myocardium, suggest 
that it warrants further investigation in experimental cardiogenic shock.
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Muscle tremor produced by sympathomimetic bronchodilators
w. c. bowman and m. w . nott
Department o f  Pharmacology, University o f  Strathclyde, Glasgow, C.l, U.K.
Adrenaline, stimulation of the splanchnic nerves, and a variety of procedures that cause the 
reflex release of catecholamines from the adrenal medullae produce a decrease in the tension 
and an increase in the ra:e of relaxation of the maximal twitches of the slow-contracting soleus 
muscle of the anaesthetized or decerebrate cat. The effect is the result of a direct action on the 
muscle fibres, and is independent of concomitant cardiovascular changes (Bowman & 
Zaimis, 1958). The increased rate of relaxation means that the overall duration of the twitch 
is reduced, and this effect results in a pronounced decrease in the tension and degree of fusion 
when subtetanic contractions are evoked at frequencies of stimulation (5-15 Hz) that include 
the physiological range for this muscle. Adrenaline was effective in doses as low as 0-01 ¿xg/kg 
intravenously. In different animals, noradrenaline was 50 to 200 times less potent.

Several sympathomimetic bronchodilators (isoprenaline, salbutamol, orciprenaline, 
terbutaline) have been shown to produce the same effect, and the use of relatively selective 
agonists and antagonists (sotalol, butoxamine, practolol) indicated that the adrenoceptors 
involved are /3-receptors and that they resemble those of the bronchi f/32 receptors) more 
than those of the heart (Si receptors). The same effect, occurring in the slow-contracting units 
of human muscles (Marsden & Meadows, 1968), probably accounts for the tremor that 
occurs in patients with phaeochromocytoma and that often accompanies the use of sympa
thomimetic bronchodilators. The cyclic AMP phosphodiesterase inhibitors, 3-acetamido-6- 
methyl-8-n-propyl-iyn-(4,3-a) pyrazine (ICI 58,301), 3-acetamido-5-methyl-8-n-propyl-sy/i- 
triazolo (4,3-a) pyrazine (ICI 61,129), and 2-amino-6-methyl-7-oxo-8-n-propyl-jyn-triazolo 
(4,3-) pyrazine (ICI 63,197), potentiated adrenaline and isoprenaline in their actions on the 
soleus muscle. ICI 63,197, effective in a dose of 50 /xg/kg intravenously, was the most potent 
in this respect, whereas ICI 61,129, even in doses up to 10 mg/kg, was only very weakly 
effective. These compounds show the same rank order of potency in phosphodiesterase 
inhibiting activity (Somerville, Rabouhans & Smith, 1970), and the results are therefore com
patible with the possibility that the effects of /3-receptor agonists on the soleus muscle are 
mediated by cyclic adenosine 3',5' monophosphate, which in turn may be involved in 
the relaxation mechanism of the muscle.
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Actions of the sympathomimetic bronchodilator, AQL208, on the cardiovascular, bronchiolar 
and skeletal muscle systems of the cat
I. W. RODGER
Department o f  Pharmacology, University o f  Strathclyde, Glasgow, C ,l, U.K.
Trimetoquinol is a sympathomimetic bronchodilator first described by Yamato, Hirakura & 
Sugasawa (1966).

It was reported to be about 10 times more potent by weight than isoprenaline in producing 
relaxation of the guinea pig tracheal chain, but only one fifth as potent as isoprenaline in 
stimulating the perfused heart (Iwasawa & Kiyomoto, 1967). In preliminary experiments in 
this laboratory, the active (—)-isomer of trimetoquinol (AQL208) was found to be about half 
as potent as (—)-isoprenaline in decreasing fusion of incomplete tetanic contractions of the 
cat soleus muscle. These results, on tissues from different species, suggested that AQL208 
might be relatively selective for /3-receptors in the lung compared with those in the heart and 
in skeletal muscle. Such a drug would be valuable in the symptomatic relief of asthma because 
it would be less likely to produce muscle tremor and unwanted cardiac stimulant effects.

Further experiments have now been performed in order to assess the effects of AQL208 on 
the cardiovascular and bronchial systems and on skeletal muscle of the chloralose-anaes- 
thetized cat under identical in vivo conditions. Effects on myocardial blood flow and general 
haemodynamics were studied by the methods described by Mclnnes & Parratt (1969), and 
effects on lung compliance and resistance parameters by a modification (for the cat) of the 
method described by Amdur & Mead (1958). Effects on incomplete tetanic contractions of the 
soleus muscle were studied using the method described by Bowman & Nott (1970) (reference 
to which is made in the previous abstract).

Intravenous infusions of AQL208 (0 05 to 0-25 /xg/kg min) were found to be about 
equipotent with (—)-isoprenaline in lowering general arterial blood pressure and in increasing 
left ventricular pressure, left ventricular dp/dt, myocardial blood flow, pulmonary artery 
pressure and heart rate. Intravenous injections of AQL208 were found to be about half as 
potent as ( —)-isoprenaline in decreasing fusion of soleus contractions. In their abilities to 
antagonize 5-hydroxytryptamine-induced bronchospasm, AQL208 and ( —)-isoprenaline 
again did not differ markedly in potency, although the dose-response curve for AQL208 was 
shallower than that for ( —)-isoprenaline and therefore accurate comparisons of potency could 
not be determined. In all tests, the effects of AQL208 were 2-5 times onger lasting than those 
of ( —)-isoprenaline when responses of equal magnitude were compared.

Thus the results emphasize the obvious importance of determining the various effects of a 
drug in the same species, and they show that, at least in the cat, AQL208 does not exhibit 
any marked selectivity for /3-receptors in particular tissues. The results, therefore, suggest 
that if the cat is a reliable test animal, AQL208 may not be devoid of side effects on the cardio
vascular and skeletal muscle systems in man.
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The hyperglycaemic effect of the diuretic chlorthalidone
B. L. FURMAN
Department o f  Pharmacology, University o f  Strathclyde, Glasgow, CA, U.K.
Chlorthalidone, like the benzothiadiazine diuretics, has been reported to impair glucose 
tolerance in some patients (Reutter & Labhardt, 1961; Carliner, Schilling, Russell, Okun & 
Davis, 1965) and to produce hyperglycaemia in the rat following single large doses of the drug 
dissolved in alkali or administered as a suspension (Tabachnick, Gulbenkian & Yannell, 
1965; Foy, 1967; Wales, Grant & Wolff, 1968). The work presented in this communication 
was performed in an attempt to elucidate the mechanism of the hyperglycaemic effect.



Chlorthalidone, administered intraperitoneally in single doses up to 200 mg/kg, exerted no 
significant effect (P  >0 05) on rat blood sugar at 1 or 2 h after injection when compared with 
an alkaline saline control. The low solubility of chlorthalidone necessitated the use of high 
concentrations of alkali (pH 12) to dissolve the drug in sufficient concentration to administer 
the large doses employed. A similar control solution was shown to produce a statistically 
significant (P  < 0  05) hyperglycaemic response when injected intraperitoneally. Two hours 
after injection of chlorthalidone (200 mg/kg, i.p.) the intravenous glucose tolerance, as 
measured by the rate of disappearance of an intravenous glucose load (1 g/kg), was not 
significantly different from that of the controls (P > 0-05). 1 n concentrations up to 200 /ttg/ml, 
chlorthalidone did not diminish glucose uptake by rat diaphragm muscle or epididymal 
adipose tissue incubated in vitro. Oral treatment with chlorthalidone (100 mg/kg day) for 
28 days produced no deterioration of intravenous glucose tolerance when compared with 
pair-fed controls.

It is concluded that chlorthalidone is not hyperglycaemic in the rat in single, large doses 
when compared with a suitable alkaline control solution and does not influence the glucose 
tolerance of rats so treated, or treated orally for 28 days with large doses of the drug.

I wish to thank Dr. D. F. Ingham, Geigy Pharmaceuticals, for generous supplies of 
chlorthalidone, and Mr. John Boswell for excellent technical assistance.
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Mechanism of action of neostigmine at the neuromuscular junction
SANDRA N. WEBB
Department o f  Pharmacology, University o f  Strathclyde, Glasgow, C.l, U.K.
A study has been made, in cats under chloralose anaesthesia, of the relative abilities of a 
number of acetylchoiine antagonists (hexaméthonium, benzoquinonium, tubocurarine, 
gallamine and pancuronium) to inhibit the various facets of neostigmine’s activity at the 
neuromuscular junction of the soleus muscle.

Neostigmine (150 p.g/kg intravenously) increased the amplitude of the maximal twitch and 
gave rise to muscle fasciculations that were independent of the nerve stimulation. These 
effects were associated with repetitive action potentials both in the muscle and in the motor 
nerve, the latter being recorded antidromically in the soleus ventral rootlets (L7 and Sj).

Although, in large enough doses injected close-arterially into the muscle, all of the acetyl
choline antagonists abolished all the effects of neostigmine, it was possible, by careful dosage 
with the different drugs, to dissociate muscle fasciculations and repetitive firing in the nerve 
from twitch augmentation and repetitive firing in the muscle. Hexaméthonium depressed 
muscle fasciculations and repetitive firing in the nerve in doses slightly smaller than those 
necessary to diminish the augmented twitches and muscle repetition. On the other hand, 
gallamine and pancuronium depressed the augmented twitches and the muscle repetition in 
doses that allowed fasciculations and nerve repetition to continue. With both benzoquino
nium and tubocurarine, it was not possible to demonstrate selectivity for any aspect of 
neostigmine’s action, all effects being depressed simultaneously. The results indicate that 
muscle fasciculations and nerve repetitive firing are related events, as are twitch augmentation 
and muscle repetition. It is now known that acetylcholine can depolarize motor nerve 
endings as well as the post-junctional membrane of the muscle endplate (Hubbard, Schmidt & 
Yokota, 1965). Hexaméthonium is relatively more active as a ganglion blocking drug than as 
a neuromuscular blocking drug, indicating its selectivity for neuronal receptors. Gallamine 
and pancuronium, however, have little ganglion blocking activity and are relatively selective 
for muscle receptors. Tubocurarine and benzoquinonium block both ganglionic and muscle 
receptors in comparable doses. It is concluded that muscle fasciculations and repetitive firing
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in nerve produced by neostigmine are primarily due to the action of preserved transmitter 
acetylcholine on motor nerve endings, whereas twitch augmentation and muscle repetition 
are primarily post-junctional events. The finding that these actions may be separated by 
acetylcholine antagonists indicates that slight differences exist between the cholinoceptors 
on the motor nerve endings and those on the post-junctional muscle endplate membrane. 
However, the difference is by no means as marked as that between ganglion and muscle 
receptors. The slight differences between the two populations of cholinoceptors at the 
pre- and post-junctional sides of the neuromuscular junction may be explained by the 
concept of “ iso-receptors” as described by Jack (1970).
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The actions of depolarizing drugs and antagonists on developing muscle fibres in  v itro
WILLIAM F. DRYDEN, SOLOMON D. ERULKAR AND GABRIEL DE LA HABA
Departments o f  Pharmacology, University o f  Strathclyde, Glasgow, U.K., and University o f  
Pennsylvania, Philadelphia, U.S.A.
The stages in development of skeletal muscle fibre up to and after the point of innervation 
may be successfully studied using cultured cells. With this system, not only the morphological 
development may be studied, but also the pharmacological evolution of drug receptors, thus 
presenting an additional source of information into the details of drug action. The develop
ment of muscle fibres can be divided into three stages: the myoblast, a mononuclear cell 
containing no organized contractile elements; the myotube, formed by fusion of the myoblasts 
and consisting of a multinuclear tube, within the cytoplasm of which are appearing those 
formed elements characteristic of striated muscle. Contraction is usually shown midway 
through this stage. The final stage is the muscle fibre as is conventionally recognized. Con
tractures in response to acetylcholine, carbachol and decamethonium have been evinced from 
young myotubes (Dryden, 1970) and membrane depolarization resulting from Ach applica
tion to myotubes has also been shown (Fischbach, 1970). However, evidence of earlier 
receptor presence has not hitherto been reported.

Using conventional microelectrode techniques, the resting membrane potential of chick 
embryo myoblasts in primary culture was found to be —8-3 mV (s.e. ±  0-2 mV). After 
fusion the resting potential rises over successive days in culture to a level of —46 mV (s.e. ±  
2-8 mV). Application of acetylcholine to myotubes at all stages of development resulted in 
depolarization of the membrane. The minimum effective dose was 10_1m but this decreased 
with development of the fibre. The response could be inhibited by prior addition of 100 /xg/ml 
(+)-tubocurarine to the culture dish. A similar depolarizing response, also blockable by 
curare, was found with TMA, but not with bethanecol. The response of the mononuclear 
cells to the addition of acetylcholine was different. Instead of depo arization to 0 mV, a 
variable change in membrane potential was found. Dependent on the resting potential, either 
a depolarization or a hyperpolarization to an equilibrium value of —7 mV was observed. This 
response also could be blocked by the addition of (-l-)-tubocurarine.

It is postulated that the changes in myotube sensitivity reflect increasing permeability to ions 
which begin after fusion of the myoblasts. A nicotinic receptor, however, is present on the 
membrane of the myoblast before any other morphological or physiological development has 
occurred.

These results are in partial contrast to those of Harris, Heinemann & Tarakis (1971) who 
found that a cloned line of rat myoblasts had a resting potential of —70 mV and depolarized 
on application of Ach. The differences in findings are thought to be attributable either to 
species difference or, more likely, to partial maturation of the rat myoblasts after several 
passages in culture.

REFERENCES
Dryden, W. F. (1970). Experientia, 26, 984-986.
F is c h b a c h , G. D. (1970). Science, 169, 1331-1333.
H a r r is , A. J., H e in e m a n n , S. &  T a r a k is , H. (1971). Nature, Lond., 231, 296-301.



The influence of cellular metabolism on the a- and /3-adrenoceptor responses of the rabbit small 
intestine
MOIRA T. HALL
Department of Pharmacology, University of Strathclyde, Glasgow, C. 1, U.K.
The relaxation of the rabbit small intestine produced by sympathomimetics involves (depend
ing on the drug used) interaction with a- and/or /3-adrenoceptors (Bowman & Hall, 1970). 
These two receptor systems are not necessarily coupled to the same intracellular mechanisms.

Manifestation of the //-adrenoceptor effect on the rabbit small intestine was found to be 
dependent on the integrity of cellular metabolism. Partial glycogen depletion using the 
methods described by Bueding, Bulbring & others (1967) or treatment with the glycolysis 
inhibitor iodoacetate (5 mM) abolished the /3-adrenoceptor effects of isoprenaline but not the 
a-adrenoceptor effects of phenylephrine or the oc-adrenoceptor-like effects of ATP. Andersson 
& Mohme-Lundholm (1969, 1970) have recently obtained similar results after glycogen 
depletion of the rabbit colon and taeniae coli. In the continued presence of iodoacetate the 
isoprenaline effect was restored when the block was by-passed by adding pyruvate (8 mM) to 
the organ bath. Although iodoacetate or glycogen depletion did not reduce the extent of the 
inhibitory response produced by phenylephrine or ATP, they did hasten the onset of recovery 
from the inhibitory response to these two drugs and did augment the overshoot on washout 
which is found with these two drugs (Bowman & Hall, 1970). Thus it appears that these two 
conditions can block the /3-adrenoceptor mediated inhibition of the rabbit small intestine and 
also potentiate the stimulatory phase of the a-adrenoceptor mediated response or of the 
response to ATP.

The conditions used in these experiments never abolished the spontaneous activity of the 
rabbit gut, nor did they diminish the inhibitory response of drugs acting on a-adrenoceptors. 
However the inhibitory effects of /8-adrenoceptor agonists were reduced by glycogen depletion 
and by iodoacetate. Thus it would seem that one of the intermediary products of glycogenoly- 
sis is necessary for the expression of /3-adrenoceptor mediated effects in the rabbit small 
intestine, whereas a-adrenoceptor mediated effects utilize an entirely different mechanism. 
This provides an explanation for the observation that towards the end of a prolonged experi
ment on an isolated tissue, or with tissues that have been lying on the bench for several hours 
in a beaker of oxygenated Krebs solution, /3-adrenoceptor mediated responses were found to 
gradually diminish in size. It was shown that glycogen stores are significantly decreased under 
the latter conditions.
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The extraction and estimation of histamine from G o ssyp iu m  species
SUSAN GREENSMFTH AND TERENCE D. TURNER
P h a r m a c o g n o s y  G r o u p , W e ls h  S c h o o l  o f  P h a r m a c y ,  U .W .I .S .T . ,  C a r d if f ,  U .K .

This investigation was a development of work by Lloyd & Nicholls (1964) and others on the 
constituents of cotton mill dusts likely to cause byssinosis in cotton workers. In this case, 
authenticated material from G o s s y p iu m  h ir s u tu m  L., the Upland cotton, and G . a r b o r e u m  L., 
tree cotton, was used and the experimental work concerned with the histamine content of the 
cotton plant.

Histamine was estimated fluorimetrically using a method by Shore, Burkhalter & Cohn
(1959) based on a fluorogenic reaction between histamine and wt/io-phthalaldehyde, (oPT). 
oPT was known to form a fluorescent complex with substances other than histamine which 
frequently occurred in biological materials (Turner & Wightman, 1968), and it was found that 
most of the extraction procedures which had been used to recover histamine from animal 
tissues also recovered interfering substances from the cotton plant material.
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A n extraction procedure was devised which excluded the interfering substances but gave a 

low  recovery o f  histam ine. This involved a com bination  o f  ion  exchange (H uff, D av is &  
Brow n, 1966) and solvent extraction (Shore, Burkhalter & C ohn, 1959): plant m aterial w as 
extracted w ith n  trichloroacetic acid, the extract adjusted to  pH  7-5 and passed through  
A m berlite CG  50 anion ic exchange resin, the eluate w as subjected to so lvent extraction before  
the fiuorogenic reaction w ith oPT .

The histam ine content o f  fresh tissue o f  Gossypium species was estim ated by this pro
cedure: G. hirsutum, old  leaf, 87 /xg h istam ine/g  fresh leaf; G. hirsutum, youn g m ature leaf, 
101 /xg/g; G. arboreum, you n g  m ature leaf, 113 /xg/g. Fresh m ature bracts o f  G. hirsutum were  
estim ated to contain  26 /xg histam ine/g o f  G. arboreum, 6 /xg histam ine/g.

By com parison , dried lea f o f  G. hirsutum was estim ated to  contain  1760 /xg h istam ine/g  
w hich corresponded to  330 /xg h istam ine/g  fresh leaf.
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The estimation of rauwolfia alkaloids by quantitative thin-layer chromatography
M. S. HABIB AND W . E. COURT
School o f  Pharmacy, University o f Bradford, Yorkshire, U.K.
Previous work on the estim ation  o f  rauwolfia a lkaloids (H arris, Stewart & C ourt, 1968; 
L os & C ourt, 1969) involved  thin-layer chrom atographic separation fo llow ed  by ultraviolet 
spectrop hotom etric  estim ation  o f  the eluted alkaloids. Substances extracted from  the  
adsorbent are know n to  interfere w ith the spectrophotom etric m easurem ents (H arris, 1966) 
and coloured  com plexes o f  the a lkaloids can be form ed and m easured at w avelengths such  
th a t interference is m inim al (C ourt, 1968).

T able 1. Alkaloid content o f  R auw olfia root bark.

R. caffra R. vomitoria

A lk a lo id
M ean

p ercen tag e
C oeffic ien t 

o f  v a ria tio n
M ean

p ercen tag e
C oeffic ien t 

o f  v a r ia tio n
A jm alic in e 0 0 1 6 2-20 — —
A jm alin e 0-239 1-17 0-090 3-33
R e sc in n a m in e 0-013 1-43 0-105 1-33
R e se rp ilin e — — 1-090 1-01
R ese rp in e 0-016 1-97 0-218 0-46
S e rp e n tin e 0-180 1-24 — —

(b ased  o n  5 d e te rm in a tio n s) (b a sed  o n  10 d e te rm in a tio n s )

In this w ork 10 rauw olfia alkaloids were separated using various chrom atographic system s 
em p loy in g  silicagel G  layers 250 /xm thick. T he individual a lkaloids were recovered by e lu tion  
in a lkaline chloroform  and com plexed w ith iod ine in citrate-phosphate buffer (pH  4 7 ) .  T he  
absorption m easurem ents o f  the alkaloid -com plex so lu tion s were recorded at appropriate  
w avelengths in the range 365 -3 9 6  nm . R esu lts were calculated from  com pensated standard  
curves.

R ecovery o f  the alkaloids by elu tion  from  the plates w as investigated and the m ethod  w as 
app lied  to  sam ples o f  Rauwolfia caffra and R. vomitoria root barks (T able 1).

T he m ethod  is m ore rapid and accurate than the earlier m ethod and yields low er results due  
to  reduced interference.
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The titrimetric assay of solasodine, a spirosolane of commercial importance from S o la tiu m  
la c in ia tu m  Ait.
ROLAND HARDMAN AND T. G . WILLIAMS
Pharmacognosy Group, School o f  Pharmacy, University o f  Bath, Claverton Down, Bath, 
BA2 7 AY, U.K.
Solasod ine is a starting m aterial for the steroid industry. It occurs in Solanum laciniatum as 
its 3-j8-0-gIycosides. These are m ost abundant in the green, unripe fruits. E xisting assays for  
so lasod ine involve so lvent extraction o f  the g lycosides from  dried plant m aterial, after w hich, 
because the g lycosides are not readily estim ated, they are hydrolysed and the aglycone is 
separated and determ ined titrim etrically or colorim etrically  (Birner, 1968). It has been show n  
that aqueous incubation o f  sapogenin affording plant m aterial a lone  and w ith additives 
increases sapogenin  yield (H ardm an & Brain, 1971; H ardm an & W ood , 1971). Therefore our  
assay has been designed to process pow dered plant m aterial in water. E xtraction o f  g lycosides  
from  aqueous m edia presents problem s; their hydrolysis in situ by the addition  o f  HC1 to  the  
m edia was hence the first stage in the assay. Prelim inary results are now  reported.

Dried unripe fruit, 2-5 g, w hich had been partially defatted by 24 h continuou s extraction  
w ith light-petroleum  (4 0-60°), w as refluxed for 3 h w ith  50 m l 2 n  HCI and coo led  to  80°. 
Solu tion  o f  am m onia (2 x  20 m l, s.g. 0-880) w as added. A fter further coo lin g  the m ixture  
w as filtered and the residue w ashed and then dried overnight at 60°. T he residue w ith filter 
paper w as extracted with CHC13 for 24 h in a soxhlet and the extract adjusted to  100 ml w ith  
so lvent. A liqu ots o f  this so lution  were titrated autom atically  w ith O-OIn  H C 10 4 in d ioxan  
using a recording potentiom etric titrator.

Prelim inary experim ents have show n that 65-5%  o f  the so lasod ine liberated during the  
hydrolysis is dehydrated to so lasod iene. T he end poin t potentials o f  this and o f  so lasod ine are 
very sim ilar and the titration does not distinguish betw een them . The results are therefore  
expressed as so lasod ine.

U sing this m ethod  we have m ade prelim inary investigations o f  the effects o f  fine pow dering  
and o f  partial defatting on  the assay and its reproducibility (Table 1).
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T able 1. Replicate assays o f  dried, unripe fruits o f  S. laciniatum .

U n d e fa tte d  p o w d e r; 6 0 % U n d e fa tte d  fine p o w d e r; P a r tia lly L ig h t-
re ta in e d  b y  a  N o . 33 98 %  p a sse d  th ro u g h  a d e fa tte d  fine p e tro le u m

sieve N o . 30 sieve p o w d e r ex trac tiv e*
2-34 3-60 3-00 0-32
2-61 3-47 3-01
2-55 3-31 2-98

3-00
2-98

R e su lts  e x p ressed  as % b ase  c a lcu la te d  as so la so d in e  w ith  re fe ren ce  to  th e  d ried  fa t-c o n ta in in g  
f ru its  (m o is tu re , 7 -5%  fa t, 6 -4% *).
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The determination of diosgenin and yamogenin in fenugreek seed by combined column chromato
graphy and infrared spectrometry
ROLAND HARDMAN AND T. M. JEFFERIES
Pharmacognosy Group, School o f  Pharmacy, University o f  Bath, Claverton Down, Bath, 
BA2 1AY, U.K.
A cid hydrolysis o f  M oroccan seed o f  Trigonella foenumgraecum, L. (fenugreek), fo llow ed  by  
extraction  w ith light-petroleum  4 0 -6 0 ° affords a m ixture o f  the epim ers d iosgenin and ya m o 
genin, 1 %, w ith  fixed oil, 6 % and free sterol, sterol esters, sp irostadienes, and gitogenin . W e  
have separated diosgenin  from  yam ogenin by preparative-t.l.c. and have described h ow  they
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m ay be determ ined individually in the presence o f  on e  another in  all proportions by infrared  
spectrom etry (Jefferies &  H ardm an, 1971). T he degree o f  accuracy attained in the m ethod  can  
be achieved only in the absence o f  the fixed oil and other com ponents o f  the crude extract, and  
we n ow  have a  routine procedure for their rem oval by co lu m n chrom atography.

Silicagel for adsorption (W oelm ), activity II, 6  g per 15 cm  x  1 c m  colum n w as packed in  
hexane-eth yl acetate (9 :1 ). T he extract w as prepared by refluxing 2-5 g  w h ole  seed w ith  
100 m l 2 n  HC1 for 2  h. T he m ixture w as coo led  and filtered and the residue w as m ade alkaline  
with dilute am m onia so lu tion  before it w as dried overnight at 70°. This m aterial w as extracted  
in a soxh let for 2 4  h using light-petroleum  and the solvent rem oved in a vacuum . T he oily  
residue w as transferred to  the colum n using a  total o f  10 ml hexane-eth yl acetate (9 :1 ) . A t a 
flow rate o f  1 m l/m in, 90 m l o f  the sam e solvent system  was used to  co llect 85 m l (w hich  
contained all the unw anted m aterial) and 3 x  5 m l fractions for a t.l.c. check. T hen  55 ml 
h exane-eth yl acetate (3 :1 )  w as used to  collect 40 ml contain ing d iosgenin  and yam ogenin  
together, fo llow ed  by 3 x  5 ml fractions for a  t.l.c. check . A ll diosgenin  and yam ogenin  
residues from  one colum n were then dissolved  in 4  m l A nalar CHC13 for infrared assay.

This procedure is su itab le  for up to 75 m g diosgenin  and yam ogenin  sapogen ins in the  
presence o f  up to  600 m g fixed o il, approxim ately three tim es the extractive from  2-5 g 
fenugreek seed. T he recovery o f  diosgenin  plus yam ogenin  sapogenin from  the colum n w as 
tested by using m ixtures o f  pure sapogenin  (30 m g) w ith 2 n  acid-trea:ed fixed o il (250 m g) 
and gave recoveries o f  ± 4 %  [coefficient o f  variation (c.v .) =  2-6% ]. T he reproducibility  
w as tested by analysis o f  a crude extract (1 % diosgenin  plus yam ogenin , ratio =  6:4) by 
tw elve colum ns, and gave c.v . =  2-5%  (diosgenin  plus yam ogenin), -3% (diosgenin ) and
4-5%  (yam ogenin). A nalysis o f  tw elve x 2-5 g seed gave c.v. = 2 - 8 %  (d iosgenin  plus 
yam ogenin), 2-2%  (diosgenin) and 6 -8 % (yam ogenin). F or duplicate 2-5 g seed assays ( t at 
P  =  0-05), the range o f  error w as found to  be ±4-4%  (total sapogenin), ± 3 -5  % (diosgenin) 
and ± 1 0 -6 % (yam ogenin).
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The composition and distribution of phytosterols in D ig ita lis  p u rp u re a  L.
F. J. EVANS
Departm ent o f  Pharmacognosy, School o f  Pharm acy ( U niversity o f  London), B runsw ick Square, 
London, W C \ N  1 A X ,  U .K .
A  com parative study o f  the distribution o f  phytosterols o f  the lipid and glucoside fractions o f  
m ature flow ering plants w as undertaken. The plants were from  the sam e c lone, were harvested  
together and divided into leaf, flower, fruit, stem  and root sam ples.

T he phytosterols were generally distributed throughout the plants a r d  sm all quantities o f
7-ene precursors w ere a lso  present in the lip id fractions, ind icating that phytosterol b iosyn
thesis is carried out in all tissues. T he leaves were divided in to  three types according to  size. 
It w as evident that youn g leaves from  beneath the inflorescence accum ulated g lucoside  
sterols, w hilst m ature leaves from  the basal rosette conta ined  greater quantities o f  lipid  
sterols. T he proportions o f  7-ene sterols were a lso  greatest in m ature leaves, indicating that 
these are the primary site o f  phytosterol biosynthesis.

In the flow er buds and develop ing flowers high concentrations o f  both  lip id  and glucoside  
sterols were found. T he quantities o f  lip id  fraction sterols increased during m aturation o f  the  
flow ers, w hilst the glucoside sterols rem ained at a  constantly  high concentration . In develop ing  
fruits phytosterols continued to  accum ulate, particularly during fruit ripening. T he am ounts  
o f  5-ene and 7-ene sterols isolated  from  the stem s and root were com paratively sm all. H o w 
ever, the am ount o f  glucoside sterols isolated  from  the stem s w as higher than that o f  the roots, 
and was sim ilar to the youn g  leaves.

T he 5-ene sterols o f  both  fractions w ere foun d  by g.l.c. to  consist o f  8 -sitosterol, stigm as- 
terol, cam pesterol and cholesterol. Certain o f  the sam ples from  the inflorescence a lso  
contained  24-m ethylene-cholesterol. /3-Sitosterol at all tim es w as found to  be the m ajor



com ponent o f  the g lucoside and the lip id fractions, but tended to  accum ulate in m ature  
tissues. Stigm asterol, the C -22 unsaturated isom er, accum ulated  in you n g  leaves and im m a
ture flow er buds. T he proportions o f  cam pesterol were generally sim ilar in m ost organs w ith  
the exception  o f  the roots where larger quantities were detected. It w as interesting to  note  that 
concentrations o f  cholesterol glucoside were highest in the younger organs, and it is possible  
that these tissues are the sites o f  sterol m etabolism  to  the cardenolides and sapogenins.

It is evident that b iosynthesis o f  sterols occurs in the free form , and that either glucoside or 
ester form ation occurs selectively at a stage w hen biosynthesis is com plete, suggesting that a 
segregation o f  b io logical roles cou ld  lie behind this enzym atic selection . Free phytosterols  
have been im plicated  in the structure o f  cell and organelle m em branes in association  w ith  
phospholip ids (A nsell & H aw thorne 1964; E vans 1971), and it has been suggested by K em p, 
G oad  & M ercer (1967) that ester sterols represent an intercellular transportation form . The  
areas o f  sterol requirem ent in the m ature plant are the actively grow ing areas, and the export 
o f  sterols from  m ature leaves at the base o f  the plant cou ld  satisfy a  heavy sterol requirem ent. 
This w ou ld  involve the ph loem  transportation o f  sterols, possib ly  as the m ore hydrophilic  
glucosides, via the stem  to  the you n g  leaves and develop ing inflorescence. T he high p h yto
sterol g lucoside concentrations o f  these organs add w eight to  this suggestion .
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The characterization of alkaloid D, a new alkaloid from E u on ym u s eu ro p a ea  L., as 
armepavine
D. w . b i s h a y * , z . k o w a l e w s k i * a n d  j . d . p h i l l i p s o n

* Department o f  Pharmacognosy, Medical Academy, Poznan, Poland; Department o f  Phar
macy, Chelsea College, University o f  London, Manresa Road, London, S. IV.3, U.K.
F iv e  n e w  a lk a lo id s  h a v e  re c e n tly  b e e n  is o la te d  f r o m  Euonymus europaea L . (C e la s t r a c e a e )  
g ro w in g  in  P o la n d  (B ish a y  &  K o w a le w sk i,  1971). T h e s e  a lk a lo id s  a r e  n o t  id e n t ic a l  w i th  th o s e  
r e p o r te d  to  b e  p r e s e n t  in  E. europaea (D o e b e l  &  R e ic h s te in ,  1 9 4 9 ; P a i le r  &  L ib is e lle r ,  1 9 6 2 ; 
L ib is e l le r  &  P re is in g e r ,  1962) a n d  h a v e  b e e n  n a m e d  a lk a lo id  A , a lk a lo id  B , a lk a lo id  C , 
a lk a lo id  D  a n d  a lk a lo id  E.

A  s tu d y  o f  u l tr a v io le t ,  in f r a r e d ,  n m r  a n d  m a s s  s p e c tro m e tr ic  d a ta  su g g e s te d  th e  p o s s ib le  
id e n t i ty  o f  a lk a lo id  D w ith  th e  k n o w n  a lk a lo id  a rm e p a v in e  [ 1 - (4 '-h y d ro x y b e n z y l) -2 -m e th y l-
l ,2 ,3 ,4 - te t r a h y d ro -6 ,7 -d im e th y o x y is o q u in o l in e ] .  T h e  RF v a lu e s  o f  a lk a lo id  D  a n d  a n  a u th e n 
t ic  s a m p le  o f  a rm e p a v in e  w e re  f o u n d  to  b e  id e n t ic a l  in  s e v e ra l  t .l .c . sy s te m s  a n d  th e  m .p .  o f  
a u th e n t ic  a r m e p a v in e  o x a la te  w a s  n o t  d e p re s s e d  b y  a d m ix tu r e  w ith  th e  o x a la te  o f  a lk a lo id  D .  

H e n c e  th is  a lk a lo id  is  c o n s id e re d  to  b e  id e n t ic a l  w i th  a rm e p a v in e .  T h e  O R D  c u rv e  o f  th e  
a lk a lo id  sh o w s  th a t  it  is  R - ( —)-a rm e p a v in e .
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Polyphenolases in the 1000 g  fraction of P a p a ver  so m n ife ru m  latex
MARGARET F. ROBERTS
The School o f Pharmacy {University o f London), Brunswick Square, London, W C \ N \ A X ,  U.K.
W ork by Fairbairn, Palm er & Patterson (1968) and  Fairbairn & D  ote  (1970) has show n that 
m orphine can by synthesized by the latex from  tyrosine and dop a and that this is associated  
w ith the latex fraction  which sedim ents at 1000 g. R eports o f  the occurrence o f  po lyphenolase  
in latex (M eissner, 1966a,b) together w ith the fact that various workers (B arton & C ohen ,
1957) have considered the enzym e com plex as possib ly  responsib le for  the oxidative coupling  
reactions involved  in the b iosynthesis o f  the alkaloids, have resulted in the present w ork on  
polyphenolase in poppy latex and its association  w ith alkaloid  b iogenesis.

P oppy latex w as separated in to  a 1000 g fraction (A ), an llOOOg fraction (B) and the  
supernatant (C). The w hole o f  the detectable polyphenolase activity resided in the 1000 g  
fraction. Treatm ents used designed to  rupture the m em branes o f  the organelles were (1) 
low ering o f  the osm otic  pressure o f  the so lu tion  o f  organelles below  0-3m (2) freeze/ihaw ing
(3) son ication  and (4) solub ilization  w ith 0T % Triton X -100. T he oxidation  o f  the phenolic  
substrate (catechol) increased with increased fragm entation o f  the organelles, the greatest 
activity being observed w ith the use o f  Triton X -100. These experim ents also  show ed that 
both enzym e and substrate occur w ithin the organelle and therefore indicate com part- 
m entalization w ithin the organelle. T he activity o f  the polyphenolase w as inhibited w ith K C N  
and D IE C A  at concentrations o f  1 0 -4m. Experim ents indicated that up to 50%  o f  the enzym e  
activity was strongly m em brane bound. The substrates oxid ized by latex polyphenolase  at 
pFl 8 - 0  were caffeic acid, catechol, p-coum aric acid, p-cresol, dopa, hydroquinone, hydroxy- 
tyram ine and tyrosine. N o  oxidation  was observed w ith ferulic acid, guaiacol, p-hvdroxy- 
benzoic acid, 2 ,6 ,m ethoxyphenol, ±  reticuline, salutaridinol and vanillic acid. T hese results 
sh ow  that the latex 1000 g  organelles contain catechol oxidase (Ec. 1.10.3.1) and  a lso  
give evidence o f  both  tyrosinase and laccase activities. Since this enzym e will not 
oxidize phenols contain ing a  m ethoxy-group in the o/7 /io-position , it is perhaps not surprising  
that the interm ediates o f  m orphine b iosynthesis, (± )-r e tic u lin e  and salutaridinol w'ere not  
oxidized. T he present evidence a lso  indicates that the 1000 g  organelles o f  poppy latex are 
not lysosom es (de D u ve, 1959, Pujarniscle, 1968) nor are they sim ilar to the peroxisom es o f  
T olbert, O eses & others (1968) or the g lyoxosom es o f  C ooper & Beevers (1969).
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The preservation of ophthalmic solutions with antibacterial combinations
R. M. E. RICHARDS AND R. J . MCBRIDE
Pharmaceutical Microbiology Group, Department o f  Pharmacy, Heriot-Watt University, 
Edinburgh, U.K.
P re s e rv e d  s o lu t io n s  o f  p i lo c a rp in e  h y d ro c h lo r id e  (1 -0 % ) a n d  o f  a t r o p in e  s u lp h a te  (1 -0 % ) 
w e re  s te r il iz e d  b y  a u to c la v in g  a t  115° f o r  30  m in  w h ile  p re s e rv e d  s o lu t io n s  o f  p h y s o s tig m in e  
s u lp h a te  a n d  o f  s a l ic y la te  (0 -25  % ) w e re  s te r il iz e d  b y  h e a t in g  a t  9 8 -1 0 0 °  f o r  30  m in .  P r e s e rv a 
tiv e s  u se d  w e re  b e n z a lk o n iu m  (0-01 % ), c h lo rh e x id in e  (0-01 % ), p h e n y lm e rc u r ic  n i t r a t e  ( P M N )  
(0 -0 0 2 % ), c h lo ro c re s o l  (0 -0 5 % ) a n d  c h lo r b u to l  (0 -5 % ) a s  s im p le  s o lu t io n s ,  a n d  a ls o  a s  
c o m b in a t io n s  w ith  e i th e r  p h e n y le th a n o l  (0 -4 % ) o r  d is o d iu m  e d e ta te  (E D T A )  (0  0 5 % ) .  
S o lu t io n s  w e re  c o n ta m in a te d  o n  tw o  s e p a ra te  o c c a s io n s  w ith  10s—107 c e lls /m l f ro m  o v e rn ig h t  
c u l tu r e s  o f  Pseudomonas aeruginosa N C T C  6750 .



Phenylethanol-antibacterial com binations k illed  the inoculum  within 15 m in except for one  
form ulation  w ith chlorhexidine and physostigm ine salicylate (30 m in), and all form ulations  
w ith P M N  (4 5 -9 0  m in). N evertheless sim ple so lu tion s o f  antibacterial a lone in these  
form ulations had m uch slow er sterilization tim es than the phenylethanol com binations.

B enzalkonium  with pilocarpine and w ith  physostigm ine su lphate had sterilization tim es 
within 15 m in, but w ith atropine the tim e was 60 m in. B enzalkonium  is either less effective in 
atropine so lu tion s than in so lu tion s o f  the tw o other alkaloids or the inoculum  into  the  
atropine had higher intrinsic resistance. T he phenylethanol-benzalkonium  and E D T A -  
benzalkonium  com binations, how ever, were both  effective w ithin 15 m in.

C hlorbutol in sim ple so lution  has slow er sterilization tim es w ith  physostigm ine salts (30 and  
45 m in) than w ith pilocarpine and atropine (15 m in). This can be explained in  term s o f  pH . 
The pH  values o f  the autoclaved solutions are in  the range 2-2-2-4  but the range for the  
steam ed so lu tion s is 3-1—3-6.

E D T A -P M N , E D T A -cn lorbu to l and E D T A -ch lorocreso l com binations sh ow  n o  clear 
advantage over the antibacterials in sim ple so lu tion . T he m ode o f  action  o f  the antibacterial 
agent and the state o f  resistance o f  the P. aeruginosa m ay determ ine w hether E D T A  enhances 
antibacterial activity or not.

C hlorhexidine had a slow  sterilization tim e o f  180 m in w ith physostigm ine salicylate. T he  
sod ium  m etabisulphite in the preparation m ay be reducing the effectiveness o f  the chlor
hexidine. P henylethanol-ch lorocresol and phenylethanol-ch lorbutol com binations sterilize 
physostigm ine salicylate w ithin 15 m in.

These results, in conjunction  w ith previous w ork (R ichards, Suwanprakorn & others, 1969; 
Richards & M cBride, 1971a,b; R ichards, 1971) support the use o f  phenylethanol 0-4%  in 
com bination  w ith other antibacterial agents in the preservation o f  ophthalm ic so lutions  
against contam ination  w ith P . aeruginosa.
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Effects of drying on polymyxin sensitivity of P seu d o m o n a s aeru g in osa
M. R. W . BROW N* AND SANDRA M. W OOD**
School o f  Pharm acy, Bath U niversity, Claverton Down, Bath, B A 2  1 A Y ,  U .K .
Pseudomonas aeruginosa cultures dried over P20 5 during studies on cell wall com position  
were about 200-fo ld  m ore resistant to polym yxin than before desiccation. W ebb (1967) has 
reported possib le m utagenic effects o f  desiccation  on  Escherichia coli.

P. aeruginosa strains N C T C  6750 and 1999, N C IB  8625 and several laboratory strains were 
cultured at 37° in nutrient broth either 100 m l in flasks in a shaking water bath or in 8 litre 
stirred m agnetically. Cells were harvested by centrifugation, unw ashed or w ashed three tim es 
in 0-9%  N a C l, and the pellets stored in a vacuum  desiccator over P2O s. The m inim um  
inhibitory concentration  (M IC ) o f  polym yxin B sulphate (un its/m l) in broth using inocula  o f  
106 (to ta l count) in final volum e o f  5 m l w as m easured before and after drying. T he M IC  
increased from  about 10-20  units/m l to  over 2000 units/m l. T hese increases in resistance  
occurred w ith all strains on  several occasions. W ith P. aeruginosa N C T C  6750 several 
consecutive attem pts to  increase resistance by vacuum  drying were unsuccessful although  
previous and subsequent attem pts using the sam e procedures were successful w ith this strain.

T he resistance persisted through repeated subculture and was associated  w ith  co lon ia l 
variants. These were sm all cream -yellow  co lon ies sim ilar in appearance to  polym yxin  
resistant m utants obtained  by selection . C olon ies o f  both  kinds occurred after drying and  
were picked o ff  the surface o f  agar plates, diluted and standardized by optical density and the  
M IC  m easured. Typical green co lon ies were polym yxin sensitive and cream -yellow  colon ies  
were resistant. C olony  plate counts and m ost probably num ber estim ations in broth show ed
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betw een about 99 and 99-9%  kill o n  vacuum  drying. D ifferential co lon y  counts and M IC  
determ inations w ith  varying sized  inocula  indicated that a  high proportion  o f  bacteria  
surviving vacuum  drying were polym yxin  resistant. C om parison w as m ade w ith cultures 
freeze dried in Stam p’s (1947) m edium . Freeze crying reduced the count only to  about 70%  
o f  the original and sensitivity w as unaltered.

Vacuum  dried w hole cells were used as inocula for 8  litre nutrient broth cultures. W hole  cell 
and cell wall preparations were analysed for readily extractable lip id  (R E L ), calcium  and  
m agnesium  (Brow n & W atkins, 1970). T he greatest difference was in wall phospholip id  and  
wall M g which were several-fold  less in preparations from  vacuum  dried inocula.

T hese results support the hypothesis that drying had m utagenic effects.
W e gratefully acknow ledge an M .R .C . grant supporting this work.

REFERENCES

B r o w n , M . R . W . &  W a t k in s , W . M . (1 9 7 0 ). Nature (Loud.), 2 2 7 , 1 3 6 0 -1 3 6 1 .
Stamp, Lord (1947). J . gen. Microbiol., 1, 251.
Webb, S. J. (1967). Nature (Lond.), 213, 1137-1139.

* Present address: Pharmacy Dept. University o f Aston in Birmingham, Birmingham 4. 
** Pharmacy Dept. Western Infirmary, Glasgow.

Effect o f  slim e on the sensitivity o f  P seu d o m o n a s aeru g in o sa  to E D T A  and polym yxin
M. R. W . BROW N* AND J. H . SCOTT FOSTER
Pharm aceutical M icrob iology Group, School o f  Pharm acy, Bath University, Claverton D ow n, 
Bath, B A l l  A Y ,  U .K .
T he slim e o f  Pseudomonas aeruginosa has been im plicated in  its resistance to  chem otherapy  
(Brow n & R ichards, 1964). W e have been unable to  find published work investigating the  
role o f  slim e in the resistance o f  this organism . W e report in vitro  studies w ith ethylene- 
diam inetetra-acetic acid (E D T A ) and polym yxin  B sulphate using slim e producing g luconate  
cultures and non-slim e producing glucose cultures o f  P. aeruginosa in chem ically  defined  
m edia (B row n, S cott F oster & Clam p, 1969). Sensitivity w as m easured using m ethods  
described by Brow n & M elling (1969).

Inocula from  6  day, slim y, stationary phase cultures were incubated in fresh g luconate  
m edia and challenged w ith E D T A  and polym yxin im m ediately they entered the exponential 
phase. C om parison w as m ade both  w ith 6  day non  slim y g lucose cultures treated in this way, 
and also  w ith cultures inoculated  w ith cells in the exponential phase in both  m edia.

Early exponential cultures derived from  6  day stationary phase inocula  were m ore sensitive  
to  both  agents than were cultures derived from  lo g  phase inocula. Slim e slightly enhanced  
resistance to  both  agents, especia lly  to polym yxin.

Stationary phase g lucose and gluconate cultures incubated for 2 and 7 days were tested for  
lysis by E D T A  and polym yxin . Slim e had little effect on  polym yxin  sensitivity; 2 day cultures 
were the m ost sensitive. Slim e had a significant effect in reducing E D T A  sensitivity.

In general, these in vitro  results suggest that slim e has on ly  a m inor role in sensitivity to  the  
agents tested. A  significant role in vivo  is not excluded.
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Metabolism of 3-deoxy-3-fluoro-D-glucose by P seu d o m o n a s aeru g in osa
J. H. SCOTT FOSTER AND N. F . TAYLOR
School o f Pharmacy and School o f  Biological Sciences, Bath University, Claverton Down, Bath, 
B A 21A Y .U .K .
A s part o f  a  program  o f  investigation  concerned w ith the m etabolic  effects o f  m onofluorinated  
deoxysugars on  yeast (W oodw ard, T aylor & Brunt, 1969) and certain m icro-organism s, 
including Pseudomonas fluorescens (W hite & T aylor, 1970), w e have investigated the effect o f
3-deoxy-3-fluoro-D -glucose (3 F G ) on  Pseudomonas aeruginosa.

P . aeruginosa w as incubated in a m ineral salts m edium  w ith g lucose, g lucose - f  3 F G , and  
3 FG  as carbon sources at 37° on  an orbital shaker. A t first grow th only occurred where  
glucose was present as the carbon source, but subsequently the organism  was induced to  grow  
on  3 F G  as the so le  carbon source. Subsequent experim ents show ed that grow th rates, 
utilisation o f  carbon source, and final cell density were sim ilar for both g lucose and 3 F G . In  
add ition , after an initial lag, fluoride ion (F _) was released quantitatively. 3-deoxy-3- 
fluoro-D -gluconic acid (3 F G A ) and 3-deoxy-3-fluoro-2-keto-D -gluconic acid (3 F 2 K G A )  
also  served as so le  carbon sources, F  being quantitatively released after a lag period. N o  F  " 
was detected when P. aeruginosa was incubated w ith /3-fluoro-pyruvate.

O xygen uptake w as studied using W arburg respirom eters (U m breit, Burris & Stauffer,
1964) and it w as found that during the lag phase w hen F _ w as not released tw o atom s o f  0 2 

were consum ed per m ol o f  3 FG  and one atom  o f  0 2 per m ol o f  3 F G A  ozidized.
U sin g  E astm an precoated silica gel t.l.c. sheets and a solvent system  com posed  o f  acetic  

acid -eth yl acetate-w ater (3 :3 :1 ) ,  3 F G A  w as detected in the concentrated culture filtrate o f  
lag phase 3 FG  cultures. T he sp ots were visualized with p-anisidine. 3 F 2 K G A  w as not 
identified positively using this system , but previous work w ith gas-liquid chrom atography has 
suggested that it was present in trace am ounts.

W ork with fractionated, disrupted, cell suspensions (W atkins, 1970) show ed that the cell 
envelope fraction released F from  3 FG  and 3 F G A  at approxim ately ten tim es the rate as 
c id  the cytoplasm ic fraction.

T hese results suggest that P. aeruginosa m etabolized  3 F G  by the E ntner-D ouderoff path
way in a sim ilar m anner to  g lucose. The oxidation  proceeded as far as 3 F 2 K G A  with the 
consum ption  o f  tw o 0 2 a tom s per m ol o f  3 F G , at which stage the F _ is lost w hen the 6  

carbon com poun d  is c leaved  to  tw o 3 carbon com pounds. T he enzym e system  responsible for  
the C -F  bond cleavage is probably located  in the cytoplasm ic m embrane.
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The inactivation of phenylmercuric nitrate by sodium metabisulphite
J. BUCKLES, M. W . BROWN AND G . S. PORTER
School o f  Pharm acy, L ive rp oo l Polytechnic, B yrom  Street, Liverpool, U .K .
D uring work in this S chool concerning the uptake o f  phenylm ercuric nitrate from  so lu tion  by 
rubber closures, a greater rate o f  fall in phenylm ercuric nitrate concentration  was noted in the  
presence o f  sod ium  m etabisulphte than in its absence. A q ueous so lu tion s containing both  
phenylm ercuric nitrate and sod ium  m etabisulphite were therefore exam ined to  assess any  
effect the latter substance m ight have on  the phenylm ercuric nitrate concentration  under 
norm al cond itions o f  storage and sterilization . Phenylm ercuric nitrate concentrations  
were determ ined by a polarographic m ethod (Porter, 1968); antibacterial activity w as m on i
tored by the cup plate m ethod  w ith Staphylococcus aureus (N .C .T .C . 7447), as test organism .

Storage experiments. A m p oules contain ing a so lu tion  o f  phenylm ercuric nitrate (20 0 
/xg/m l) w ith sod ium  m etabisuphite ( 1 0 m g/m l) were kept at laboratory tem perature and  
assayed weekly. B oth  phenylm ercuric nitrate content and antibacterial activity fell steadily;



238 S BRITISH PHARMACEUTICAL CONFERENCE 1971 :
after five w eeks the phenylm ercuric nitrate concentration  had fallen to  1 0 - 0  /xg/ml w ith a  
corresponding reduction in antibacterial activity. C ontrol so lu tio r s contain ing phenyl
m ercuric nitrate on ly , show ed n o  reduction in  concentration  or activity.

H e a t experiments. A m p oules contain ing a so lu tion  o f  phenylm ercuric nitrate (20 0  
/zg/'ml) w ith sod ium  m etabisuphite (1  -0  m g/m l) were assayed after (a) exposure to  a tem pera
ture betw een 98° and 100° for increasing periods o f  tim e and (b) autoclaving (115°, 30 m in). 
The phenylm ercuric nitrate concentration  in  (a) fell rapidly; after thirty m inutes only
5-0 /zg/m l rem ained and the antibacterial activity had dim inished. In case (b) the presence o f  
neither phenylm ercuric nitrate nor antibacterial activity could  be dem onstrated. C ontrols in 
both  cases show ed no reduction in concentration  or activity.

T he use o f  phenylm ercuric nitrate as a preservative has been criticized on other grounds 
(Brow n & N orto n , 1965; N orton , private com m unication ), and the above results give further 
w eight to  the argum ent for its discontinuance. M ore disquieting, how ever, were the results 
obtained  in exam ining heat-sterilized official eye drops and injections form ulated to  contain  
both phenylm ercuric nitrate and sod ium  m etabisulphite. W hether prepared at this S chool or 
purchased from  reputable m anufacturers, on ly  negligible am ounts ( <  TO /zg/m l) o f  phenyl
m ercuric nitrate cou ld  be detected, and n o  antibacterial action  could  be dem onstrated.

N o  official test is specified to  ensure the antibacterial activity o f  added preservation in eye  
drops or injections. This m ay explain w h y the inactivation o f  phenylm ercuric nitrate by 
sod ium  m etabisulphite has not hitherto been reported.
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Progress towards a standard to limit particulate contamination in intravenous fluids
M. J . GROVES
Pharm acy Department, Chelsea College o f  Science and Technology ( U niversity o f  London), 
M anresa Road, London, S. IV 3 , U .K .
Instrum ental m ethods for detecting unw anted undissolved solid  particles in intravenous 
so lu tion s are m ore objective than the visual inspection m ethods at present in use.

F o llow in g  the observation that there is usually a log -log  relation betw een particle size  
and cum ulative num ber, G roves (1969) proposed a standard written in the form -specific  
value (S) =  (log  N lfl-2 -5 )/M , where N j „ is the estim ated num ber o f  particles at a threshold  o f  
T0ju.ni, and M is the slope o f  the log -log  distribution. This takes in to  account the fact that 
the num bers o f  particles and the slopes o f  the distributions varied w idely from  container to  
container, even those from  the sam e batch, and is not confined to  one instrum ental m eth od  or  
principle o f  detection.

The response o f  a num ber o f  C oulter m achines to  both a square w ave generator and to  a 
standardized suspension o f  a polystyrene-D V B  latex (m ean diam eter 8-25 um ) was m easured. 
T he standard error w as ± 0 -3 1 %  o f  the m ean response to  the square wave generator for 
eleven m achines, and + C 9 6 %  o f  the m ean count on  the suspension for twelve m achines. 
Provided suitable calibration m aterials were available it is suggested that the m ain obstacles  
to  a collaborative trial o f  this instrum ent cou ld  be overcom e.

The valid ity o f  the log -log  relation betw een the num bers o f  contam inating particles and  
particle size w as confirm ed up to 30 p m  using a H IA C  M odel P305-SST  A u tom atic  Particle  
Counter (Carver, 1969). T he H IA C  instrum ent w as unable to  count at levels exceeding  
3000/m l. Since, in go o d  quality intravenous so lu tion s encountered in practice, counts rarely 
exceed 50 particles per m l at a threshold o f  5 -0 /am (e.g. A ppino & R ob in son , 1969) this 
lim itation on counting rate is unlikely to  constitute a problem .

F our bottles rejected from  a hospital-m ade batch o f  Sod ium  C hloride Injection B.P. 
because o f  the presence o f  visible particles were exam ined using both  the C oulter C ounter and  
the H IA C  instrum ents. C oulter counts were m ade using the device described earlier (G roves,
1969). T he bottle  w as then disconnected and attached to  the receiver o f  the H IA C . R eplicate  
counts were taken on  successive 40  m l volum es until the bottle  contents had been used up.
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Specific values measured were as follows:—
Bottle number 1 2 3 4
Coulter 0-70 0-62 0-62 0-64
HIAC 0-68 0-62 0-61 0-68

It is concluded that the tw o instrum ents are broadly com parable, and are su itable for the  
purpose o f  counting  particulate contam ination  in intravenous solutions.

C ollaboration  betw een different laboratories is required to  establish the utility o f  this 
approach to  the problem  o f  assessing contam ination , and to  devise a  realistic standard o f  
cleanliness.

I am  grateful to  M r C. A . Johnson o f  the British P harm acopoeia C om m ission for valuable  
discussions on  this topic.
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Some investigations of the effect of a non-ionic surfactant on the diffusion of hydrocortisone 
across a cellulose acetate membrane
M. P . SHORT*, AND C. T. RHODES
* Sterling IVinthrop, Newcastle-upon-Tyne, and School o f  Pharm acy, Portsmouth Polytechnic, 
Portsmouth, Ham pshire, P O 1 2 D Z ,  U .K .
T he authors report further studies o f  the effects o f  non -ion ic  surfactants upon the diffusion o f  
steroids across a  cellu lose  acetate m em brane. D iffusion  rates have been m easured using the  
‘short’ and ‘ultra-short’ tim e m ethods recently developed (Short, A b bs & R h odes, 1970; 
Short, Jenkins & R hodes, unpublished); the apparatus w as a lso  described in these publica
tions. The tem perature dependence o f  the diffusion rate has been exam ined in system s w ith  
and w ithout n-alkyl polyoxyethylene surfactant. In all cases the Arrhenius equation  w as 
obeyed , e.g . correlation coefficient for five tem peratures 0-997. T he diffusional energies, 
AH d, and entropies, A S t, have been calculated , fo llow in g  the m ethod  o f  Barrer (1939). In 
distilled water the values were estim ated to  be 3 6  0  x  103 J m ol- 1  and —3-4 x  102 J deg 1 

m ol“ 1 respectively.
T he enthalpy, A H t, and entropy, ASt>, o f  m icellar binding, calculated by previously  

described m ethods (M olyn eu x, R h odes & Swarbrick, 1965; H um phreys & R hodes, 1968; 
M olyneux & R hodes, unpublished), were found to  be —17-6 x 103 J m ol“ 1 and —22 J 
deg“ 1 m o l- 1  respectively.

Interpretation o f  the diffusion and m icellar binding results has led to the developm ent o f  a  
sim ple therm odynam ic hypothesis. T his can explain how  surfactants can both  increase and  
decrease diffusion rates even w hen, as in the system s investigated in this work, the surfactants 
do not m odify  m em brane perm eability by direct interaction w ith the m em brane. F rom  the  
m icellar b inding data va ues o f  A H a and ASa, w ith 2% C16E30 solutions on the donor side o f  
the m em brane, have been predicted. T he agreem ent betw een the predicted and experim ental 
values is go o d , A H a 53-9 (expt 50-9) x  1 0 3 J m o l“ 1 x  1 0 3, A Sa —3-1 (expt —2-9) x  1 0 2 J 
deg - 1  m o l-1 .
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Kinetics of structure build-up in self-bodied emulsions stabilized by mixed emulsifiers
B. W . BARRY AND G. M. SAUNDERS
S ch o o l o f  P harm acy, P ortsm outh  P olytechnic , P a rk  R oad , P ortsm ou th , POX 2Q Q , U .K .

T he sem i-solid  properties o f  em ulsions prepared w ith surfactant-long chain a lcoh ol m ixed  
em ulsifiers are due to  viscoelastic  netw orks present in the continuous phases. These netw orks 
have sim ilar properties to ternary system s form ed by dispersing the m ixed em ulsifiers in water  
(e.g. Barry & Saunders, 1970). In this w ork, the differences betw een the m echanism s w hich  
operate to form  ion ic and non -ion ic  netw orks were investigated.

Ternary system s and em ulsions prepared w ith an ion ic (sod ium  dodecyl su lphate), cation ic  
(cetrim ide) or non -ion ic  (cetom acrogol) surfactants and cetostearyl a lcoh ol were exam ined  
in creep and in continuou s shear r h eo m etry a ta  storage tem perature c f  25°. System s were 
tested frequently during the first 24 h after preparation, and then regularly for 3 m onths. 
Short tim e creep tests were analysed to derive continuou s spectra o f  retardation tim es, using a 
second order approxim ation m ethod (Leaderm an, 1958), equation  1,

L(r) _A_ J(t)_ d2W
d/nt I d/nt

t =  2t 1

where L (t) is the value o f  a retardation spectrum , which is o f  the n a tjre  o f  a distribution  
function , although it has the dim ension o f  com pliance, and J(t) is the total com pliance at tim e  
t. F or each surfactant the results obtained were correlated with the m echanism s by w hich gel 
networks form ed.

W ith age, anion ic and cation ic ternary system s and em ulsions behaved sim ilarly with  
respect to total com pliance, retardation spectra and continuous shear param eters. A dditional 
structure, although not extensive, form ed within the first 2 h storage. This w as indicated in 
creep by initial falls in total com pliance values and decreases in spectral heights, and in c o n 
tinuous shear by corresponding increases in apparent viscosities ard  hysteresis loop  areas. 
Thereafter negligible new structure form ed, and thus spectra for system s tested after 2-5 and  
24 h storage were sim ilar, and there was little variation in total com pliances, apparent v iscosi
ties and loop  areas. T he essentially constant position  o f  spectral m axim a indicated that the 
high tem perature interaction which occurred during the preparation o f  ionic system s was the  
m ajor m echanism  which operated to  form  gel networks. The low  tem perature interaction  
occurring during the first 2  h storage w as insignificant.

C etom acrogol system s behaved differently. Structure built up rapidly during the first 24 h 
storage. This was show n in creep by m arked reductions in total com pliances and spectral 
heights, and in continuous shear by changing com plex flow  properties. The m ovem ent o f  
m axim a in the spectra to  longer tim es indicated that m echanism s which operated to form  gel 
netw orks at the storage tem perature produced structures which differed at a m olecular level 
from  those form ed at high tem peratures.

REFERENCES

B a r r y , B. W. & S a u n d e r s , G. M. (1970). J. Colloia Inter. Sci., 34, 303-315.
L e a d e r m a n n , H. (1958). In Rheology, Theory and Applications. Editor: Eirich, F. R. Vol. 2, 

1-61, London: Academic Press.



SCIENCE c o m m u n ic a t io n s , J. Pharm. Phcimiac., 1971, 23, Suppl., 241 S 241 S 

The solubilization of salicylic acid by a series of non-ionic surfactants
J. H. COLLETT AND R. WITEUNGTON
Department o f  Pharm acy, The U niversity, M anchester, U .K .
Solubilization  m ay be used to  increase the so lubility  o f  otherw ise poorly  so lub le drugs. R ecent 
work has show n that the bioavailab ility  o f  so lubilized  drugs is not necessarily increased. Since  
only  the unionized form  o f  w eak acids and bases is absorbed from  the gastrointestinal tract, 
it w ou ld  be useful to differentiate between the interactions o f  ionized drug m olecules and o f  
unionized drug m olecules w ith surfactant m icelles. T he extent o f  drug/surfactant interactions 
can be conveniently expressed as a distribution ratio o f  the drug between m icellar and non- 
m icellar phases.

The distribution rat:os o f  the ionized and un ionized m olecules o f  salicylic acid have been 
determ ined between water and m icelles o f  the fo llow in g  polyoxyethylene (2 0 ) sorbitan esters: 
m onolaurate (polysorbate 20); m onopalm itate (polysorbate 40); m onoslearate  (polysorbate  
60) and m on oo lea te  (polysorbate 80).*

Excess salicylic acid w as added to so lutions o f  surfactant at different pH 's. T he solutions  
were shaken in a constant tem perature bath for 48 h at 25 D and pH  w as adjusted using a 
R adiom eter pH  stat. F iltered diluted sam ples were assayed spectrophoiom etrically  for  
salicylic acid.

Plots o f  D t/D h2o as a function o f  volum e fraction, M , o f  polysorbate at several pH  values, 
where D x  and D H2o  are the so lubilities o f  salicylic acid in polysorbate so lutions and water 
respectively, are linear. T he slopes, S, o f  these lines at each pH , plotted against the percentage  
o f  un ionized salicylic acid present at that pH , are also  linear. T he values o f  S obtained by 
extrapolation to  0  and 100%  un ionized salicylic acid, are the distribution ratios K i and K u, 
o f  the ionized, and unionized m olecules o f  salicylic acid respectively (R ippie, Lam b & R om ig,
1964).

The distribution ratios o f  ionized m olecules are zero indicating that the m olecules do not 
partition into  polysorbate m icelles, supporting the conclusions o f  H urwitz, D eluca & 
K ostenbauder (1963) :hat organic ions m ust have a large hydrophobic group to  enable them  
to  be solubilized  by non-ion ic surfactants. T he distribution ratio o f  un ionized salicylic acid  
increases as the alkyl chain length o f  the surfactant increases. It m ay thus be expected that 
the am ount o f  un ionized acid available for absorption from  surfactant so lutions will be 
dependent upon the nature o f  the surfactant.
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Prediction of the micellar molecular weight and thermodynamics of micellization of mixtures of 
alkyltrimethylammonium salts
B. W . BARRY AND G . F. J. RUSSELL
School o f  Pharm acy, Portsmouth Polytechnic, P a rk  Road, Portsmouth, POX 2 Q Q , U .K . 
Sh inoda’s (1954) equation for the critical m icelle concentration  (cm c) o f  a soap m ixture and  
published data for pure surfactants were used to  derive a theoretical expression for the m icellar  
m olecular weight (M ) o f  a surfactant m ixture.

S M n
" i 303D (kf) xf exp (mi ai/kT ) 

S x (  exp (m i ai/kT )

1 CO

2 303D (kT) (i)

where u> is the energy change per m ethylene radical in passing from  the aqueous phase to  the 
interior o f  the m icelle, k is the B oltzm ann constant and T is the absolute temperature. M m i is 
the m icellar m olecular w eight o f  a surfactant i o f  chain-length m, and x is the m ol fraction  o f  
the surfactant i in a state o f  m olecular dispersion. D is the regression coefficient o f  the straight- 
line p lot o f  lo g  M  vs alkyl chain-length for pure surfactants. Experim ental values o f  M for
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som e com m ercial sam ples o f  quaternary am m onium  brom ides containing up to  seven co m 
ponents (Barry, M orrison & R ussell, 1970) were m easured by light scattering. T able 1 sh ow s  
go o d  agreem ent betw een theoretical and experim ental values o f  M.

T able 1.

Commercial surfactant 
Cetrimide B.P.
Dodecyltrimethylammonium bromide 
Tetradecyltrimethylammonium bromide 
Hexadecyltrimethylammonium bromide

M from light
Temperature scattering M from eqn 

°C data x 10- 4 (1) x 10“ 4

25 2-53 2-68
25 2-09 2-15
25 2-73 2-60
30 3-33 3-62

The tem perature dependence o f  the cm c o f  these m ixtures was determ ined and an estim ate  
o f  the effect o f  tem perature upon the degree o f  counterion binding to the m icelle w as deduced. 
T hese values were used to  calculate the therm odynam ic param eters A G , A H , A S, and A C P at 
different tem peratures from  equations based on  the phase separation and m ass action m odels  
o f  m icellization. V alues obtained from  the form er m odel were m ore negative since this m odel 
does not consider the extent o f  counterion binding to  the m icelle. Trends in all param eters 
were explained w ith regard to  the structural changes in water. Results show ed that the  
therm odynam ic param eters o f  m icellization  o f  m ixtures o f  surfactants o f  know n com position  
yield as valuable inform ation as those o f  single surfactants w hich are often  difficult to prepare 
pure.
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Monomer concentrations in micellar drug systems
D. ATTWOOD AND A. T. FLORENCE
Department o f  Pharm aceutical Chem istry, U niversity o f  Strathclyde, Glasgow, C .l ,  U .K .
Som e drugs in the local anaesthetic, tranquillizer and antibiotic classes are surface-active and  
m ay exert their action  by interaction w ith m em branes. M any o f  these surface-active drugs 
form  m icelles (F lorence, 1968) and if  the active species is the m onom er, it is im portant that the  
concentration  o f  m onom er in the m icellar system  is know n. M onom er concentrations can be 
obtained by interpretation o f  concentration dependent shifts o f  nuclear m agnetic resonance  
(nm r) spectra (Corkill & others, 1969). The m ethod is relatively sim ple and requires no  
assum ptions about m icellar charge or size, but the m ethod  requires independent m eans o f  
verification.

The Law o f  M ass A ction  w as applied to four system s containing phenothiazines in an 
attem pt to confirm  nm r data obtained previously (F lorence & Parfitt, to be published). 
A pplication  o f  the L aw  to  the m icellization  process,

jD +  +  ( j —Z) X ~  ^  M z+

where the phenothiazine m icelle consists o f  j m onom ers (D A  w ith j-Z ) firmly bound anions 
necessitates a know ledge o f  j and Z. A ggregation num bers for chlorprom azine, prom azine, 
prom ethazine and thioridazine hydrochlorides in aqueous so lution  have been obtained  by  
light-scattering. T hese are in the range 8  to  11. T he num ber o f  unit charges per m icelle  
determ ined by dye-tracer electrophoresis and also  by conductiv ity  techniques are high ( 6  to  8 ) 
ind icating that few  anion s are tightly bound to  the m icelle surfaces. U sin g  this experim ental 
inform ation in the m ass-action  calculations o f  m onom er concentration , g o o d  agreem ent was 
obtained  w ith the values derived from  nmr, thus substantiating the valid ity o f  the latter 
m eth od  and the findings i.e. that at any given phenothiazine concentration above the cm c the  
am ount o f  m onom ers in the system  can vary by a factor o f  5 in  the series studied, being low est 
for thioridazine and highest for  prom ethazine. In all system s studied the concentration  o f  
m onom ers does n ot change appreciably above the cm c.



D eterm inations o f  the rate o f  dialysis o f  chlorprom azine across V isking m em branes 
qualitatively agree w ith these observations in that the rate o f  transport decreases as the drug  
concentration  is increased a b ove  the cm c. This phenom enon m ay have applications in 
sustained release technology.
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The use of methylene chloride and chloroform for the extraction of tertiary alkaloids from 
S tryc h n o s  species
J. D . PHILLIPSON AND N. G . BISSET
Department o f  Pharm acy, Chelsea College ( U niversity o f  London), M anresa Road, London,
S.W.3, U.K.
W hen strychnine is extracted with chloroform  a crystalline quaternary salt m ay separate out 
(V on K lem perer & W arren, 1955; Caw s & Foster, 1956). C hloroform  itse lf does not react 
with strychnine and it has been thought that m ethylene chloride, which is present as an 
im purity, is responsib le (C aw s & Foster, 1957). Strychnine refluxed w ith m ethylene chloride  
for 1 0  h gives the chlorom ethochloride which is not identical w ith the quaternary salt form ed  
w hen chloroform  is used. This salt is strychnine chlorom ethobrom ide form ed from  ch loro- 
brom ethane another im purity in chloroform  (Caw s & Foster, 1957).

C hloroform  and m ethylene chloride are both  useful solvents for strychnine and related  
alkaloids w hich tend to be relatively insoluble in m any com m on organic solvents. D uring the 
screening o f  strychnos m aterial it was noted that a few  alkaloid-rich extracts gave needle  
crystals which proved to  be quaternary salts form ed from  strychnine-type alkaloids and  
m ethylene chloride. A lthough the ind ications from  the literature (Caw s & Foster, 1957) are 
that this is a slow  reaction (see above) the present w ork show s that strychnine and brucine  
so lu tion s in m ethylene chloride can form  heavy crops o f  quaternary salt crystals w ithin 2  h 
at laboratory tem perature. Each o f  these salts gives tw o  m ajor spots on  t.l.c. In order to  
study the behaviour o f  these com poun ds m ore closely  the fo llow in g  quaternary salts o f  
strychnine and brucine were prepared:— (a) chlorom ethochloride, (b )ch lorom ethob rom id e,
(c) brom om ethochloride, (d) brom om ethobrom ide.

T .l.c. o f  the m other liquors o f  the quaternary salts form ed on allow ing strychnine to  stand  
in chloroform  reveals the presence o f  three other m ajor alkaloidal constituents. T w o  o f  these  
have been characterized as strychnine (V-oxide and pseudostrychnine. A lthough this m ay cast 
doubt on  whether these com poun ds occur naturally, control experim ents have indicated that 
during norm al extraction procedures on ly  very sm all am ounts o f  these com poun ds are form ed.

Pseudostrychnine, pseudobrucine, icajine, novacine and vom icine do not appear to  form  
quaternary salts w ith chloroform  or m ethylene chloride.

It is clear from  the work discussed above and from  prelim inary experim ents w ith other  
alkaloids that the use o f  chloroform  and m ethylene chloride m ay lead to considerable changes 
in the nature o f  a lkaloids and their extracts. H ence w hen these solvents are used for alkaloid  
extraction care should be taken to determ ine whether or not the alkaloids rem ain chem ically  
unchanged.
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The tertiary alkaloids of some Asian species of S trych n o s
N . G . BISSET AND J . D . PHILLIPSON
Department o f Pharmacy, Chelsea College (University o f  London), Manresa Road, London, 
S.W.3, U.K.
In our screening program  for a lkaloids, the extracts from  m ore than 200 sam ples m ostly  from  
herbarium collections, belonging to  34 A sian Strychnos species, have been exam ined by t.l.c. 
and g.l.c. m ethods. T he results obtained w ith S. nux-vomica L. and S. wallichiana Steud. ex  
D C . (S. colubrina L.) are particularly interesting in that:—

1. The alkaloid  com position  o f  the lea f and seed, irrespective o f  age (up to  300 years old) 
appeared to be unchanged.

2. Both species contained alkaloids o f  the fo llow in g  types:— N orm al series: strychnine, 
brucine, strychnine A -oxide, brucine A -oxide; pseudo series: pseudostrychnine, p seu d o 
brucine; A -m ethyl-pseudo series: icajine, vom icine, novacine.

3. E xam ination o f  different plant parts o f  the tw o species show ed that in the root bark and  
root w ood  alkaloids o f  the norm al series tend to  predom inate; in the stem  bark pseudo and  
A'-m ethyl-pseudo alkaloids are the m ost im portant; in the leaves the m ain alkaloids belong to  
the A -m ethyl-pseudo series (cf. M aier & G roger, 1963; Sefcovic, D ubravkova & T orto ,
1968); and in the seeds again norm al seriesbases predom inate. There is evidence that in S. 
nux-vomica the norm al bases are form ed in the roots (Schlatter, W aldner & others, 1969). 
Our data from  S. nux-vomica and S. wallichiana suggest that as the alkaloids are transported  
up the plant through the w ood  they are gradually converted from  bases o f  the norm al series to  
bases o f  the pseudo and A -m ethyl-pseudo series, so that when they reach the leaves the A - 
m ethyl-pseudo alkaloids predom inate. It is possible that the reverse process m ay be taking  
place if  the a lkaloids descend from  the leaves through the bark.

A m ong the other species screened w ere :—
1. S. ignatii Berg., seed sam ples o f  which gave results very sim ilar to  th ose  o f  S. nux- 

vomica.
2. S. nux-blanda A . W . H ill, lea f and seed sam ples o f  which contained sm all am ounts o f  

alkaloids sim ilar in com position  to th ese  o f  S. nux-vomica except for the frequent occurrence  
o f  diaboline.

3. S. potatorum L .f., which contained d iaboline as the m ajor alkaloid  in the leaves, seeds, 
and bark.
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The conversion of p seu d o  heteroyohimbine alkaloids to oxindole alkaloids
E. J. SHELLARD, K. SARPONG AND P. J. HOUGHTON
Pharmacognosy Research Laboratories, Department o f  Pharm acy, Chelsea College ( U niversity  
o f  London), M anresa Road, London, S. IT.3, U .K .
In the hypothesis put forward by Shellard, Phillipson & G upta (1969) regarding the origin o f  
oxind ole  alkaloids in the genus M itra gyna , the possibility  that pseudo indole a lkaloids cou ld  
be involved w as discounted because o f  the instability o f  the corresponding pseudo ox in d o le  
alkaloids. H ow ever, in som e species o f  M itra gyna  there is evidence that w hile norm al 
oxindoles are present, the corresponding norm al indoles do not occur although the corre
spond ing pseudo indoles are present. This has led to a reconsideration o f  the hypothesis.

E m ploying the m ethods o f  F inch & T aylor (1962) and Shavell & Zinnes (1962) the pseudo 
m itrajavine has been converted to  the norm al javaphylline and isojavaphylline and the  
pseudo m itraciliatine has been converted to  the norm al rhynchociline and ciliaphylline. These  
in vitro  conversions encouraged attem pts to obtain  sim ilar in vivo conversion o f  pseudo indole  
alkaloids to  norm al ox ind ole  alkaloids.

Y  oun g plants o f  M itra gyn a  parvifolia  I R oxb .) K orth  grown from  seeds obtained from  C eylon



and contain ing the alkaloidal system  show n in Schem e A  were used. By m eans o f  the wick  
m ethod o f  feeding through thexylem  both  ajm alicine («orwa/, closed  E ring) and 3-isoajm alicine  
{pseudo, c losed  E  ring) were introduced to  the plant. In both cases after 24 h the corresponding  
norm al c losed  E ring oxindoles, m itraphylline and isom itraphylline were present in the leaves. 
Since 3-isoajm alicine cou ld  not be detected w hen ajm alicine was fed  in to  the plant there is  
som e doubt about the hypothesis that this alkaloid  is form ed by conversion o f  the C (3)H -a  
ajm alicine to  C(3)H -/3. These results support the m odified proposals that norm al ox ind o les  
m ay be derived from  corresponding pseudo ox ind oles (Schem e B).

Scheme A tetrahydroalstcnine ---------------------------- > isopteropodine
11

pteropodine
akuammigir.e ----------------------------- > speciophylline

1L
uncarine F
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Scheme B aimalicine -----------------------------*• mitraphylline
{  ^  11

3-isoajmalicine _____— -------- isomitraphylline
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The distribution of alkaloids in M itra g yn a  p a rv ifo lia  (Roxb.) Korth in young plants grown 
from Ceylon seed
E. J . SHELLARD AND P. J. HOUGHTON
Pharmacognosy Research Laboratories, Departm ent o f  Pharm acy, Chelsea College {U n ive rs ity  
o f  London), M anresa Road, London, S. IT. 3, U .K .
Initial investigations o f  the alkaloidal pattern in M itra g yn a  parvifo lia  obtained  from  C eylon  
sh ow ed  the leaves to  contain  the closed  E ring alkaloids, tetrahydroalstonine, akuam m igine, 
pteropodine, isopteropodine, speciophylline and uncarine F  w hile the trunk bark contains the 
open E  ring alkaloids isorhynchophylline and rhynchophylline in addition . T he root bark 
contained  isorhynchophylline and rhynchophylline on ly  (Shellard & H ough ton , 1971).

A m ore detailed exam ination o f  all parts o f  a you n g  plant grown from  seed and o f  the seeds 
and seedlings has revealed an interesting distribution o f  a lkaloids throughout the plant. The  
root xylem  and phloem  both  contain  isorhynchophylline, rhynchophylline and corynoxeine  
(A 18-rhynchophylline). This latter alkaloid  occurs in large quantities in the root tips and is 
also present in the seeds and seedlings as the m ain a lkaloid . This group o f  alkaloids a lso  
occurs in the stem  xylerr. at all position s in the stem  but could  not be found in the petioles, 
leaves or stipules. H irsutine and hirsuteine (A 18-hirsutine) a lso  occur in the root ph loem . T he  
alkaloids in the stem  phloem  vary according to  the position  in the stem . N o  ind ole  alkaloids  
were detected and the ox ind ole  a lkaloids present in the leaves also  occur in the stem  phloem  
in the upper part o f  the stem  although the am ounts present decrease to  zero in a  zone  just 
above the hypocotylar region. This region contains isorhynchophylline, rhynchophylline and  
corynoxeine but in a  narrow zone just above this region there are traces o f  an alkaloid  which  
appears to  correspond to  m itraphylline on  m any t.l.c. system s. T he stipules conta in  the sam e  
oxind ole  alkaloids as in the leaves with speciophylline predom inant.

T his distribution o f  a lkaloids can lead to  an interesting speculation regarding their m ove
m ent and possib le role in the plant.
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A study of bioavailabilities and dissolution rates of commercial tablets of nitrofurantoin
I. J. MCGILVERAY, G . L. MATTOK AND R. D . HOSSIE
The Research Laboratories, The Food and D ru g  Directorate, Ottawa, Ontario, Canada 
An investigation was undertaken to  com pare the bioavailabilities (BA; o f  a num ber o f  tablet 
form ulations (100 m g) o f  the urinary antibacterial nitrofurantoin (N F T ) w ith d issolution  
data on the sam e lots.

Prelim inary studies show ed that (1) An aqueous suspension o f  N F T  o f  particle size  
180-75 (im w as a well absorbed and reproducible control dose. (2) B lood concentration  
profiles ( 8  sam pling tim es in 6  h) reflected urinary excretion curves and (3) N o  drug was 
detected in the urine after 14 h. Peak b lo o d  concentrations occurred w ithin I h after inges
tion  and were in the range 0-7 to  1 -5 p.g/m l. Each o f  6  tablet form ulations B through G  
and the control suspension A  were given at w eekly intervals to  7 volunteers. A  standard  
regim en was adhered to  before and during the trial and the sequence o f  adm inistration  
fo llow ed  a 7 x 7 latin square design. U rine was voided at 1, 2, 3, 4, 5, 6 , 8 , 10 and 14 h 
after the drug was taken and analysed for N F T  by the m ethod  o f  C onklin & H ollifield  
(1963). The ranking o f  BA relative to  control A  dem onstrated that form ulation B w as 
low est (T ukey’s a llow able difference at 95%  confidence level). Form ulation  D  war lower  
than highest ranked G . F or the first 6  h after adm inistration form ulation D  gave significantly  
low er (95%  confidence level) N F T  excretion than control, w hile that o f  C was lower for 5 h. 
The observed urinary excretion rate constant was about l - 0 h -1 , t-j =  0-7 h a n d  the m ean  
excretion  curves for each form ulation  reflected the individual data. A pproxim ate absorption  
rates were calculated using the W agner-N elson equation  (1964) for a single com partm ent 
m odel (which appeared to fit the data). C om pared to  control, form ulations B, C  and D  were  
m ore slow ly  absorbed (A , m ean t^ abs. =  0-5 h; B, m ean t£ abs. =  1-2 h).

T he urinary N F T  concentration  o f  30 pg/m l has been cited in clinical reports as sufficient 
to  eradicate m ost sentive strains o f  infecting organism s w hile less sensitive strains m ay  
respond to  75 ng/m l. A  com parison o f  the tim e required to attain and m aintain 30 and  
75 pg/m l indicated that form ulation  B was poorest.

The U SP  X V III m ethods for d isintegration and dissolution  were used to  obtain  data for  
each  form ulation . T he stated lim it is not greater than 30 m in for disintegration and the  
tim e required for 60%  (T  60% ) o f  N F T  to  d issolve should  not be less than 1 h. T he form u
lations o f  higher BA than control, E, F  and G  released the drug rapidly and gave T  60%  
less than 60 m in. This d isso lution  standard w as apparently designed to  prevent rapid drug  
release in efforts to  reduce nausea associated  w ith N F T  w hich m ay be accentuated w ith  
rapid absorption . T he test m ay lead to  form ulations exhibiting low er bioavailab ilities  
than c o n tr o l; B and D  are tw o such dosage form s. B has a T30 % o f  55 min and a disintegration  
tim e o f  7 m in and D , a T60%  o f  140 m in and a  disintegration o f  1-3 m in. T hese experim ents 
suggest that form ulation  o f  N F T  is difficult and a su itable test that reflects BA is required.
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On the effect of pharmaceutical formulation on thioridazine absorption
CHRISTINE A. HIRST* AND R. C. KAYE
D ivision o f  Pharm acy, Department o f  Pharmacology, U niversity o f  Leeds, Leeds, U .K .
M ellinger (1965) show ed that w hen thioridazine was given orally the resultant b lood  concen- 
tions were affected by the type o f  preparation adm inistered, a  syrup giving higher b lood  
concentrations than a crushed tablet. Ingredients o f  an oral liquid preparation can affect 
absorption o f  a drug from  the gastrointestinal tract (W agner, 1968). M ale W istar rats (body  
w eight 100-250 g) were given thioridazine (10 m g b a se /150 g body w eight) by stom ach tube as 
a  solub le salt in a syrup or as a suspension o f  the insoluble base. T he syrup contained 2-25 % 
thioridazine, calculated as base. T he suspension (I) contained 2-25 % m icronized thioridazine  
base, polysorbate 80, sucrose and water. M ean b lood  concentrations (determ ined according



to Pacha, 1969) were com pared after appropriate tim e intervals by the /-test. O nly at 1 h after  
adm inistration, did suspension (I) give different (higher) b lood  concentrations than did the  
syrup. T o  obtain  inform ation o n  the absorption o f  thioridazine oral preparations in m an, a 
single dose, 3-way cross-over study was carried out w ith six m ale adults. T he preparations 
used were the syrup, suspension (I), and suspension (II) which contained 2-25%  m icronized  
thioridazine base and pharm aceutical form ulating agents (Patent application no: 118-3076). 
T he three preparations were given in a latin square order, w ith three weeks between succes
sive  adm inistrations for elim ination o f  thioridazine. B lood  sam ples were taken at appropriate  
tim e intervals. D ifferences in thioridazine b lood concentrations between subjects after the sam e  
preparation were greater than differences in a single subject after the three preparations. A  
m odified /-test (M oron ey , 1953) was therefore used to  com pare the differences in ind ividuals  
after the three preparations. There was no significant difference between the b lood  concen
trations after suspension (I) and suspension (II), but both  these were consistently  higher  
( P  < 0 -01) than those ar'ter the syrup. A djuvants added to  suspension (II) had not reduced  
absorption . T hioridazine is a base and w ould  be expected to  be w ell-absorbed from  the 
intestine and poorly  absorbed from  the stom ach. T he free base in suspension (I) and (II) will 
dissolve in the stom ach. I f  so lu tion  is rapid and neither syrup nor suspension form ulation  
affects absorption , the drug should  be equally well absorbed from  syrup and suspension. The  
superior absorption found for the suspensions cou ld  be due either to  an ingredient included  
in both  suspensions (but not the syrup) that increased thioridazine absorption , or to  an 
ingredient in the syrup that reduced thioridazine absorption .
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Human volunteer studies of the antitussive activity of dropropizine
K. CARTW RIGHT* AND J. L. PATERSONf
*The Boots Co., Nottingham , j  Department o f  Pharm acology, U niversity o f  Strathclyde, 
Glasgow, C .l ,  U .K .
The production o f  cough  and its assessm ent is possib le w ith reasonable accuracy in laboratory  
anim als but it is m uch m ore difficult in hum an subjects. A  series o f  experim ents w as designed  
to induce cough  in order to  m easure the effects o f  antitussives. T he purpose w as the verifica
tion o f  the antitussive property o f  l-(2 ,3-dihydroxypropyl)-4-phenylpiperazine (dropropizine). 
In this study cough  was induced by inhalation  o f  citric acid aerosol using a m odification  o f  
the m ethod o f  B ickerm an, G erm an, C ohen & Itkin (1957).

In the first phase o f  the experim ent, healthy volunteers were screened for response to  citric  
acid inhalation  using concentrations from  2%  to 16%. T he apparatus consisted  o fR y b a r  
inhalers attached to  a constan t air supply o f  14 p.s.i. so  that each w ould  deliver 0 1 7 5  m l/m in  
o f  aqueous solution  in atom ized form . Initial screening w as o f  25 volunteers o f  ages ranging  
from  19 to  48 years and including both  sm okers and non-sm okers. O f these, 14 were selected  
as positive cough  responders on  the basis o f  inability  to  tolerate a given threshold concentra
tion  o f  citric acid aerosol for  30 s or fo llow in g  30 s inhalation  to  cough  persistently for at least 
30 s. The selected volunteers were rechecked to  establish constancy o f  tussigenic threshold.

In the second phase, 9 o f  the selected volunteers were used in a double-b lind study com 
paring a single dose o f  2 0  m g codeine phosphate w ith a single dose o f  60 m g dropropizine. 
A fter verification o f  the sensitivity threshold to citric acid inhalation  for each volunteer, the  
first capsu le w as adm inistered and the threshold  redeterm ined 14 h later. 4  h after ingestion o f  
the first capsu le, the second capsule was given and a further redeterm ination o f  the threshold  
m ade after 14 h . T he selection o f  m edication  w as radom ized and the subjects were unaware o f  
the concentrations o f  citric acid that they were inhaling. R esu lts show ed that after dropropi
zine 6  subjects show ed an increased threshold o f  response w hile after codein e phosphate 7



show ed increase though none as great as w ith dropropizine. Enquiry elicited no adverse side- 
effects.

In the third phase, 11 o f  the selected volunteers were used in a double-b lind com parison o f  
a single dose o f  90 m g dropropizine w ith p lacebo. T he m ethod was as in phase tw o. R esu lts  
show ed that dropropizine raised the threshold o f  sensitivity o f  8  subjects by a greater am ount 
than the placebo w hile in 2  cases the p lacebo effect slightly exceeded that o f  dropropizine. 
O ne subject show ed no change in threshold. A gain there were no adverse effects.

These results em phasize the im portance o f  the psychological factor ir. antitussive assessm ent 
in hum ans, but the m ethod w as found to  give consistent results for individual volunteers w ith  
rem arkable constancy o f  the threshold baseline on repeated m easurem ent. This w ou ld  there
fore seem  to  offer a sim ple, non-hazardous m ethod o f  com paring antitussive potencies.
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Extrinsic circular dichroism resulting from the interaction of sulphonamides with plasma albumin
G . C . W O O D  A N D  S H E E N A  S T E W A R T

Department o f  Pharm aceutical Chem istry, U niversity o f  Strathclyde, Glasgow, C .l ,  U .K .
T he effects o f  protein binding o f  su lphonam ides o n  their duration o f  action and their m eta
bolism  are well know n (A nton  & B oyle, 1964). T he m echanism  o f  binding is im perfectly  
understood (see, e .g ., Jardetzky & W ade-Jardetzky, 1965). T he use o f  circular dichroism  
(C D ) in investigating the interactions o f  drugs w ith proteins has te e n  indicated by C hignell
(1970).

Strong extrinsic C D  bands were generated between 260 and 320 nm  w hen solutions o f  
crystalline bovine serum  album in (B SA , 2-5 x  1 0 -5 m , pH  7-4) interacted w ith a num ber o f  
optically  inactive su lphonam ides (5 X 1 0 " 5m ) having the general structure H 2N -C 6H 4- 
SO gN H R . These included the highly lip id-soluble, strongly-bound com poun ds: su lphasom i- 
zo le , su lphadim ethoxine and sulpham ethoxypyridazine. Sulphanilam ide, su lphadiazine, 
sulpham erazine, sulphapyridine, su lphasom idine and su lphath iazole generated on ly  w eak  
effects or none at all. Sim ilar, though not identical, results were obtained w ith hum an serum  
album in.

D ifference C D  spectra o f  m ixtures o f  B SA  (2-5 X 10 “5 —1-0 x  10-3 m )  and su lphasom i- 
zo le  (m olar ratio sulphonam ide,'protein 0-2-50) show ed positive and negative peaks at 290 
and 260 nm respectively. G raphs o f  difference ellipticity  [ A ( p r o t e i n  +  su lp hon a
m id e)— ipx (protein)] against the num ber (r) o f  su lphonam ide m olecules bound per protein  
m olecule, up to  r =  2 - 6  (determ ined by equilibrium  dialysis) fell into tw o linear regions w ith a 
discontinuity at r =  1. Interaction w ith the first b inding site (C lass I) is thus qualitatively  
different from  binding to  the second and third sites (C lass II). The derived m olecular  
extrinsic C D  spectrum  o f  su lphasom izole bound to C lass I sites (K assoc =  5 x  104 litre m o l-1, 
approx.) had peaks at 295 nm  (m olecular ellipticity =  [#]max =  —5-6 x  104 deg cm 2 

dm ol- 1 ; dissym m etry factor =  g  =  [<7]max/3,300e =  +1-54 x 10 :‘) and 260 nm([0]max =  
—5-6 x  10J deg cm 2 dm ol- 1 ; g  =  — 1T3 x  10-3). The positive peak is due to  the hetero
cyclic ring and the negative peak is probably due to the /i-am inobenzenesu lphonic acid m oiety. 
T he results indicate that su lphasom izole is bound to  C lass I sites in such a w ay that both  
chrom ophores are subjected to  asym m etric perturbations o f  sim ilar m agnitude by the protein. 
Sulphonam ide bound to  C lass II sites (K assoc. =  103 litre m ol-1 , approx.) appears to have an  
extrinsic C D  spectrum  o f  lower m agnitude (Amax =  275 nm ; [0]max =  —1-8 X 10 4 deg cm 2 

dm ol-1). The peak does not coincide w ith a peak in the absorption spectrum  o f  the drug but 
m ay be due to  perturbation o f  the tertiary structure o f  the protein. D eterm ination o f  C D  
spectra betw een 200 and 250 nm  indicated that n on e o f  the su lphonam ides studied affected  
significantly the protein secondary structure.

Sim ilar results were obtained w ith su lphadim ethoxine or su lpham ethoxypyridazine but



detailed interpretation is com plicated  by the c lose  proxim ity o f  the absorption  bands o f  the  
su lphonam ide and protein chrom ophores.

W e thank the W ellcom e Trust and the M .R .C . for financial support and M ay & Baker Ltd. 
and C yanam ide G .B . for gifts o f  su lphonam ides.
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2-Phenylisatogen as an electron acceptor for mitochondrial N A D H  dehydrogenase
A . P .  G R E E N , A . J .  S W E E T M A N  A N D  M . H O O P E R

School o f  Pharm acy and B iology, Sunderland Polytechnic, Sunderland, U .K .
Previous investigations have show n that 2-phenylisatogen, a potentially  useful anti-m yco
plasm a agent (B ond , 1969), inhibited A D P -stim u lated  succinate ox idation  and uncoupler  
stim ulated A T P ase in tightly coupled  rat liver m itochondria  at a concentration  o f  12-5 n m o l/  
m g m itochondrial protein (Sw eetm an, G reen & H ooper, 1971). W e have proposed that the  
site o f  action  o f  2 -phenylisatogen is sim ilar to that o f  the antib iotics oligom ycin  and auro- 
vertin, w hich have been show n to  inhibit the m itochondrial energy-transfer system  
(R oberton , H ollow ay  & others, 1968; Lee & Ernster, 1968). W e now  wish to  report a second  
action  o f  2 -phenylisatogen on  rat liver m itochondria  obtained  at higher concentrations w ith  
N A D H  as substrate.

Spectrophotom etric determ ination o f  N A D H  oxidation  at 340 nm  show ed that there w as a  
forty-fold  stim ulation  o f  N A D H  oxidation  in the presence o f  8-3 x  10- 5  m 2-phenylisatogen. 
T he stim ulated respiration w as not inhibited by respiratory chain inhibitors such as rotenone, 
sod ium  am ylobarbitone, antim ycin A  and potassium  cyanide. T he reaction w as inhibited by 
p-chlorom ercuribenzoate. This inh ib itor specificity suggests that 2-phenylisatogen interacts 
with the N A D H  dehydrogenase system  o f  the m itochondria  at site 2, according to  the schem e  
put forward by R uzicka & Crane (1970). T hese workers have show n that qu inones o f  the  
m enadione type are reduced to  their qu inol form s by the respiratory chain-linked N A D H  
dehydrogenase in the presence o f  N A D H . I f  2-phenylisatogen w as being reduced by a sim ilar  
m echanism  then a possib le reduction product w ou ld  be 2-phenylindolone (see Bunney, 1970). 
W e have obtained prelim inary evidence for this possib ility  by our detection  o f  2-phenyl- 
ind olon e using a  com bination  o f  extraction and thin-layer chrom atographic techniques, after  
incubation o f  2-phenylisatogen w ith m itochondria in the presence o f  N A D H . W hen m ito 
chondria were incubated with 2-phenylisatogen in the absence o f  N A D H  no 2-phenylindolone  
was detected.

Bunney (1970) has show n that 2-phenylisatogen reacts w ith 1,4-dihydrobenzylnicotinam ide, 
a m odel com poun d  for N A D H , to  produce 2-phenyl ind olon e and 2,2'-d iphenyl-2,2'- 
diindoxyl.

W e propose that 2-phenylisatogen interacts w ith the N A D H  dehydrogenase system  o f  rat 
liver m itochondria, in a m anner analagous to  that foun d  w ith quinones, to  form  the reduced  
com poun d  2 -phenylindolone.
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Impurity profiles of pharmaceutical colourants
K . R . B R A IN ,*  T .  D .  T U R N E R *  A N D  B . E . J O N E S t

* Pharmacognosy Group, Welsh School o f  Pharmacy, UWIST, Cardiff, f Eli Lilly, Basingstoke,
U.K.
R egulations governing the use o f  colourants in fo o d s and in pharm aceuticals vary throughout 
the w orld w ith m any differences from  country to  country in the dyes perm itted. H ard  
gelatin capsules are m arketed on  a w orld-w ide basis and a problem  arises in the se lection  o f  
colouring m aterials o f  international acceptability. In view  o f  the nature o f  the com poun ds  
and the m anufacturing procedures com m ençai dye m aterials are inevitably contam inated  
with im purities. T hese subsidiary im purities are usually c losely  related to  the m ain com ponent 
and are som etim es excluded dyes in their ow n right.

T he aim  o f  the present investigation w as to  exam ine a range o f  the com m ercial dye products  
availab le as a standard co lour with the dual objects o f  assessing the quantities o f  subsid iaries 
present and o f  obtain ing a qualitative ‘im purity profile’ for identification purposes. A m aranth  
(trisodium  salt o f  l-(4-su lph o-l-n aph thylazo)-2-n aphth oI-3 ,6-d isu lp honic  acid) and Sunset 
Y ellow  F C F  (disod ium  salt o f  l-p-su lphophenyIazo-2-naphthol-6-sulphonic acid) were 
selected and thirteen different com m ercial sam ples o f  the form er and tw elve o f  the latter were 
chrom atographed on prespread film s o f  cellu lose (M acherey N agel CEL 300 0-2 m m ) using  
the solvent system s specified in the appropriate British Standard. T he light absorption o f  the  
dried chrom atogram s at 525 nm  w as m easured by scanning the film s by transm ission in a 
Vitatron T L D  100 flying spot densitom eter in the lo g  m ode at a scanning speed o f  1 cm /m in  
using a  0-25 m m  aperture and a  strike length o f  14 m m . Peak areas were estim ated directly by 
m eans o f  a Vitatron integrating recorder and related to  the concentrations o f  com ponents by 
reference to  standards.

T he A m aranth sam ples show ed betw een 78-4 and 99-7%  o f  the total absorption in the  
m ajor peak w ith som e variation in the subsidiaries. O f the subsidiaries Fast R ed E is per
m itted in Britain but not in the E .E .C . (a lthough the French N ational Standard conta ins it). 
T he Sunset Y ellow  sam ples had a low er range o f  m ajor peak absorption o f  93-6 to  98-6 per 
cent but the distribution o f  the subsidiaries was m ore varied. T he subsidiary O range II is no  
longer perm itted in any country. Each sam ple show ed a characteristic im purity profile which  
enabled the m anufacturing source to  be identified.
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The soda lime pyrolysis of saccharin
W IL L IA M  M A R L O W  A N D  G .  S . P O R T E R

School o f  Pharmacy, Liverpool Polytechnic, Byrom Street, Liverpool L3 3AF, U.K.
W e have repeatedly observed that a prim ary arom atic am ine, detected by the Stenhouse  
reaction (Stenhouse, 1870), is form ed w hen saccharin, or  its sodium  salt, is subjected to  soda  
lim e pyrolysis. In an effort to  characterize the products form ed in this com m on , sem i-m icro  
qualitative test, the pyrolysis was carried out on  a larger, test-tube scale and the distillate w as  
collected  and dried. T he distillate w as then subjected to  gas-liquid chrom atography using a  
colum n packed w ith 1 0 % polyethylene glycol adipate on  celite, and to  co lu m n ch rom ato
graphy on  neutral alum ina. T he products were identified by com parison o f  their physical 
characteristics w ith authentic sam ples, and, in som e cases, by the preparation o f  su itab le  
derivatives. In this w ay saccharin w as found to  give rise to  benzene, aniline, benzonitrile, 
biphenyl, diphenyl sulphide, carbazole and am m onia. E xam ination o f  the carbonized  
residue rem aining after pyrolysis show ed that it contained som e benzenesulphonam ide, 
together w ith the an ion s S_ , S 0 3_ and a trace o f  S 0 4 .

A  sim ilar soda lim e fusion o f  benzenesulphonam ide resulted in the form ation o f  the sam e  
products, w ith the exception  o f  benzonitrile.

T he form ation o f  this com plicated  m ixture o f  products under the drastic cond itions o f  the



test m akes the assignm ent o f  clear reaction pathw ays im possib le. H ow ever, a  num ber o f  
suggestions can be m a ce  concerning the m ode o f  form ation o f  som e o f  the products.

(i) B enzenesulphonam ide, but not benzoic acid, is form ed indicating that decarbonylation  
o f  saccharin (or  decarboxylation  o f  a derivative o f  it) takes place.

(ii) Benzonitrile m ay be form ed either by dehydration o f  the im ide group, or by attack o f  
som e arom atic species by C N -  form ed in situ. T he form er is favoured since no C N -  was 
detected in the residue, and both benzam ide and nicotinam ide were converted in to  their 
nitriles by sod a  lim e pyrolysis.

(iii) It is possible tha: aniline is form ed through attack by N H 2~ on an aryne interm ediate  
(i.e. by elim ination-addition) but m ore probable that direct nucleophilic  displacem ent o f  a 
su lphonate (or related) group occurs. Jackson & W ing (1886) have show n that the fusion o f  
sod ium  am ide with sal:s o f  arom atic su lphonic acids produces primary arom atic am ines in 
low  yield.

(iv) C arbazole is probably form ed from  aniline via the interm ediate diphenylam ine, since  
Braun & G rieff (1872) show ed that d istillation  o f  either o f  these w ith lim e gave carbazole.

(v) U nder the reductive cond itions o f  the test it is likely that benzene-sulphonam ide is 
deam inated and converted into  th iophenol, which m ay dim erize to  form  diphenyl disulphide. 
The latter w ou ld  readily d ecom pose on  heating to  diphenyl sulphide in a m anner sim ilar to  
that described by H eldt (1965) for p-to ly l disulphide.

(vi) T he form ation o: benzene and biphenyl can be accounted for by assum ing that phenyl 
radicals or ions are kberated which either com bine w ith hydrogen or couple  together. 
R easonably g o o d  yields o f  p -b ito ly l were obtained by H eldt (1965) from  p-toly l su lphide upon  
pyrolysis over m etal oxide catalysts.
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Effect of sodium carboxymethylcellulose and compound tragacanth powder on the sedimentation 
and redispersal of sulphadimidine mixture, paediatric B.P.C. 1968
L . B . B H A G W A N , P .  B . D E A S Y  A N D  R . F . T IM O N E Y

College o f  The Pharmaceutical Society o f  Ireland, Shrewsbury Road, Dublin 4, Eire
This com m unication  is a report on  the physical stability o f  Sulphadim idine M ixture, Paedia
tric B .P .C . 1968, w hen prepared w ith sod ium  carboxym ethylcellu lose 50 or, extem poraneously, 
with com poun d  tragacanth pow der. Previous studies on  the evaluation o f  factors controlling  
the physical stability o f  su lphonam ide suspensions were conducted m ainly on m odel system s 
(H aines & M artin, 1961; W ilson & E canow , 1963; E canow , G rundm an & W ilson, 1966; 
Jones, M atthew s & R h odes, 1970).

Su lphadim idine M ixture, Paediatric B .P .C . 1968 w as prepared using 1 % sod ium  carboxy
m ethylcellu lose 50 or 4%  com poun d  tragacanth pow der, as described in the British Pharm a
ceutical C odex (1968). Care w as taken to  m inim ize air entrainm ent into m ixtures. Sedi
m entation  heights were recorded as suggested by M artin (1961). Sam ples for  particle size  
analysis were withdraw n at a  fixed depth at the m idpoint o f  settling m ixtures, diluted 1 :5 0  
with filtered 1 % sod ium  chloride so lution  and assayed using a C oulter C ounter “ M odel B ” 
Industrial, fitted w ith a 400 /cm orifice tube (C oulter E lectronics L im ited, D unstable). 
Redispersibility w as m easured as described by M atthew s & R h odes (1968). M ixtures w'ere 
stored for periods up to  2 1  days in a constant tem perature room  at 2 0 ° ±  1 °.

T he initial sedim entation  rate o f  the m ixture containing 4%  com poun d  tragacanth pow der  
w as m ore rapid than for the m ixture contain ing 1 % sod ium  carboxym ethylcellu lose 50. 
H ow ever, as the period o f  storage was extended beyond 8  h the reverse effect occurred. 
F alling sphere viscosity m easurem ents indicated that during this storage period constituents  
o f  the com poun d  tragacanth pow der settled, gradually form ing a viscous so l. T he latter 
initially produced a viscosity gradient in the m ixture which increased progressively with depth. 
These findings w ou ld  contribute to an explanation  o f  the observed sedim entation  rates. Size
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analysis o f  particles over 40  /xm  show ed that at equivalent tim es the diam eter corresponding  
to  a cum ulative % oversize (volum e), except 1 0 0 %, w as greater for the com poun d  tragacanth  
m ixtures. Photom icrographs taken at these tim es show ed evidence o f  su lphadim idine—  
com poun d tragacanth aggregates sedim enting, w hich w ou ld  account for the difference in size  
distributions obtained. A t equivalent sam pling tim es, the m ixture contain ing the com poun d  
tragacanth pow der w as increasingly m ore difficult to  redisperse to  hom ogeneity  than the  
m ixture contain ing sod ium  carboxym ethylcellu lose 50.

T he rapid appearance o f  a large supernatant layer and the caking tendencies o f  both  
suspensions during storage are undesirable. Studies are in progress on the use o f  agents to  aid  
the optim um  form ulation  o f  su lphadim idine suspension.
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A possible mechanism for the action of dimethyl sulphoxide on percutaneous absorption
W . E . S N E A D E R , A . T .  F L O R E N C E  A N D  E . M c C O L L

Department o f  Pharmaceutical Chemistry, University o f Strathclyde, Glasgow, C .l, U.K.
In vitro experim ents have been carried out to  assess the effect o f  D M S O  o n  the p h ysico 
chem ical properties o f  hyaluronic acid and chondroitin  su lphate in aqueous so lu tion . 
H yaluronic acid and chondroitin  su lphate are both  present in skin. D a y  (1952) and others 
(Laurent & Petruszkiew icz, 1961) have show n that the form er plays an im portant part in the  
resistance o f  flow  through connective tissue. It exists in so lu tion  as a m eshw ork o f  long  
m olecules w hich can  im pede the passage o f  even sm all m olecules through the so lution . It is 
therefore feasible that hyaluronic acid plays a part in resisting the percutaneous transport o f  
large and sm all drug m olecules.

A  three-com partm ent cell w as used. The aqueous so lu tion  o f  sod ium  hyaluronate or 
chondroitin  su lphate was placed in the central com partm ent betw een tw o m em branes separat
ing the donor and recipient com partm ents. T he rate o f  diffusion o f  the m ethylene blue and  
salicylic acid in to  the recipient cell w as noted  in the presence and absence o f  D M S O  (see  
Table).

T able 1. Rates o f  diffusion on methylene blue and salicylic acid through hyaluronic acid1 and 
chondroitin sulphate2 gels.

Methylene Blue -
101K (g cm - 2  min-1) 

Methylene Blue - Salicylic acid -
hyaluronic acid* chondroitin sulphate hyaluronic acid*

Solvent (1  mg ml-1) ( 2 0  mg ml-1) (1  mg m l-1)
Water or buffer 2 4 7-3
10% DM SO 4 5-6 1 5 0

* Molecular weight, from viscosity measurements, 8-9 x  105. 
1 Sigma grade III P. 2 Sigma grade II mixed isomers.

10%  D M S O  reduces the intrinsic v iscosity  o f  hyaluronic acid so lu tion s from  1550 to  900  
m l g-1, w hich im plies a reduction in the axial ratio o f  the hyaluronic acid from  156 to  120.

T he experim ental data support the view  that D M S O  exerts its absorption-enhancing effects 
by decreasing the m icroscopic viscosity o f  the barrier layers, thereby decreasing the resistance  
offered to  diffusing so lu te  m olecules.
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Sensory testing of spreadability; investigation of the rheological conditions operative during 
application of topical preparations
B . W .  B A R R Y  A N D  A . J .  G R A C E

School o f  Pharmacy, Portsmouth Polytechnic, Park Road, Portsmouth, PO\ 2QQ, U.K.
A  m ethod w as developed  w hich related sensory im pressions o f  spreadability o f  ointm ents and  
cream s to  instrum ental rheological analysis. T he m ethod m ay be used in routine industrial 
control procedures, a n c  as a  spreadability screening test for laboratory use prior to field trials 
in innovative work.

T he m ean tem perature o f the skin o f  the inner surfaces o f  the forearm s o f  a  test panel w as 
approxim ately 34°. Instrum ental rheogram s for a series o f  test m aterials were determ ined at 
34° using a Ferranti Shirley viscom eter; tw o m ethods, m odifications o f  that due to  W ood
(1968), were em ployed . Panel m em bers were asked to  com pare test sam ples w ith N ew ton ian  
silicone o ils by spreading :hem  on  the skin, and to  select the N ew ton ian  m aterial m ost sim ilar 
to the test sam ple. T he intersection o f  the rheogram s o f  the test sam ple and the selected  
N ew ton ian  oil indicated the approxim ate rheological cond itions during spreading on  the  
skin.

A  M aster Curve o f  the approxim ate rheological cond itions operative during spreading w as 
determ ined for a  series o f  lipoph ilic  m aterials ranging from  stiff sem isolids to  m obile  fluids. 
R ates o f  shear varied approxim ately from  400 to 2500 s-1 , shear stresses varied approxi
m ately from  40  to  6000 N m . 2

T he panel m em bers assessed the test sam ples using Ordinal, Preference and R atio  scaling  
procedures (T orgerson, 1965). Logarithm ic and double  logarithm ic p lots o f  m ean panel score  
against apparent viscosity or shear stress (at the rate o f  shear indicated by the M aster Curve) 
were linear w ith on e  exception .

The Preference test data, in conjunction  w ith the M aster Curve, were em ployed to deter
m ine the rheological cond itions w hich yielded m axim um  consum er acceptance o f  the spread- 
ability o f  a product. T he preferred region o f  the M aster Curve w as bounded approxim ately by 
400 to 700 s- 1  and 200 to  700 N m -2 .

The panel was asked to  spread N ew ton ian  silicone o ils o f  know n viscosity betw een m arks 
10 cm  apart on  the skin o f  the forearm . A n estim ate was m ade o f  the num ber o f  strokes per 
unit tim e. The relative viscosity , V cm  s-1, between the skin surfaces w as thus determ ined  
approxim ately. T he rate o f  shear, y  s ', during spreading o f  each oil was determ ined by  
reference to the M aster Curve. U sing the equation  for plane lam inar flow  between parallel 
plates

y  =  V /d
where d is the plate separation in cm , the approxim ate thickness o f  the oil film on the skin was 
calculated. T he data indicated a dynam ic relation betw een y ,  V  and d, w hich m ay explain  
form er difficulties and variation in results obtained in the evaluation o f  the shear conditions  
operative during spreading o f  topical applications (L angenbucher & Lange, 1970).
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The effect of constituents in white soft paraffin on the efficacy of corticosteroid ointments in the 
vasoconstrictor test
M . F . C O L D M A N  A N D  M ISS L .  L O C K E R B IE

Imperial Chemical Industries Ltd., Pharmaceuticals Division, Macclesfield, U.K.
T he vasoconstrictor test developed by M cK enzie & Stoughton , is w idely accepted as on e  o f  
the m ost useful m ethods for assessing the activity o f  a topical corticosteroid. R ecently, 
m odifications have been introduced to the test in order to  exam ine the effect o f  form ulation  on  
the response o f  the steroid . The test now enables num erous form ulation  effects to  be evalu
ated w hich w ou ld  previously have required large-scale, and therefore costly , clinical trials. 
F our w hite soft paraffin bases (A , B, C and D) each m eeting the B.P. specifications were
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prepared w ith differing proportions o f  constituents so  that the degree o f  w axiness increased in  
the order A  <  B <  C  <  D . T hese bases were then used to  prepare p lacebo ointm ents  
contain ing 5 %  propylene glycol and active o intm ents contain ing 0-025%  fluocin olon e  
aceton ide (Synalar) dissolved in 5 % propylene glycol. In spite o f  the sim ilarity o f  the  
preparations the responses varied considerably in the vasoconstrictor test. F ig. 1 sh ow s the  
variation in response am ong the fluocinolone aceton ide ointm ents. It can be seen that the  
overall response in the test increases in order A  <  B ~  C <  D . T he responses o f  the placebo  
preparations are show n in Fig. 2. T hese differ appreciably at the first reading increasing in 
the order A  <  B <  D  <  C and then fall to  m uch low er levels during the next 11 h.

It is suggested that these results are due to  the degree o f  occlusion that such preparations 
present to  the skin. F or som e tim e ointm ents have been thought to be such effective  
corticosteroid  form ulations because they induce a degree o f  occlusion to the treated site and so  
increase the penetration o f  the drug through the skin in the sam e way as an occlusive plastic  
film. C onceivably the placebo response is really a w hitening o f  the skin due to  the increased  
hydration o f  the tissues under the application  site. T he fact that this response seem s to  
dissipate quickly once  the o intm ent has been rem oved tends to support this assum ption.

T he different responses o f  the active ointm ents can also  be reasonably explained in sim ilar  
term s. T hose bases w hich cause a high degree o f  hydration o f  the skin can be expected to  
favour better penetration o f  the drug. C onsequently  the m ost w axy bases C and D  deliver  
m ore steroid to  the skin and therefore they are the m ost effective.

T he experim ent sh ow s clearly how  an alteration in the nature o f  the form ulation  can  
appreciably change the effectiveness o f  the preparation.

Figu re  1. Responses of Different Ointment Bases, Containing 0.025* 
Fluocinolone Acetonide at Different Time Intervals.
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Figure 2, Responses of Different Pint merit Bases 
at Different Tine Intervals.
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Correlation of bactericidal properties of the a,a,a-trifluoromethylphenols with physico-chemical 
parameters
J .  C .  D E A R D E N  A N D  G .  R .  W E E K S

School o f  Pharm acy, L ive rp oo l Polytechnic, B yrom  Street, L iverp oo l L3 3 A F, U .K .
A lthough m any studies have been m ade o f  bactericidal activities o f  ring-halogenated phenols, 
there appears not to  have been any study o f  side-chain-halogenated phenols. W e have  
investigated the bactericidal effects o f  the isom eric trifiuorom ethylphenols on Escherichia  
coli, by the m ethod  o f  v iable counts.

P hysico-chem ical param eters determ ined were partition coefficients, pK a values, d ipole  
m om ents and infrared shifts. Rank-order correlations were found between bactericidal 
activity and all these param eters.

O f particular im portance are the correlations w ith partition coefficient. Three system s 
were exam ined: o leyl a lcoh ol, m ethyl o leate and cyclohexane, all against M cllva in e’s buffer, 
pH 5. F ig. 1 show s the relationsh ip between bactericidal activity and partition coefficients in 
the three system s. G c o d  correlations are obtained w ith o leyl a lcohol and m ethyl o leate as
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Concentration (%w/v) required to kilt 99-9% inlOmin

F ig. I . Correlation of bactericidal activity and partition coefficient o f the trifiuoromethylphenols. 
Partition coefficients determined with oleyl alcohol ( # ) ,  methyl oleate ( x ) ,  and cyclohexane (A )-  
Partition coefficients in cyclohexane-buffer are shown x  100.

non-aqueous phases, but in the cyclohexane-bu ffer  system , the partition coefficient o f  the o- 
isom er appears to be to o  high by a factor o f  three. It is suggested that this is due to  intra
m olecular hydrogen bonding in  this isom er; this reduces the solubility  in water, giving an  
anom alously  h igh partition coefficient. “ N o rm a l” partition coeficients are observed w hen  
polar so lvents such as c ley l a lcoh ol are used, because the intram olecular hydrogen b on d  is 
ruptured in  such solvents. T he above hypothesis is confirm ed by an exam ination o f  the  
partition coefficients o f  the cresols (the o-isom er o f  w h ich  cannot form  an intram olecular  
hydrogen bond), w hich d o  n ot show  the above anom aly. T hus, in partition system s represent
ing body m em branes, the lipophilic  solvent should  be polar.
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The heat resistance of bacterial spores after different vacuum drying treatments
c . j . soper* and d . j . g . davies
Pharmaceutics Group, School o f  Pharm acy, U niversity o f  Bath, Claverton Down, Bath, 
B A 2  1A  Y, U .K .
The resistance o f  bacterial spores to  high tem peratures o f  around 120° has been used in this 
w ork as a m eans o f  assessing dam age induced in the spores by different vacuum  drying  
treatm ents. T he vacuum  apparatus used enabled sim ultaneous m easurem ents to  be m ade, o f  
pressure, sam ple w eight and sam ple tem perature changes, and allow ed for correlation  
betw een physical m easurem ents and b iological response.

T he effect o f  different drying treatm ents w as assessed by exposing  sam ples to  a constant  
elevated tem perature for different tim es and estim ating the viability. U nder all cond itions it 
w as found that the log  surviving fraction (N /N „)/heating tim e (t) curves exhibited  a shoulder  
at high survival levels, but were linear below  a surviving fraction o f  0 1 .  T he linear portion  is 
described by N /N 0 =  ae -“kt where “ a” is the intercept o f  the curve w ith the “ y ” axis. T w o  
param eters have been used to  characterize the response; firstly, the slope o f  the curve “ k” , 
and secondly, a shoulder constant “ s” which is the heating tim e required to  reduce the sur
viving fraction to  0-1 i.e. s =  t, when N /N 0 =  0-1.

T he usefulness o f  the constants “ k” and “ s” in deducing possible lethal m echanism s relies 
on  them  changing with heating tem perature in a m eaningful way. Therefore the characteristics 
o f  the heat response o f  spores was investigated in aqueous suspension, and also  after being  
subjected to sublim ative low  vacuum  drying, and to  high vacuum  drying, where additional 
water is rem oved by isotherm al desorption. B oth “ k ” and “ s” were found to  be directly  
related to the heating tem perature, and were show n to  vary system atically and independently  
with the drying treatm ent.

W hen “ k” values were treated according to  the Arrhenius relationship k =  A e  ~r'a/ET it 
was found that the activation  energy for the lethal m echanism  (Ea) did not change w ith  
different drying treatm ents, being 155 k.T m o b 1 (34 k cal m ol-1) in all cases. The suscepti
bility o f  the spore to  these m echanism s, as indicated by the frequency factor (A ), w as, h ow 
ever, dependent upon the drying treatm ent, the value being 1 0 0 0  tim es sm aller after sublim a
tive drying than in aqueous suspension, and 2 0  tim es greater after high vacuum  than after 
sublim ative drying.

A treatm ent o f  “s” in a sim ilar way show ed that the size o f  the shoulder decreased w ith  
increasing tem perature, but that rem oval o f  water by sublim ative drying caused an increase in 
“ s” by a factor o f  1 0 0 0 , the value after isotherm al drying being 1 0 0  tim es lower than this.

A  study o f  the variation o f  “k ” and “ s” under different cond itions w ould  lead us to  doubt 
that they are representative o f  on e  m echanism . Rather w e w ou ld  postulate that “s” , the  
shoulder constant, represents a lag tim e during which structural changes occur w ithin the 
spore that cause it to becom e susceptib le to the lethal m echanism  represented by “ k ” . The  
effects o f  different drying treatm ents have been analysed on this basis.

* Present address, School o f Pharmacy, City o f Leicester Polytechnic, Leicester, U .K .

Recognizing sporogenous yeast genera
A . E . M E R R IT T

Queen C harlotte’s M a tern ity H ospital and the Institute o f  Obstetrics ana Gynaecology, Gold- 
hawk Road, London, IV.6, U .K .
It is often  im portant to the clinician that yeasts isolated from  vaginal sw abs are accurately  
identified. C onform ation w ith K och s postulates for pathogenicity has been established for 
several species o f  the im perfect genus Candida (H urley, 1967), but not for any perfect yeast 
species. Som e perfect species are distinguishable from  Candida species only in their ability  
to  form  ascospores. I believe that the perfect yeasts are com m ensals. If an isolated  yeast is 
established to be a com m ensal organism  it will not m ask the true cause o f  disease.

Isolates o f  four perfect yeast species, w ith postulated im perfect Candida stages, were used 
for  this investigation . They were Saccharomyces cerevisiae (3 isolates), Hansenula anomala 
(2 isolates), Pichia membranefaciens (3 isolates) and Kluyerom yces fra g ilis  (5 isolates). At



least ten single cell cultures o f  each  iso late  were exam ined. T he form u lae o f  the three agar 
solid ified  sporulation  m edia that w ere investigated have been described (M erritt &  H urley,
1971). S lop es were m ade o f  5 m l vo lum es o f  m edia in 20  m l screw capped glass bottles. 
Inocu lated  slopes were incubated at 25°. Sam ples were taken from  each slope at regular  
intervals, heat fixed to a  glass slide and stained w ith 0-5 % safranin. A  count w as m ade o f  at 
least 500 structures to find the percentage o f  cultures in w hich at least 1 % o f  the structures 
were asci. T he ascospores o f  K . fra g ilis  are released from  the ascus as they m ature, so  the  
num ber o f  ascospores cou ld  be determ ined, but n ot the num ber o f  asci. The results for K .  
fra g ilis  are for the percentage cultures in w hich at least 1 % o f  the structures are ascospores.

O f the three m edia studied , the sod ium  acetate m edium  allow ed optim um  sporulation  o f  all 
four species. T he 6 % S. cerevisiae cultures which were apparently nonsporing, all contained  
som e asci, but not to  1 % o f  the structures. The asci production o n  this m edium  was predict
able and large variations in asci yields betw een replicates was unusual. The G orod kow a  
m edium  w as o f  little  value for three o f  the species studied , although som e o f  the cultures 
contained a few  asci. T he V 8  m edium  was useful and occasionally  gave relatively higher yields 
o f  asci than the sod iu m  acetate m edium . H ow ever, the m edium  was unreliable because a  
few  cultures w ou ld  fail to  contain  any asci w hen replicates were sporing freely.

F or the yeasts o f  m edical im portance that I have investigated the sod ium  acetate m edium  is 
very suitable for inducing sporulation . T he sm all am ount o f  nutrient included in the form ula
tion  a llow s som e cell d ivision  and com pensates for som e variation in inoculum  levels, although  
this m ay delay the onset o f  sporulation  by 1 - 2  days. I can recom m end this unbuffered sod ium  
acetate sporulation  m edium  for routine isolates o f  yeast-like fungi w hich m ay be Candida  
species.
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The effect of cetyltrimethylammonium bromide on the cytochrome system of E sch erich ia  
coli
D A V ID  W IS E M A N

School o f  Studies in Pharm acy, U niversity o f  Bradford, B ra d fo rd  7, U .K .
T he effect o f  a num ber o f  agents on  cytochrom e difference spectra o f  cells o f  Escherichia coli 
N C T C  1093 have been studied. Cells were grown as described by R ye & W isem an (1966). 
harvested from  the exponential phase o f  grow th by m em brane filtration and suspended in 
glucose-free m edium  to  give a cell concentration  o f  between 15 and 20 m g/m l. U p  to  0-2 ml 
volum es o f  water or o f  so lutions o f  substrates or reagents were added to 4  ml aliquots o f  
these suspensions and difference spectra betw een pairs o f  them  m easured using a U n icam  
SP 700 recording spectrophotom eter.

T he spectra obtained  betw een blanks o f  washed aerated cells and sim ilar test suspensions to  
w hich had been added sod ium  succinate show ed absorbancy peaks in the visible light region  
at 533, 560, 593 and 630 nm  corresponding to  those reported for E. coli by Sm ith (1954). The  
addition  o f  potassium  cyanide to  the succinate respiring cells in such pairs o f  suspensions 
resulted in the elim ination  o f  the 630 nm  cytochrom e a2 peak whilst the other peaks rem ained  
unaffected. This incicates that the term inal cytochrom e had becom e oxidised , being no  
longer reducible by the rem ainder o f  the electron transport chain when com plexed w ith  
cyanide.

In the spectra obtained between blanks o f  w ashed aerated cells and test suspensions o f  
succinate respiring cells treated w ith som e concentrations o f  C T A B  the 630 nm  cytochrom e a 2 

peak was again elim inated, w ith the other peaks unaffected. This indicated that C T A B  is 
capable o f  specifically uncoupling the term inal cytochrom e from  the rem ainder o f  the  
electron transport ch a ir . Sim ilar elim ination  o f  the 630 nm  peak also  fo llow ed  treatm ent o f  
respiring cells w ith  ch orhexidine diacetate. T he final concentrations o f  C T A B  and o f  
chlorhexidine having these effects were 300 to  400 and 100 to  200 /xg/m l respectively; low er  
concentrations had n o  effect on  the cytochrom e spectra w hilst higher concentrations caused



258 S BRITISH PHARMACEUTICAL CONFERENCE 1971 :
the elim ination  o f  all peaks and agglutination  o f  the suspensions. On extrapolation  to  the  
appropriate cell densities these concentrations approxim ate to  those that w ou ld  be expected  
to  partially inhibit the grow th o f  cultures o f  this organism  and it seem s possible that inh ib ition  
o f  bacterial grow th by low  concentrations o f  these m em brane active agents results from  the  
reversible uncoupling o f  the term inal cytoch rom e from  the electron transport chain w ithout 
any gross m em brane dam age or penetration o f  agent into  the cells.
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Preliminary compaction studies using a device to simulate a rotary tabletting machine
E . T .  C O L E , J .  E . R E E S  A N D  J .  A . H E R S E Y ”

Pharmaceutical Research and Development, Sandoz Ltd., C H -4002 B ash, Sw itzerland  
R otary com pressing m achines com m on ly  used for the m anufacture o f  pharm aceutical tablets 
com press pow ders in a die betw'een tw o m oving punches. H ow ever, prelim inary com paction  
studies are often  m ade using hydraulic presses or eccentric com pressing m achines, in w hich on e  
m oving punch com presses the m aterial against a second stationary punch. Since the frictional 
cond itions at the die W'all, and the stress distribution w ithin the com pact differ between these  
tw o  types o f  com pression  it is often  difficult to  relate the results o f  prelim inary studies to the  
subsequent behaviour o f  the m aterial on a rotary m achine. N evertheless it is inadvisable to  
use precision equipm ent such as a rotary tabletting m achine for initial com pression  studies  
w ith unlubricated pow ders or with form ulations having ill-defined com paction  properties.

A  device has therefore been developed to sim ulate the com pression  cond itions on a rotary  
m achine. W e have used the apparatus in conjunction  w ith a universal testing instrum ent 
(“ Instron”) but the principle could  a lso  be applied to  a hydraulic press or an eccentric  
tabletting m achine. T he low er punch s supported by a load  cell located  on  the fixed platten  
o f  the universal testing instrum ent and the upper punch is attached to  the m ovable crosshead. 
A s the upper punch com presses the pow der, the m ovem ent o f  the crosshead is translated to  
the die which also  begins to m ove dow nw ards but at a slow er rate than the upper punch. The  
relative rate o f  m ovem ent o f  the die and the upper punch is adjustable, and the instant at 
w hich the die begins to  m ove can be controlled .

U sin g  this system  with plane-faced punches o f  33 m m  diam eter, the com paction  properties 
o f  4 0 -6 0  m esh fractions (250-420  ¡vm) o f  crystalline sod ium  chloride, potassium  chloride, 
potassium  citrate and lactose were investigated. D eform ation  o f  the m aterial w as m easured  
at a range o f  applied loads up to  49 0  k N . F or a range o f  m axim um  loads, w hen sam ples o f  
each m aterial had been com pressed the upper punch m ovem ent w as stopped. D ecay  in the  
load  on  the com pact at constant strain, due to continuing deform ation o f  the m aterial, was 
studied . The effect o f  load on  ejection force and com pact strength w as determ ined.

D ifferences in the com paction  behaviour and the properties o f  toe  com pacts o f  the four 
m aterials studied ind icate differences in the m echanism  o f  consolidation . E vidence o f  plastic  
deform ation o f  sod ium  chloride and potassium  chloride is show n by large stress relaxations, 
high ejection forces and high strength values. This effect is m ost apparent w ith potassium  
chloride. C onversely, lactose  and potassium  citrate exhibit m uch less stress relaxation and  
produce far w eaker com pacts. D ifferences betw een potassium  citrate and lactose  are ex
plained by m ore extensive size reduction o f  lactose by fragm entation during com paction .

* Present address: The Victorian College o f Pharmacy, 381, Royal Parade, Parkville, Victoria 
3052, Australia.



The influence of the surface tension of pendular bonds on the tensile strength of moist beds of 
bulk solids
T. E A V E S * A N D  T. M . JO N E S

Departm ent o f  Pharm acy, U niversity o f  Nottingham , Nottingham , U .K .
T he tensile strength o f  a bed o f  fine particle sized m aterial depends upon a  num ber o f  factors 
o f  which the m ain are, particle size and distribution , particle shape, surface roughness, 
chem ical constitution  and m oisture (Eaves, 1971).

F or non-cohesive m aterials it was found that increasing the m oisture content increased the 
tensile strength o f  a bee  at a fixed state o f  packing to  a plateau where it is recognized that the 
m oisture exists as pendular bonds betw een adjacent particles.

In this state, the tensile strength o f  an ideal system  o f  m onosize  spheres m ay be estim ated  
from  an equation reported by Pietsch (1968).

For glass pow der, which possessed  negligible tensile strength when dry, a reduction in the  
surface tension o f  the w etting fluid produced a reduction in tensile strength o f  packed beds at 
fixed porosities over a range o f  liquid contents. The tensile strength at constant liquid content 
and packing density increased linearly w ith surface tension, consistent w ith the previously  
m entioned equation.

F or m aterials w ith inherent tensile strength at dryness, increasing the m oisture content w as 
found to  increase the strength o f  the bed at a fixed packing density to  a m axim um  and there
after to cause a decrease in tensile strength due to  disruption o f  the inherent cohesive forces.

Beds o f  fine particle sized sod ium  chloride w etted w ith a fluid o f  low er surface tension than  
saturated sod ium  chloride so lu tion  show ed a sim ilar pattern o f  tensile strength changes but 
non quantitative reduction in values. This is attributed to  a change in the location  o f  the 
pendular bonds.

For calcium  phosphate, how ever, liquid contents o f  up to  about 50%  by weight and o f  
varying surface tensions were show n to  produce little or no change in tensile strength and this 
is attributed to  the location  o f  liquid in the intraparticle vo ids where it is less likely to  affect 
particle-particle interactions.

T he bulk solids used were pow ders characterized in term s o f  size, size distribution, shape  
and density. T he w etting fluids consisted  o f  5%  w /w  T w een 80 in either distilled water or a 
saturated so lution  o f  the solid  being investigated. A ll m easurem ents were m ade on  pre-dried  
beds o f  bulk so lids in a controlled  tem perature and hum idity environm ent (E aves & Jones,
1970) using tensile testing apparatus sim ilar in design to  that o f  A shton , Farley & Valentin
(1964).

R E F E R E N C E S

A s h t o n , M . D ., F a r l e y , R. & V a l e n t in , H. F . H. (1 9 6 4 ). / .  Sci. Instrum., 41, 7 6 3 .
E a v e s , T . (1971). Ph.D. thesis, University o f Nottingham.
E a v e s , T . &  J o n e s , T . M . (1 9 7 0 ). J. Pharm. Phannac., 2 2 , 594.
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Studies on mixing cohesive powders
E . S H O T T O N  A N D  N . A . O R R

Departm ent o f  Pharmaceutics, The School o f  Pharm acy ( U niversity o f  London), 29/39  
B runsw ick Square, London, W C 1 N  1 A X ,  U .K .
A  tablet o f  total w eight 100 m g, contain ing 0 1  m g o f  pow dered drug, poses a m ixing problem . 
T heoretical studies sh ow  that very fine pow ders are necessary to  achieve satisfactory h o m o 
geneity, but give little  inform ation about either the rate o f  m ix in g o rth e  distribution o f  m inor  
com ponent if  a  random  m ix is n o t achieved. A  practical approach to  the problem  is reported.

L actose represents the substance to  be assayed, and calcium  carbonate or heavy m agnesium  
carbonate the diluent. T hese were classified by size into  very cch esive , cohesive and free 
flow ing fractions o f  lactose, very cohesive and cohesive fractions o f  calcium  carbonate, and a 
free flow ing heavy m agnesium  carbonate. A  L odige M orton m ixer w as used. M ixing w as 
assessed at tim es betw een 4 and 50 000 s on 20 spot sam ples, each o f  about 100 m g. R an dom  
sam pling o f  the m ix w as by a  th ief sam pler designed for cohesive pow ders. Subsequent 
analysis gave the percentage o f  lactose  in each spot sam ple and the degree o f  m ix expressed  
as the coefficient o f  variation (C) on 20 spot sam ples. T he coefficient o f  variation for a  
random  m ix (C E) w as com puted  by the m ethod o f  P oole , Taylor & W all (1964).

Results for m ixing cohesive  lactose, in concentrations 0 T , to  50% , w ith cohesive calcium  
carbonate agree w ith those o f  P oo le  & others (1964), in that, for increasing concentration  o f  
m inor com ponent, the tim e taken for C to  approach C E increased, w hilst the tim e taken for C  
to  reach an arbitrary degree o f  m ix, C A (constant for all m ixes), decreased. F or 0-1 % m ixes, 
both the tim e taken for C to approach C E and for C to  reach C A decreased w ith increasing  
m obility  o f  the m ajor com ponent, and increased w ith increasing cohesiveness o f  the m inor  
com ponent. M ixing 0T % lactose w ith very cohesive  calcium  carbonate resulted in gross 
inhom ogeneities due to  com paction  o f  the pow der.

U nlike free flow ing lactose, agglom erates occur :n very cohesive  and cohesive  lactose w hich  
are not readily dispersed into com ponent particles. It is suggested that the rate determ ining  
step in m ixing these pow ders is the breakdow n o f  agglom erates into  individual particles, and  
not subsequent random ization o f  the particles. I f  this occurs in practice, a random  m ix w ill 
not be achieved until all agglom erates are dispersed. The distribution o f  m inor com ponent  
for 0 -1  % m ix o f  very cohesive lactose in cohesive calcium  carbonate w as show n, on a basis o f  
120 spot sam ples, to  be positively skew ed. Early o:i in m ixing, skew ness is m ost m arked, w ith  
a few  very high lactose contents. Even after 50 000 s the distribution was slightly positively  
skew ed and C E had not been reached. It is suggested that the skew ness w as due to  
agglom eration  o f  the lactose, and such pow ders should be avoided in pharm aceutical m ixes. 
W ith free flow ing heavy m agnesium  carbonate as m ajor com ponent, m ixing was m uch fa ster ; 
this could  be due to  rapid dispersion o f  agglom erates by free flow ing particles.

R E F E R E N C E

P o o l e , K. R., T a y l o r , R. F .  & W a l l , G. P. (1964). Trans. Instn Chan. Engrs., 42, T305.

The mixing of micronized sodium bicarbonate with sucrose crystals
D . N . T R A V E R S  A N D  R . C .  W H IT E

School o f  Pharm acy, C ity  o f  Leicester Polytechnic, Leicester, U .K .
The m ixing o f  a fine pow der w ith granular m aterial is im portant in dry granulation techniques  
but very little w ork has been done on  such m ixtures. In the m ixing o f  3 % w /w  o f  sod iu m  
bicarbonate (abou t 5 /xm) w ith  sieved sucrose crystal fractions (range 0-710-0-420 m m  m esh), 
adsorption on  the h ost crystals prevented the segregation norm ally accom panying differences 
in particle size (C ou lson & M aitra, 1950). P rolonged sieving (1 h) reduced the b icarbonate to  
about 1 %  w /w . E lectron m icroscopy revealed crystal indentations and irregularities w hich  
acted as adsorption sites.

Very little bicarbonate cou ld  be eluted by w ashing with chloroform , indicating that electro
static adsorption forces are either absent or weak (cf. Jones & Pilpel, 1965).

B icarbonate exchange betw een sucrose crystals was studied by m ixing a bicarbonate rich



sucrose fraction ( O ) w ith a  larger or  sm aller sized  fraction o f  pure sucrose ( 0 ). Sam ples were 
w ithdraw n at intervals and the bicarbonate estim ated. A  typical result is show n below .
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T he initial rapid exchange betw een the tw o fractions suggests the existence o f  strong and  
weak sites on  each crystal. T he strong sites on  the pure fraction then rob the w eak sites on  the  
rich fraction w hen interfacial contact occurs on  m ixing. T he increase in interfacial contact 
fo llow s an exponential law (C ou lson  & M aitra, 1950) consistent w ith the initial shape o f  the 
plots.

A  study o f  the bicarbonate distribution on  0-710/0-600 m m  crystals was m ade by analysing  
several series o f  up to  3C sam ples o f  the sam e weight taken from  a bulk m ix. T he coefficient o f  
variation w as 1-49%  for 1-0 g  and 2-82%  for 0-1 g sam ples (30 o f  each). T he value for the  
sm aller w eight is below  that predicted from  m ixing theory (circa V lO  x  1-49%  =  4-7% , 
L acey, 1943). U n iform  distribution and absence o f  segregation m ay m ake this type o f  mix 
useful in practical tabletting.

R E F E R E N C E S
C o u l s o n , J. M. & M a i t r a , N. K. (1950). Indust. Chem. M fr, 26, 55-60. 
J o n e s , T .  M. & P i l p e l , N. (1965). J. Pharm. Pharmac., 17, 440-448. 
L a c e y , P. M. C. (1943). Trans. Instn chem. Engrs, Lond., 21, 53-59.

An evaluation o f  five com m ercially available tablet disintegrants for possible use in insoluble 
direct com pression system s
K A R R A R  A . K H A N  A N D  C .  T .  R H O D E S

School o f  Pharm acy, Portsm outh Polytechnic, Portsm outh, Ham pshire, P O 1 2D Z ,  U .K .
A n  investigation  has been m ade o f  the properties o f  five disintegrants; corn starch, sod ium  
starch g lycolate  (Prim ogel), calcium  sod ium  alginate (the recently introduced alginate F417), a 
cation  exchange resin (A m berlite IR.P8 8 ), and sod ium  carboxym ethyl cellu lose. E valuation  
w as m ade in insoluble tablet m atrices since this area had n ot apparently been fully  investigated  
previously. T he excip ients used were: d icalcium  phosphate  dihydrate and a  calcium -phos- 
phato-carbonate com plex (C alfos, ed ible bone pow der), bo th  w ith the sam e original particle  
size distribution . D isintegrants used were below  100 m esh size and were studied over the  
concentration  range o f  2-5 %  to  20 %  w /w . T he fo llow in g  tests w ere em p lo y ed : disintegration  
test using the B .P. m ethod , d issolution  rate m easurem ent using am aranth as a tracer as 
previously described by the present authors (1971), hardness and  friability determ inations, 
apparent tablet density and particle size distribution from  tablets after disintegration . Som e  
o f  the results obtained are show n overleaf.
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Dicalcium phosphate Calcium-phosphato-

Disintegrant 10% w/w dihydrate system carbonate complex system
Dist. time Dissolution Dist. time Dissolution

min time min* min time min*
Corn starch 30 15 >120 >30
Sodium carboxyl methyl cellulose 56 >30 90 >30
Calcium sodium alginate 5 10 42 >30
Cation exchange resin 1-4 15 2-5 25
Sodium starch glycolate 0-4 4-5 26 >30

* 50% dissolution.
The effect of concentration of disintegrants on disintegration times of different systems is 

interpreted in terms of the differing mechanisms by which these substances act as disinte
grants. It is suggested that tablet hardness and density measurements may provide some 
indication of the mechanism by which different disintegrants modify the compression 
process. It is concluded that any pharmaceutical scientist developing a new direct com
pression tablet system should seriously consider the possibility of using either sodium starch 
glycolate or the cation exchange resin as disintegrants.

REFERENCE
K h a n , K . A. & R h o d es , C. T. (1971). Pharm. Acta Helv., In the press.

Effect of compaction pressure on dissolution times of some direct compression systems
KARRAR A. K H A N  A N D  C . T . RHODES
School o f  Pharmacy, Portsmouth Polytechnic, Portsmouth, Hampshire, POX 2DZ, U.K.
The effect of compaction pressure upon the dissolution profiles obtained from a variety of 
direct compression tablet systems has been investigated. Two techniques have been used for 
compaction; compacts were prepared using a laboratory hydraulic press and tablets were 
made using a Manesty single punch machine type F3. The systems were kept as simple as 
possible, 1 % w/w amaranth was included as tracer in all systems (Manudhane, Contractor & 
others, 1969) and 1 % magnesium stearate was used as a lubricant. A cation exchange resin 
(Amberlite IRP88) was added as a disintegrant for dicalcium phosphate dihydrate and similar 
systems. Microcrystalline cellulose (Avicel) systems, however, did not require any disinte
grant. Tablet hardness was measured using an Erweka tablet hardness tester, disintegraton 
time was determined using the B.P. method. Apparent tablet densities were obtained from 
thickness and weight measurements. The compaction process has also been examined by 
photomicrographic technique. Some of the results are shown in the following Table.

Dicalcium phosphate tablets (containing 2%  w/w Amberlite).

Table pressure Apparent Dissolution time
increasing 1 to 4 Tablet tablet Disintegration (min)

units machine hardness density time
setting Erweka g cm3 (min) t50% 175% t90%

PI 1-5 1-812 >120 >30 >30 >30
P2 7-0 1-930 15 8 29 >30
P3 90 1-954 10 4 13-5 >30
P4 9-5 1-955 8 4 8 15

The results for the effect of compaction pressure on dissolution for dicalcium phosphate 
dihydrate systems showed that increase in the pressure and the hardness of tablets enhanced 
the dissolution rate. The results obtained with the microcyrstalline cellulose systems were 
quite different from those shown in the above Table. Increase ir pressure for the Avicel 
systems caused a significant decrease in the dissolution rate.

REFERENCE
M a n u d h a n e , K. S., C o n t r a c t o r , A. M ., Kim, H. Y. & S h a n g r a w , R. F. (1969). J. pharm. Sci., 

58, 616-620.
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Alkaloid, the characterization of a new, from 
Euonymus europaea L., as armepavine 
(Bishay & others), 233 S.

Alkaloids, chloroform-soluble, of Fagara 
macrophylla, a note on (Fish & Water
man), 67 (L).

Alkaloids, conversion of pseudo heteroyohim
bine tc oxindole (Shellard & others), 
244 S.

Alkaloids, distribution of, in young plants of 
Mitragyna parvifolia (Roxb.) Korth 
grown from Ceylon seed (Shellard & 
Houghton), 245 S.

Alkaloids from two Nigerian species of 
Fagara (Fish & Waterman), 132 S.

* Page numbers followed by the letter S refer to the British Pharmaceutical Conference 
Supplement. (L) Signifies Letter to the Editor.
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Alkaloids, rauwolfia, the estimation of, by 

quantitative thin-layer chromatography 
(Habib & Court), 230 S.

Alkaloids, tertiary, of some Asian species of 
Strychnos (Bisset & Phillipson), 244 S.

Alkaloids, tertiary from Strychnos species, use 
of methylene chloride and chloroform 
for the extraction of (Phillipson & 
Bisset), 243 S.

Alkyltrimethylammonium salts, prediction of 
the micellar molecular weight and ther
modynamics of micellization of mixtures 
of (Barry & Russell), 241 S.

Alloxan rat and rabbit, in vitro and in vivo 
studies of the metabolism of phenyl
butazone in (Dajani & Saheb), 220 S.

Aluminium soap-hydrocarbon systems, flow 
properties of (Stephens), 774.

Amantadine, effect of, on spontaneous loco
motor activity in the rat (Fibiger & 
others), 724 (L).

Amines, sympathomimetic, preliminary evid
ence that syrosingopine produces a 
selective depletion of central stores of 
(Turner & Spencer), 977 (L).

3-Amino-l-aryl-(2-pyridyl)propenes and re
lated compounds, structural influences 
of, on antihistamine activity (Ison & 
Casy), 848.

Aminobornanes, stereoisomeric, anti-acetyl- 
cholinesterase activity of some (Beckett 
& others), 528.

y-Aminobutyric acid, inhibitory action of, on 
cryoepilepsy in the frog (Moussatche & 
Cordeiro), 382 (L).

Aminophylline and caffeine, some effects of, 
on the turnover of catecholamines in the 
brain (Waldeck), 824.

(+)-Amphetamine in anaesthetized cats, 
inhibition by appetite suppressants of the 
pressor response to (Berry & others), 
140 (L).

Amphetamine, brain concentrations, effect of 
neuroleptics on, in the rat (Lai & 
others), 967 (L).

Amphetamine concentrations, hepatic, di
urnal variation in mice fed freely and 
single daily meals (Bauer & Perley), 
976 (L).

(+)-Amphetamine and diethylpropion, a 
comparison with the 5-hydroxytrypt- 
amine-like actions of fenfluramine 
(Southgate & others), 600.

Amphetamine, effect of, on the uptake, 
release and effectiveness of xylocholine in 
the guinea-pig vas deferens (Dean & 
Hughes), 606.

Amphetamine-induced behaviour in rats, 
effect of diethyldithiocarbamate on 
(Mayer & Eybl), 894 (L).

(+)-Amphetamine induced hyperthermia in 
rats, antagonism by pimozide 
(Matsumoto & Griffin), 711 (L).

Amphetamine in the isolated vas deferens of 
the rat, analysis of the supersensitivity 
to noradrenaline induced by (de Moraes 
& Carvalho), 798 (L).

(+)-Amphetamine-induced hyperthermia in 
rats, the involvement of plasma free 
fatty acids in (Matsumoto & Shaw), 387 
(L).

(+)-Amphetamine hyperthermia, inhibition 
of, by blockade of dopamine receptors 
in rabbits (Hill & Horita), 715 (L).

Amphetamine in man, a note on the influence 
of diet in West Africa on urinary pH and 
excretion of (Wesley-Hadzija), 366.

‘Amphetamines,’ ‘metabolism’ of, to oximes 
as a route to deamination (Beckett & 
others,) 560 (L).

Amphetamine and related drugs, centrally 
induced fall in blood pressure after 
infusion of, into the vertebral artery of 
the cat (Hoyer & van Zwieten), 892 (L).

Amphetamine toxicity in genetically aggres
sive and non-aggressive mice (Lagerspetz 
& Lagerspetz), 542 (L).

Ampicillin in body fluids, spectrophctometric 
determination of (Angelucci & Baldieri), 
471 (L).

Amylobarbitone and hydroxyamylobarbitone, 
the excretion of hydroxyamylobarbitone 
in man after oral administration of 
(Grove & Toseland), 936.

Analgesic activity of some ^-substituted 
acetanilides, buccal absorbtion as a 
parameter of (Dearden & Tomlinson), 
73 S.

Analgesics, morphine-like, increased toxicity 
of, in aggregated mice (Davis & Brister), 
882 (L).

Analgesic potencies of A’-substituted norme- 
peridines, correlation of, with in  v itro  
A-dealkylation (Abdel-Monem & 
Portoghese), 875 (L).

Analgesic potency and stereochemistry of 
trimeperidine and its isomers and ana
logues (Casy & McErlane), 68 (L).

Androstane derivatives, neuromuscular block
ing activity of some (Bamford & others), 
595.

Angiotensin I and II, effect of, on blood flow 
in sheep hind limb (Osborne & others), 
466 (L).

Angiotensin II, effect of, on release of cate
cholamines in the sheep (O’Gorman & 
others), 545 (L).

Angiotensin I, the effect of, on renal blood 
flow in sheep (Tildesley & others), 547 (L).

Angiotensin tachyphylaxis and the uptake of 
[14C]angiotensin in guinea-pig aortic 
strips (LeMorvan & Palaic), 640 (L).

[14C]Angiotensin, uptake of, in guinea-pig 
aortic strips, and angiotensin tachyphyl
axis (LeMorvan & Palaic), 640 (L).

Animex and phoioresistor actomeier, differ
ences in the locomotor activity of mice as 
measured by (Maj & others), 979 (L).

Antagonists of Ca2+-induced smooth muscle 
contraction, non-competitive spasm
olytics as (Simonis & others), 107.

Anti-acetylcholine acetylenic compounds, 
stereoselectivity of some (Inch & 
Brimblecombe), 813 (L).

Anti-acetylcholine drugs, the significance of 
differences in the poency of enantiomers 
of (Brimblecombe & others), 745.

Anti-acetylcholinesterase of some stereoiso
meric aminobornanes (Beckett & others), 
528.

Antibacterial combinations, preservation of 
ophthalmic solutions with (Richards & 
McBride), 234 S.
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Antibacterial agents, lipid depletion in bac

teria induced by biotin deficiency and its 
relation to resistance to (Hugo & others), 
69 (L).

Antibacterial combinations, inactivation of 
resistant Pseudomonas aeruginosa by 
(Richards), 136 S.

Anticholinergic 2[l-aryl(or cyclohexyl)-1- 
hydroxy-1 -phenyl]-methyl-l ,3-dioxolans, 
structure-activity relations for (Brimble- 
combe & others), 649.

Antidepressants, monomethyl and dimethyl 
tricyclic, effect of, on central 5-hydroxy- 
tryptamine processes in the frog (Oxen- 
krug & Lapin), 971 (L).

Antidiuretic hormone, modification of the 
responses to, by hydrolytic enzymes 
(Cuthbert & Painter), 262.

Antihistamine activity, structural influences 
on, of 3-amino-l-aryl-(2-pyridyl)propenes 
and related compounds (Ison & Casy), 
848.

Antihypertensive and noradrenaline-depleting 
effects of guanethidine metabolites 
(Maître & others), 327.

Anti-inflammatory activity, clinical, relation 
between, and displacement of L-trypto- 
phan and a dipeptide from human serum 
in vitro (Smith & ethers), 451 (L).

Anti-inflammatory drugs, the effect of, on the 
protein-binding of [1,2-3H]cortisol in 
human plasma in vitro (Stenlake & 
others), 145 (L).

Anti-inflammatory drugs, screens for (Di 
Rosa & Willoughby), 297 (L).

Anti-inflammatory phenoxyacetic acids, effect 
of substituting tetrazole for carboxyl in 
two series of (Drain & others), 857.

Antioxidants, gailate; :he phase diagram of 
cetomacrogol 1000-water-benzaldehyde 
in the presence of (Nixon & others), 1.

Antioxidant, gailate, protecting effect of an 
emulsion and solution of benzaldehyde 
(Nixon & others), 170.

Antirheumatic drugs, displacement of dipep
tides and L-tryptophan from human 
plasma in vivo and bovine albumin in 
vitro by (McArthur & others), 393.

Antituberculosis drugs, a quick method for 
testing (Bhide), 147 (L).

Antitussive activity of dropropizine, human 
volunteer studies of (Cartwright & 
Paterson), 247 S.

Apomorphine, on the dopamine-like action 
of (Pinder & others), 995 (L).

Appetite suppressants, inhibition by, of the 
pressor response tc (+)-amphetamine in 
anaesthetized cats (Berry & others), 140 
(L).

AQL 208 (L-l-(3,4,5-trimethoxybenzyl)-6,7- 
dihydroxy-1,2,3,4 tetrahydroisoquinoline 
HC1).

AQL 208, actions of thesympathomimetic drug 
on the cardiovascular, bronchiolar and 
skeletal muscle systems of the cat 
(Rodger), 226 S.

Armepavine, the characterization of a new 
alkaloid from Euonymus europaea L. as 
(Bishay & others), 233 S.

Arrhythmias, experimental cardiac, reversal 
of, by indoramir. (Wy 21901) (Alps & 
others), 678.

Artery vertebra], of the cat, centrally induced 
fall in blood pressure after injection of 
amphetamine and related drugs into 
(Hoyer & van Zwieten), 892 (L).

Arthritis in rats, genetic control of adjuvant- 
induced (Zidek & Perlik), 389 (L).

2[1-Aryl (cr cyclohexyl)-1 -hydroxy- 1-phenyl]- 
methyl-1,3-dioxolans, anticholinergic, 
structure relations for (Brimblecombe & 
other), 649.

L-Ascorbic acid, role of, in the reversal of the 
monoamine oxidase inhibition by caffeine 
(Galzigna & others), 303 (L).

Ascorbic acid solutions, effect of pH on the 
aerobic degradation of (Rogers & 
Yaconeni), 218 S.

Aspirin dissolution: polymorphism, crystal 
habit, or crystal defects (Mitchell & 
others), 534.

Aspirin, effect of, on the fate of bishydroxy- 
coumarin in the rat (Coldwell & Thomas), 
226 (L).

Aspirin, further evidence on the question of 
polymorphism in (Mulley & others), 902 
(L).

Aspirin, in vitro release of from various wax- 
coated formulations (Khalil & Elgamal), 
72 (L).

Aspirin polymorphism questioned (Pfeiffer), 
75 (L).

Aspirin, structural differences in solutions 
derived from polymorphic modifications 
of (Kiidsig & others), 374.

Atoms, basic aliphatic nitrogen and their a- 
carbon atoms, metabolic oxidation on— 
some unifying principles (Beckett & 
others), 809 (L).

Atria of the guinea-pig, on the positive 
inotropic action of glucagon in the 
isolated (Mielke & Van Zwieten), 379 
(L).

Atria, rabbit isolated, a comparison of the 
effects of WG 253, salbutamol and iso
prénaline on the rate and tension of 
(Laity), 633 (L).

Atropine, acetylcholine-like action of, on the 
ciliary epithelium of the frog osesophagus 
during the warmer months (Akhter & 
Bhide), 815 (L).

Atropine-resistance of the urinary bladder 
innervation (Dumsday), 222 (L).

Atropine sulphate injections, a note on the 
assay of (Khalil & others), 214 (L).

“Auto-inhibition” and acetylcholine (Burn), 
470 (L).

Azapropazane, oxyphenbutazone and phenyl
butazone, the action of, on lysosomes 
(Lewis & others), 931.

B

Bacillus megaterium, the effect of temperature 
and of cetrimide on the rate of loss of 
refractility of spores of (Rigby & 
Hambleton), 8.

Bacteria, lipid depletion in, induced by biotin 
deficiency and its relation to resistance 
to ant: bacterial agents (Hugo & others), 
69 (L)

Barbiturates, the buccal absorption of some 
(Beckett & Moffat), 15.

i i i



SUBJECT INDEX
Barbiturates, identification of tablets and 

capsules containing, by MATR infrared 
spectroscopy (Atkinson), 781.

Behaviour, inhibitory, in rats, propranolol 
interferes with (Richardson & others), 
459 (L).

Benzaldehyde, the protective effect of gallate 
antioxidants on emulsions and solutions 
of (Nixon & others), 170.

Benzaldehyde-cetomacrogol 1000-wat er-; 
phase diagram of, in the presence of 
gallate antioxidants (Nixon & others), 
1.

Benzalkonium chloride and m-cresol, effect of 
suspensions on the bactericidal activity 
of (Bean & Dempsey), 699.

Benzene-water interface, adsorption of phos
phatidylcholine at (Johnson & Saunders), 
89 S.

Benzhexol, procyclidine and their metho-and 
etho-salts, a reinvestigation of enantio
mers of; differences in stereospecificity of 
closely related compounds (Barlow), 90.

Benzocaine, sorption of, by nylon 6 (poly
caprolactam) (Richardson & Meakin), 
220 S.

A'-(2-lienzoyloxycthyl)norfenfiuramine (JP 
992) and metabolites in urine, determina
tion of (Beckett & others), 950.

Biliary excretion of P'Cjedrophonium and its 
glucuronide conjugate (Calvey & Back), 
642 (L).

Biliary excretion of penicillins in the rat 
(Ryrfeidt), 463 (L).

Biliary system of the rat, absorption of some 
organic compounds from the (Clark & 
others), 150 (L).

Bioavailabilities and dissolution rates of 
commercial tablets of nitrofurantoin, a 
study of (McGilveray & others), 246 S.

Biotin deficiency, lipid depletion of bacteria 
induced by, and its relation to resistance 
to antibacterial agents (Hugo & others), 
69 (L).

Bishydroxycoumarin in the rat, effect of 
aspirin on the fate of (Cold well & Thomas), 
226 (L).

1,3- Bis[4 - (p  - methoxyphenyl)piperazinyl] - 2 - 
propanol (Ro-8-2580): a new monoamine 
depletor (Burkard & others), 646 (L).

Bladder innervation, urinary, atropine-resis
tance of (Dumsday), 222 (L).

Blood and brain, rat, the effect of ethanol on 
absorption of pentobarbitone and pheno- 
barbitone (Coldwell & others), 947.

Blood-brain permeability, increase of, to 
catecholamines by dimethyl sulphoxide 
in the neonate chick (Hanig & others), 
386 (L).

Blood flow, myocardial, in developing 
myocardial infarcts, the effects of quazo- 
dine on (Parratt & Winslow), 224 S.

Blood flow in sheep hind-limb, effect of 
Angiotensin I and II on (Osborne & 
others), 466 (L).

Blood flow, renal, effect of angiotensin I on, 
in sheep (Tildesley & others), 547 (L).

Blood, human, the binding of indomethacin, 
salicylate and phenobarbitone to, in 
vitro (McArthur & others), 32.

Blood pressure, centrally induced fall in, after 
infusion of amphetamine and related

drugs into the vertebral artery of the cat 
(Hoyer & van Zwieten), 892 (L).

Blood pressure in the conscious rat, analysis 
of the action of m-tyrosine on: evidence 
for a central hypotensive effect (Ruben- 
son), 412.

Blood vessels, bovine pulmonary, isoprén
aline stimulates a-adrenoceptors in (Eyre), 
899 (L).

Blood vessels, peripheral, the effect of thymox- 
amine on, as monitored by the 133Xe 
clearance technique (Carson Dick & 
others), 204.

Blood vessels, sheep, adult and foetal, mono
amine oxidase and 5-hydroxytryptamine 
in (Dyer & Weber), 549 (L).

Body fluids, spectrophotometric determina
tion of ampicillin in (Angelucci & Bal- 
dieri), 471 (L).

Bombesin, on the action of, on the kidney of 
the rat and dog (Melchiorri & others), 
981 (L).

Bonds, pendular, influence of the surface 
tension of, on the tensile strength of bulk 
solids (Eaves & Jones), 259 S.

Bovine albumin in vitro and human plasma 
in vivo, displacement of dipeptides and 
L-tryptophan from, by antirheumatic 
drugs (McArthur & others), 393.

Bovine pulmonary blood vessels, isoprénaline 
stimulates a-adrenoceptors in (Eyre), 
899 (L).

Brain acetylcholine and monoamines during 
experimental catatonia (Rogers & Slater), 
135 (L).

Brain amphetamine concentrations, effect of 
neuroleptics on, in the rat (Lai & others), 
967 (L).

Brain and blood, rat, the effect of ethanol on 
absorption of pentobarbitone and pheno
barbitone into (Coldwell & others), 
947.

Brain, some effects of caffeine and amino- 
phylline on the rate of turnover of 
catecholamines in the (Waldeck), 824.

Brain, cat, in vivo electrically evoked release 
of [3H]noradrenaline from (Von Voigt- 
lander & Moore), 381 (L).

Brain, decreased distribution of oxotremorine 
to, after pharmacological blockade of its 
peripheral acetylcholine-like effects 
(Karlen & others), 758.

Brain dopamine, influence of cholinergic 
mechanisms on the function and turnover 
of (Andén & Bédard), 460 (L).

Brain, guinea-pig, effect of 8-phenethylamine 
on noradrenaline concentrations in 
(Jackson), 623 (L).

Brain and heart, mouse, the influence of 
hypothermia on chloropromazine-in- 
duced metabolic changes in (Mason & 
Rogers), 299 (L).

Brain and heart slices, mouse, uptake and 
metabolism of £-phenethylamir_e and 
tyramine in (Ross & Renyi), 276.

Brain homogenates, metabolic degradation of 
prostaglandin E! in rat (Nakano & 
Prancan), 231 (L).

Brain monoamine concentrations, changes in, 
during the oestrous cycle in the mouse: 
possible pharmacological implications 
(Greengrass & Tonge), 897 (L).
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Brain, mouse, effect of pethidine on the 5- 

hydroxytryptamine and 5-hydroxyindole- 
acetic acid content of (Ahtee & Saarni- 
vaara), 887 (L).

Brain, mouse, some effects of butoxamine on 
glycolysis in (Leonard), 543 (L).

Brain, rat, a-methyltryptophan increases 5- 
hydroxytryptamine-like material in 
(Papeschi), 879 (L).

Brain, rat, estimation of the “free” and“bound” 
acetylcholine content of (Slater), 514.

British Pharmacopoeia disintegration appara
tus, dissolution rate studies using (Khalil 
& others), 125.

British Pharmacopoeia, mass spectrometry of 
fluorinated corticosteroidal l,4-dien-3- 
ones of (Lodge & Toft), 196.

Brocresine (NSD-1055), the effect of, on 
histidine decarboxylase activity in the rat 
gastric muscosa (Mesch & Sewing), 506.

Brocresine (NSD-1055), histidine decarboxy
lase inhibitor, effect of, on gastric acid 
secretion in rats (Becker & Sewing), 434.

Bronchi, human isolated, bronchodilating and 
bronchoconstricting responses of: evid
ence for the existence of a-adrenoceptors 
(Mathe & others), 905.

Bronchodilators, sympathomimetic, muscle 
tremor produced by (Bowman & Nott), 
225 S.

Bronchiolar system of the cat, actions of the 
sympathomimetic bronchodilator, AQL 
208, on (Rodger), 226 S.

Bronchospasm, acetylcholine induced, antag
onism of, by WG 253 a new sympathomi
metic amine (Turner & Griffin), 632 (L).

Buccal absorption cf some barbiturates 
(Beckett & Moffat), 15.

Buccal absorption model, a new (Dearden & 
Tomlinson), 68 S.

Buccal absorption as a parameter of analgesic 
activity of some p-substituted acetanilides 
(Dearden & Tomlinson), 73 S.

Buckwheat, Fagopyrum esculentum Moench, 
the structure of (McClement & Jackson), 
612.

Buffer materials, heat and pH, the effect of, 
on the hydrolytic degradation of 
sulphacetamide on aqueous solution 
(Meakin & others), 252.

Bulk density, shear properties and tablet 
weight variation, effect of granule shape 
on (Ridgway & others), 213 S.

Bulk solids, the influence of the surface tension 
of pendular bonds on the tensile strength 
of moist beds of (Eaves & Jones), 259 S.

Bupivacaine, the binding of, to maternal and 
foetal plasma proteins (Mather & others), 
359.

Butoxamine, some effects of, on glycolysis in 
the mouse brain (Leonard), 543 (L).

C

Calcium, extracellular, on the mechanism of 
papaverine action on the control of con
tractile activity of vascular smooth 
muscle by (Demesy & Stoclet), 712 (L).

Calcium, effect of, on reserpine-induced cata
lepsy (Boyaner & Radouco-Thomas), 974 
(L).

Calcium icn movements in isolated heart 
muscle, influence of hexobarbitone on 
(Haacke & van Zwieten), 425.

Ca2+-induced smooth muscle contraction, 
non-competitive spasmolytics as antag
onists of (Simonis & others), 107.

Calcium uptake by isolated sarcoplasmic 
vesicles, effects of papaverine and eupa- 
verin on (Carpenedo & others), 502.

Caffeine and aminophylline, some effects of, 
on the turnover of catecholamines in the 
brain (Waldeck), 824.

Caffeine, role of L-ascorbic acid in the reversal 
of the monoamine oxidase inhibition by 
(Galzigna & others), 303 (L).

Cannabis leaf, tetrahydrocannabinol content 
of (Fairbairn & others), 558 (L).

Cannabis-ir.duced vocalization in the rat 
(Henriksson & Jarbe), 457 (L).

Capsules, gelatin, influence of test conditions 
on disintegration time of (Jones & Cole), 
438.

Capsules, hard gelatin, further studies on the 
effect cf additives on the release of drug 
from (Newton & others), 156 S.

Capsules micro gelatin coacervate, the in 
vitro evaluation of (Nixon & Walker), 
147 S.

Capsules and tablets containing barbiturates, 
identification of, by MATR infrared 
spectroscopy (Atkinson), 781.

Carbon dioxide response and production, and 
oxygen consumption of the rabbit, the 
effects of pentobarbitone sodium on 
(Pleuvry & Hunter), 19.

Cardiovascular, bronchiolar and skeletal 
muscle systems of the cat, actions of the 
sympathomimetic bronchodilator AQL 
280, or. (Rodger), 226 S.

Catalepsy, reserpine-induced, effect of calcium 
on (Boyaner & Radouco-Thomas), 974 
(L).

Catatonia, brain acetylcholine and mono
amines during experimental (Rogers & 
Slater), 135 (L).

Catecholamines, effect of angiotensin II on 
the release of, in the sheep (O’Gorman 
& others), 545 (L).

Catecholamine metabolism, [3H]dopa in 
[3H]tyrosine with high specific activity: a 
serious complication in the study of 
(Waldeck), 64 (L).

Catecholamines, increase of blood-brain 
permeability to, by dimethyl sulphoxide 
in the neonate chick (Hanig & others), 
386 (L).

Catecholamines in the brain, some effects of 
caffeine and aminophylline on the turn
over of (Waldeck), 824.

Cationic surface-active agents, the tempera
ture dependence of the critical micelle 
concentrations of (Adderson & Taylor), 
311 (L).

Cell bodies and terminals, neuronal, mainten
ance of noradrenaline in: effect of 
frequency of stimulation on (Bhatnagar 
& Moore), 625 (L).

Cell culture as a test system for toxicity 
(Metcalfe), 817.

Cells, reticuloendothelial, blocking of, by 
dextran (Farrow & Ricketts), 295 (L).
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Cellulose acetate membrane, some investiga

tions on the effect of a non-ionic surfac- 
ant on the diffusion of hydrocortisone 
across (Short & Rhodes), 239 S.

Central nervous system, species dependent 
effects of fenfluramine on (Funderburk 
& others), 509.

Cephalexin, a new approach to the study of 
serum concentrations of orally admin
istered (O’Callaghan & others), 50.

Cerebral ventricles in the conscious cat, effect 
of eserine injected intraventricularly on 
behaviour and on some structures in 
(Andjelkovic & others), 984 (L).

Cetomacrogol, identification of the site of 
solubilization of various compounds by 
(Corby & Elworthy) 49 S.

Cetomacrogol, interaction of, with preserva
tives (Kazmi & Mitchell), 482.

Cetomacrogol and phenol, nuclear magnetic 
resonance studies of interactions between 
(Jacobs & others), 786.

Cetomacrogol 1000-water-benzaldehyde, 
phase diagram of in the presence of 
gallate antioxidants (Nixon & others), 
1.

Cetrimide, effect of, on the rate of loss of 
refractility of spores of Bacillus megater- 
ium (Rigby & Hambleton), 8.

Cetyhrimethylammonium bromide, the effect 
of cytochrome system of Escherichia coli 
(Wiseman), 257 S.

Chemoluminescence, interference of, with 
[3H] scintillation counting (Forrest & 
others), 705 (L).

Chick embryo cell-free system, salicylate- 
induced inhibition of collagen and muco
polysaccharide biosynthesis by a (Naka
gawa & Bentley), 399.

Chicks, the effect of hypoxia on isonicotinic 
acid hydrazide-induced seizures during 
ontogenesis in (Wood & Peesker), 637 
CL).

Chlordiazepoxide, diazepam, medazepam and 
nitrazepam, the effect of solvents on the 
potency of (Crankshaw & Raper), 313.

Chlorhexidine digluconate, the aggregation of, 
in aqueous solution from optical rotatory 
dispersion measurements (Perrin & 
Witzke), 76 (L).

Chloroform and methylene chloride for 
extraction of tertiary alkaloids from 
Strychnos species, use of (Phillipson & 
Bisset), 243 S.

p-Chloro- and AMnethyl substitution and the 
influence of, on the metabolism and 
urinary excretion in man of phentermine 
(Beckett & Brookes), 288.

Chlorpromazine-induced acceleration of dop
amine synthesis from [14C]tyrosine, effect 
of nigral lesion on (Nybàck & Sedvall), 
322.

Chlorpromazine-induced metabolic changes 
in mouse heart and brain, the influence 
of hypothermia on (Mason & Rogers), 
299 (L).

Chlorpromazine, NOR, chlorpromazine sul- 
phoxide, a “pink spot” produced in vivo 
and in vitro from (Wad & Closs), 131 
(L).

Chlorthalidone, the hyperglycaemic effect of 
the diuretic (Furman), 226 S.

Choline acetyltransferase and hexobarbitone- 
metabolizing enzymes, inhibition of, by 
naphthylvinyl pyridine analogues (Gold
berg & others), 384 (L).

Cholinergic drugs, effect of on the somatosen
sory evoked potentials (Bhargava), 138
(L)-

Cholinergic mechanisms, influences of, on the 
function and turnover of brain dopamine 
(Andcn & Bédard), 460 (L).

Cholinesterase in some structures of the 
cerebral ventricles of the conscious cat, 
effect of eserine injected intraventricu
larly on behaviour and on (Andjelkovi 
& others), 984 (L).

Chromatographic estimation, gas-liquid, of 
paracetamol (Prescott), 807 (L).

Chromatographic estimation, gas-liquid, of 
phenacetin and paracetamol in plasma 
and urine (Prescott), 111.

Chromatography, column, and infrared spec
trometry, the determination of diosgenin 
and yamogenin in fenugreek seed by 
(Hardman & Jefferies), 231 S.

Chromatography, thin-layer, identification of 
blue triphenylmethane food dyes by 
(Turner & Jones). 806 (L).

Chromatography system, thin-layer, for lyser- 
gide (LSD), a novel (Alliston & others), 
555 (L).

Chromatography, quantitative thin-layer, the 
estimation of rauwolfia alkaloids by 
(Habib & Court), 230 S.

Circular dichroism, extrinsic, resulting from 
the interaction of sulphonamides with 
plasma albumin (Wood & Stewart), 248
S.

Cocaine, potentiation of the responses of 
guinea-pig isolated tracheal chain to 
ethylnoradrenaline and a-methylnor- 
adrenaline by (Chahl & O’Donnell), 965 
(L).

Collagen and mucopolysaccharide biosyn
thesis by a chick embryo cell-free system, 
salicylate-induced inhibition of (Naka
gawa & Bentley), 399.

Colourants, pharmaceutical impurity profiles 
of (Brain & others), 250 S.

Compaction pressure, computer analysis of 
the relation between tablet strength and 
(Newton & others), 195 S.

Compaction pressure, effect of, on dissolution 
times of some direct compression 
systems (Khan & Rhodes), 262 S.

Compaction properties of potassium bromide 
with particular reference to infrared 
spectroscopy (Ridgway & Aulton), 216 
S.

Compaction studies, preliminary, using a 
device to simulate a rotary tabletting 
machine (Cole & others), 258 S.

Compression force, tablet; interpretation of 
dissolution rate maxima dependent on 
(Smith & others), 536 (L).

Compression and formulation, influence of, 
on the hardness, disintegration, dissolu
tion, absorption and excretion of sulpha- 
dimidine tablets (van Oudtschoorn & 
others), 583.

Compression systems, direct, effect of com
paction pressure on dissolution times of 
(Khan & Rhodes), 262 S.
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Compression systems, insoluble direct, evalua

tion of five commercia ly available tablet 
disintegrants for possible use in (Khan & 
Rhodes), 261 S.

Computer analysis of the relation between 
tablet strength anc. compaction pressure 
(Newton & others), 195 S.

Co-ordination, hand-eye, and visual function, 
promethazine on (Large & others), 134 
(L).

Corticosteroid ointments ir_ the vasoconstric
tor test, the effect of constituents in white 
soft paraffin on the efficacy of (Coldman 
& Lockerbie), 253 S.

[l,2-3H]Cortisol in human plasma in vitro, 
the effect of anti-inflammatory drugs on 
the protein-binding of (Stenlake & 
others), 145 (L).

Cortisol and salicylate, interaction of, on 
lysosomes (Lewis & Reed), 983 (L).

Cotinine and nicotine, analysis of nicotine-1'- 
A-oxide in the presence of, and its 
application to the study of in vivo 
nicotine metabolism in man (Beckett & 
others), 55 S.

m-Cresol and benzalkonium chloride, effect 
of suspensions on the bacterical activity 
of (Bean & Dempsey), 699.

Cross tolerance, interaction and acute, 
between ethanol and hexobarbitone in 
the rat (Wahlstrom & Widerlov), 58 (L).

Cross tolerance between methylamphetamine 
and morphine in the mouse (Pleuvry), 
969 (L).

Cryoepilepsy in the frog, inhibitory action of 
y-aminobutyric acid cn (Moussatche & 
Cordeiro), 382 (L).

Crystal forms, sulphamethoxydiazine (Mous- 
tafa & others), 868.

Crystal habit of crystal defects, polymorphism: 
aspirin dissolution (Mitchell & others), 
534 (L).

Crystals, sucrose, the mixing of micronized 
sodium bicarbonate with (Travers & 
White), 260 S.

Crystal violet, adsorption of, by kaolin 
(Armstrong & Clarke), 95 S.

Cyclic AMP, the role of, in isoprenaline- 
induced cardiac necroses in the rat 
(Martorana), 200.

Cytochrome system of Escherichia coli, the 
effect of cetyltrimethylammonium bro
mide on (Wiseman). 257 S.

D

A-Dealkylation in vitro, correlation of analge
sic potencies of TV-substituted normeperi- 
dines with (Abdel-Monem & Portoghese), 
875 (L).

Decarboxylase inhibiticn, peripheral, dl-5- 
hydroxytryptophan-induced changes in 
central monoamine neurons after (Fuxe 
& others), 420.

3-Deoxy-3-fluoro-i>glucose, metabolism of,by 
Pseudomonas aeruginosa (Scott Foster & 
Taylor), 237 S.

Desipramine, potentiation of the pressor and 
depressor effects of dopamine by (Kad- 
zielawa & Popielarskf, 550 (L).

Detergent solution, non-ionic effect of 
detergent concentration on monomer 
activity in (Macfarlane & others), 33 S.

Dextran, blocking of reticuloendothelial cells 
by (Farrow & Ricketts), 295 (L).

Diastereoisomeric dimethylaminobornyl ace
tates and their methiodides, ganglion 
blocking activity of (Cooper & others), 
662.

Diazepam, chlordiazepoxide, medazepam and 
nitrazepam, the effect of solvents on the 
potency of (Crankshaw & Raper), 313.

Dibenamine and dibenzyline, inhibition of 
acetylcholinesterase by (Beddoe & Smith), 
37.

Dibenzyline and dibenamine, inhibition of 
acetylcholinesterase by (Beddoe & Smith), 
37.

Diethyldithiocarbamate, effect of, on amphet
amine-induced behaviour in rats (Mayer 
& Eybl), 894 (L).

Diethylpropion and (-i-)-amphetamine, a 
comparison with the 5-hydroxytrypt- 
amine-like actions of fenfluramine 
(Southgate & others), 600.

Digital filters in the evaluation of titration 
curves (Perks & Glenn), 181 S.

D i g i t a l i s  p u r p u r e a  L., the composition and 
distribution of phytosterols in (Evans), 
232 S.

3.4- Dihydroxy[14C]benzoic acid and [14C]-
vanillic acid after administration of 
[14C]noradrenaline in the rat, demonstra
tion of (Peskar & others), 270.

Dill, Indian, constituents of two varieties of 
(Shah & otners), 448.

Dimethylaminobornyl acetates, diastereoiso
meric, and their methiodides, ganglion 
blocking activity of (Cooper & others), 
662.

NN  - Dimethyl - 2 - bromo - 2 - phenethylamine 
(DMPEA), a comparison of a-adrenergic 
receptors by the use of (Janis & Triggle), 
707 (L).

Dimethyl sulphoxide, increase of blood-brain 
barrier permeability to catecholamines 
by, in the neonate chick (Flanig & 
others), 386 (L).

Dimethyl sulphoxide, a possible mechanism 
for the action of, on percutaneous 
absorption (Sneader & others), 252 S.

2.4- Dinitrophenol, failure of peristaltic stim
ulants to restore peristalsis previously 
blocked by (Beleslin & Malobabic), 877 
(L).

Diosgenin and vamogenin, the determination 
of, in fenugreek seed by combined 
column chromatography and infrared 
spectrometry (Hardman & Jefferies), 
231 S.

Dipeptides and L-tryptophan, displacement 
of, from bovine albumin i n  v i t r o  and from 
human plasma i n  v i v o  by antirheumatic 
drugs (McArthur & others), 393.

Dipeptide and L-tryptophan, relation between 
clinical anti-inflammatory activity and 
displacement of, from human serum in 
v i t r o  (Smith & others), 451 (L).

Direct-compression bases on an automatically 
controlled rotary machine, properties of 
tablets made from (Ridgway & others), 
214 S.
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Disintegration of sulphadimidine tablets, influ
ence of compression and formulation on 
(van Oudtschoorn & others), 583.

Disintegration time of gelatin capsules, the 
influence of test conditions on (Jones & 
Cole), 438.

Dissolution, kinetics of, for a non-disintegrat
ing standard substrate (Withey), 573.

Dissolution rates and bioavailabilities of 
commercial tablets of nitrofurantoin, a 
study of (McGilveray & others), 246 S.

Dissolution rate maxima, interpretation of: 
dependence on tablet compression force 
(Smith & others), 536 (L).

Dissolution rate studies using B.P. disintegra
tion apparatus (Khali! & others), 125.

Dissolution rate and urinary concentration of 
sulphonamides, an automated method 
for the determination of (Goossens & 
van Oudtshoorn), 725 (L).

Dissolution of sulphadimidine tablets, influ
ence of compression and formulation on 
(van Oudtschoorn & others), 583.

Dissolution times of some direct compression 
systems, effect of compaction pressure on 
(Khan & Rhodes), 262 S.

Dissolution times of spherical particles 
(Ridgway & Aulton), 121 S.

Diuretic, chlorthalidone, the hyperglycaemic 
effect of the (Furman), 226 S.

Diurnal variation of hepatic amphetamine con
centrations in mice fed freely and single 
daily meals (Bauer & Perley), 976 (L).

DMPEA see AW-dimethyl-2-bromo-2-phen- 
ethylamine.

Dodecane, n-octanol, water and a non-ionic 
surface-active agent at 10 and 25°; a 
phase-rule study of multiple-phase forma
tion in a model emulsion system con
taining (Marland & Mulley), 561.

[3H]Dopa in [3H]tyrosine with high specific 
activity: a serious complication in the 
study of catecholamine metabolism 
(Waldeck), 64 (L).

L-Dopa, DL-m-tyrosine and L-a-methyldopa, 
further studies on the mechanism of the 
central hypotensive effect o f (Rubenson), 
228 (L).

Dopamine, brain, influence of cholinergic 
mechanisms on the turnover and function 
of (Andén & Bédard) 460 (L).

Dopamine-like action of apomorphine (Pinder 
& others), 995 (L).

Dopamine, potentiation by desipramine of 
the pressor and depressor effects of 
(Kadzielawa & Popielarski), 550 (L).

Dopamine receptors in rabbits, inhibition of 
(+)-amphetamine hyperthermia by 
blockade of (Hill & Horita), 715 (L).

Dopamine receptor stimulating agents, evid
ence for a new type (Corrodi & others), 
989 (L).

Dopamine synthesis from [14C]tyrosine, effect 
of nigral lesion on chlorpromazine- 
induced acceleration of (Nyback & 
Sedvall), 322.

Doxapram and nikethamide effects on penta
zocine-and morphine-induced respiratory 
depression (Franko & Ward), 709 (L).

Dropropizine, human volunteer studies of the 
antitussive activity of (Cartwright & 
Paterson), 247 S.

Drugs, acetylcholine-like and adrenaline-like, 
a possible synaptic mechanism underlying 
the similar behavioural effects of 
(Richardson & others), 884 (L).

Drugs, anti-acetylcholine, the significance of 
differences in potency of enantiomers of 
(Brimblecombe & others), 745.

Drugs anti-anginal and the vasodilator 
response of myocardial hypoxia (Wads
worth), 224 S.

Drugs, anti-inflammatory, screens for (Di 
Rosa & Willoughby), 297 (L).

Drugs, antirheumatic, cisplacement of dipep
tides and L-tryptophan from human 
plasma in vivo and bovine albumin in 
vitro by (McArthur & others), 393.

Drugs, cholinergic, effect of, on the somato
sensory evoked potentials (Bhargava), 
138 (L).

Drugs, depolarizing and antagonists on 
developing muscle fibres in vitro, the 
actions of (Dryden & others), 228 S.

Drug release characteristics of various rectal 
suppositories as determined by specific 
ion electrodes (Thomas & McCormack), 
490.

Drug release from hard gelatin capsules, 
effect of additives on (Newton & others), 
452 (L).

Duodenum, rabbit, the spontaneous electrical 
and mechanical aciivity of the longitu
dinal smooth muscle of the, and its 
modification by drugs and temperature 
changes (Small & Weston), 280.

Dye extravasated into the skin, a simple 
method for the quantitative extraction of 
(Harada & others), 218 (L).

Dyes, food, blue triphenylmethane, identifica
tion of, by thin-layer chromatography 
(Turner & Jones), 806 (L).

E

[14C]Edrophonium and i:s glucuronide conju
gate, biliary excretion of (Calvey & Back), 
642 (L).

EDTA and polymyxin, the effect of slime on 
the sensitivity of Pseudomonas aeruginosa 
to (Brown & Scott Foster), 236 S.

5,8,11,14-Eicosatetraynoic acid in the rat, 
metabolism of (Stenlake & others), 221 
S.

Embryo chick, salicylate-induced inhibition 
of collagen and mucopolysaccharide bio
synthesis by a cell-free system of 
(Nakagawa & Bentley), 399.

Emulsifiers, mixed, kinetics of structure 
build up in self-bodied emulsions stab
ilized by (Barry & Saunders), 240 S.

Emulsions, self-bodied, stabilized by mixed 
emulsifiers, kinetics of structure build up 
in (Barry & Saunders), 240 S.

Emulsions, soap stab lized, hydrophobic 
bonding (Davis), 16_ S.

Emulsions and solutions of benzaldehyde, the 
protective effect of gallate antioxidants 
on (Nixon & others), 170.

Emulsion stabilization try non-ionic surfact
ants: experiment and theory (Review) 
Florence & Rogers), 153, 233.
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Enzymes, hydrolytic, modification of the 

responses to antidiuretic hormone by 
(Cuthbert & Painter), 262.

Enzymes and salicylate (Review) (Smith & 
Dawkins), 729.

Epithelium, ciliary of the frog oesophagus, 
acetylcholine-like action of atropine on, 
during the warmer months (Akhter & 
Bhide), 815 (L).

Ergot fungus, tyrosine aminotransferase 
activity in a soluble extract of (Sim & 
Choi), 78 (L).

Escherichia coli, the effect of cetyltrimethyl- 
ammonium bromide on the cytochrome 
system of (Wiseman), 257 S.

Eserine, effect of, injected intraventricularly 
on behaviour and on activity of cholin
esterase in some structures of cerebral 
ventricles of the conscious cat (Andjel- 
kovic & others), 984 (L).

Ethanol, the effect of, on phenobarbitone and 
pentobarbitone absorption into rat blood 
and brain (Coldwell & others), 947.

Ethanol and hexobarbitone in the rat, interac
tion and acute cross tolerance between 
(Wahlstrom & Widerlov), 58 (L).

Ethanol, reversal by sotalol of respiratory 
depression induced in mice by (Haya- 
shida & Smith), 718 (L).

Ethanol and saline, storage life of prostaglan
din E, in (Brummer), 804 (L).

Ethanol, triglyceride and precursor concentra
tions in the fatty liver of rats after chronic 
administration of (Bustos & others), 
638 (L).

Ethylene oxide and halogenated hydrocarbon 
propellants in sterilized plastics, deter
mination of residual (Warren), 170 S.

Ethylnoradrenaline and a-methylnoradren- 
aline, potentiation by cocaine of the 
responses of guinea-pig isolated tracheal 
chain to (Chahl & O’Donnell), 965 (L).

Euonymus europaea L., the characterization 
of a new alkaloid from, as armepavine 
(Bishay & others), 233 S.

Eupaverin and papaverine, effects of, on 
calcium uptake by isolated sarcoplasmic 
vesicles (Carpenedo & others), 502.

Extrinsic circular dichroism resulting from 
the interaction of sulphonamides with 
plasma albumin (Wood & Stewart), 248

F

Fagara, alkaloids from two Nigerian species 
of (Fish & Waterman), 132 S.

Fagopyrum esculentum Moench, Buckwheat, 
the structure of (McClement & Jackson), 
612.

Fagara macrophylla, a note on the chloroform- 
soluble alkaloids of (Fish & Waterman), 
67 (L).

Fenfluramine, is 5-hydroxytryptamine in
volved in the mechanism of action of? 
(Funderburk & others), 468 (L).

Fenfluramine, 5-hydroxytryptamine-like ac
tions of: comparison with (-f)-amphet- 
amine and diethylpropion (Southgate & 
others), 600.

Fenfluramine-induced contractions of the 
saphenous vein, action of methysergide 
on (Kirby & Turner), 801 (L).

Fenfluramine, species dependent effects on the 
central nervous system (Funderburk & 
others), 509.

Fenugreek seed, the determination of dios- 
genin and yamogenin in, by combined 
column chromatography and infrared 
spectrometry (Hardman & Jefferies), 
231 S.

Fluorinated corticosteroidal l,4-dien-3-ones 
of the British Pharmacopoeia, mass 
spectrometry of (Lodge & Toft), 196.

Fluphenazine and nortriptyline, pharmaco
logical studies of, in combination in man 
(Glegg & Turner), 133 (L).

Flurandrenolone, polarographic method for 
the determination for (Heasman & 
Wood), 176 S.

Forestomach, rat, on the presence of histidine 
decarboxvlase activity in (Ellenbogen & 
Engel), 634 (L).

Formulation, pharmaceutical, on the effect of, 
on thioridazine absorption (Hirst & 
Kaye), 246 S.

Free radical, stable, for the investigation of 
hydrogen abstraction reactions in aque
ous solution (Dearden & Odusina), 217 
S.

Frog, effect of monomethyl and dimethyl tri
cyclic antidepressants on central 5- 
hydroxytryptamine processes in (Oxen- 
krug & Lapin), 971 (L).

Frog oesophagus, acetylcholine-like action of 
atropine on the ciliary epithelium of dur
ing the warmer months (Akhter & Bhide), 
815 (L).

Frog (Rana iemporaria), release of prosta
glandin from the stomach and oesopha
gus of (Rashid), 456 (L).

G

GABA or its choline ester?: the inhibitory 
transmitter (Howells), 794 (L).

Gallate antioxidants, the phase diagram of 
cetomacrogol 1000-water-benzaldehyde 
in the presence of (Nixon & others), 1.

Gallate antioxidants, the protective effect of, 
on emulsion and solutions of benzalde- 
hyde (Nixon & others), 170.

Ganglion blocking activity of diastereoiso- 
meric dimethylaminobornyl acetates and 
their methiodides (Cooper & others), 662.

Gastric acid secretion in rats, the effect of 
histicine decarboxylase inhibitor brocre- 
sine i'NSD-1055) on (Becker & Sewing), 
434.

Gelatin capsules, hard, effect of additives on 
release of drugs from (Newton & 
others), 452 (L).

Gelatin capsules, hard, further studies on the 
effect of additives on the release of drug 
from (Newton & others), 156 S.

Gelatin capsuies, influence of test conditions 
on disintegration time of (Jones & Cole), 
438.

Gelatin coacervate microcapsules, the in vitro 
evaluation of (Nixon & Walker), 147 S.
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Glucagon in the isolated atria of the guinea- 

pig, on the positive inotropic action of 
(Mielke & Van Zvvieten), 379 (L).

Glucuronide conjugate of [I4C]edrophon:um, 
biliary excretion of (Calvey & Back), 642 
CL).

Glutamyl-transfer ribonucleic acid synthetase, 
inhibitory action of salicylate on in ntro 
(Burleigh & Smith), 590.

Glycolysis in the mouse brain, some effects of 
butoxamine on (Leonard), 543 (L).

Gossypium species, the extraction and estima
tion of histamine from (Greensmith & 
Turner), 229 S.

Granulation, pan, and massing and screening, 
comparison of granules prepared by 
(Ganderton & Hunter), 1 S.

Granule drying, solute migration during 
(Ridgway & Rubenstein), 11 S.

Granules prepared by pan granulation and by 
massing and screening, comparison of 
(Ganderton & Hunter), 1 S.

Granule shape, effect of, on bulk density, 
shear properties and tablet weight 
variation (Ridgway & others), 213 S.

Guanethidine metabolites, antihypertensive 
and noradrenaline-depleting effects of 
(Maître & others), 327.

Guanethidine and sympathetic nerve stimula
tion, the effect of, on parasympathetic 
neuroeffector transmission: the inhibition 
of acetylcholine release (Vizi & Knoll), 
918.

Guanoxan in man, metabolism and excretion 
of (Jack & others), 222 S.

Guinea-pig, uptake of [14C]histamine by 
tissues of the (Lewis & Nicholls), 66 (L).

H
Hallucinogens, an improved field test for 

(Alliston & others), 71 (L).
Haloperidol, effect of small doses of, on 

timing behaviour (Ahlenius & Engel), 
301 (L).

Heart and brain, mouse, the influence of hypo
thermia on chlorpromazine-induced 
metabolic changes in (Mason & Rogers), 
299 (L).

Heart and brain slices, mouse, uptake and 
metabolism of /9-phenethylamine and 
tyramine in (Ross & Renyi), 276.

Heart homogenates,metabolic degradation of 
prostaglandin E, in rat (Nakano & 
Prancan), 231 (L).

Heart muscle, isolated, influence of hexobar- 
bitone on calcium ion movements in 
(Haacke & van Zwieten), 425.

Hemicholiniums and hydrocortisone in mice, 
an interaction between (Gwee & Lim), 
63 (L).

Heteroyohimbine alkaloids to oxindole alka
loids, the conversion of pseudo (Shellard 
& others), 244 S.

Hexadecylpolyoxyethylene, polyethylene gly
cols, water and hexane, solubility of some 
compounds in (Corby & Elworthy), 39 S.

Hexane, water, polyethylene glycols and 
hexadecylpolyoxyethylene, solubility of 
some compounds in (Corby & Elworthy), 
39 S.

Hexobarbitone and ethanol in the rat, 
interaction and acute cross tolerance 
between (Wahlstrom & Widerlov), 58 
(L).

Hexobarbitone, influence of, on calcium ion 
movements in isolated heart muscle 
(Haacke & van Zwieten), 425.

Hexobarbitone-metabolizing and choline ace- 
tyltransferase, inhibition of enzymes by 
naphthylvinyl pyridine analogues (Gold
berg & others), 384 (L).

Histamine from Gossypium species, the extrac
tion and estimation of (Greensmith & 
Turner), 229 S.

H istam ine in m ouse brain , reduction  of, by 
7V1-(DL-seryl)-A2-(2,3,4-trihydroxybcnzyl) 
hydrazine and  reserpine (A tack), 992 (L).

[14C]Histamine, uptake of by tissues of the 
guinea-pig (Lewis & Nicholls), 66 (L).

Histamine, urinary and urine volume in man 
(Mitchell), 728 (L).

Histidine decarboxylase activity in the rat 
forestomach, on the presence of (Ellen- 
bogen & Engel), 634 (L).

Histidine decarboxylase activity in the rat 
gastric mucosa, the effect of brocresine 
(NSD 1055) on (Mesch & Sewing), 506.

Histidine decarboxylase inhibitor brocresine 
(NSD-1055), effect of, on gastric acid 
secretion in rats (Becker & Sewing), 434.

Hydrocarbon-aluminium soap systems, flow 
properties of (Stephens), 774.

Hydrocortisone, the hemicholiniums in mice, 
an interaction between (Gwee & Lim), 
63 (L).

Hydrocortisone, diffusion of, across a cellulose 
acetate membrane, some investigations 
on the effect of a non-ionic surfactant on 
(Short & Rhodes), 239 S.

Hydrogen abstraction reactions in aqueous 
solution, a stable free radical for the 
investigation of (Dearden & Odusina), 
217 S.

Hydroxyamylobarbitone and amylobarbitone, 
the excretion of hydroxyamylobarbitone 
in man after oral administration of 
(Grove & Toseland). 936.

5-Hydroxyindoleacetic acid and 5-hydroxy- 
tryptamine content cf mouse brain, effect 
of pethidine on (Ahtee & Saarnivaara), 
887 (L).

5-Hydroxyindoleacetic acid transport from 
the spinal fluid, inhibition of, by probene
cid (Zivkovic & Bulat), 539 (L).

5-Hydroxytryptamine ar.d 5-hydroxyindole- 
acetic acid content of mouse brain, 
effect of pethidine on (Ahtee & Saarni
vaara), 887 (L).

5-Hydroxytryptamine, is it involved in the 
mechanism of action of fenfluramine? 
(Funderburk & others), 468 (L).

5-Hydroxytryptamine-like actions of fenflur
amine: a comparison with (+)-amphet- 
amine and diethylpropion (Southgate & 
others), 600.

5-Hydroxytryptamine-like material in rat 
brain, a-methyltrvptophan increases 
(Papeschi), 879 (L).

5-Hydroxytryptamine and metaraminol, the 
effect of drugs on the uptake of, by 
human platelets (Ahtee & Saarnivaara), 
495.
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Hydroxytryptamine metabolism in the rat, 

variation in: effects on the neurochemical 
response to phencyclidine (Tonge & 
Leonard), 711 (L).

5-Hydroxytryptamine and monoamine oxidase 
in sheep adult and foetal blood vessels 
(Dyer & Weber), 549 (L).

5-Hydroxytryptamine processes, central, in 
the frog, effect of monomethyl and 
dimethyl tricyclic antidepressants on 
(Oxenkrug & Lapin), 971 (L).

DL-5-Hydroxytryptophan-induced changes in 
central monoamine neurons after peri
pheral decarboxylase inhibition (Fuxe & 
others), 420.

Hyperthermia in rats, (+)-amphetamine 
induced, antagonism of, by pimozide 
(Matsumoto & Griffin), 711 (L).

Hyperthermia in rats, the involvement o 
plasma free fatty acids in (+)-amphet- 
amine-induced (Matsumoto & Shaw), 
387 (L).

Hypothermia, the infl jence of, on chlorpro- 
mazine-induced metabolic changes in 
mouse heart and brain (Mason & Rogers), 
299 (L).

Hypoxia, the effect cf, on isonicotinic acid 
hydrazide-induced seizures in chicks 
during ontogenesis (Wood & Peesker), 
637 (L).

Hypoxia, myocardial, anti-anginal drugs and 
the vasodilator response of (Wadsworth), 
224 S.

I
Ileum, guinea-pig isolated preparations, maxi

mal responses in: influences of longitudi
nal and circular muscle (Pomeroy & 
Raper), 796 (L).

Ileum, guinea-pig, spasmolytic action of 
adenosine on (Sehorn & Borowitz), 429.

Ileum, rat, resistance to tetrodotoxin in 
(Goldenberg), 621 (L).

Indian dill, constituents of two varieties of 
(Shah & others), 448.

Indomethacin, salicylate and phenobarbitone, 
binding of, to human whole blood in 
vitro (McArthur & others), 32.

Indoramin (Wy 21901), reversal of experi
mental cardiac arrhythmias by (Alps & 
others), 678.

Infarcts, myocardial, the effects of quazodine 
on myocardial blood flow in developing 
(Parratt & Winslow), 224 S.

Infrared identification of sulphonamides using 
attenuated total reflection (Edwards), 
956.

Infrared spectrometry and column chromato
graphy, the determination of diosgenin 
and yamogenin in fenugreek seed by 
(Hardman & Jefferies), 231 S.

Infrared spectrophotometry, quantitative ana
lysis of polyvinylpyrrolidone by 
(Ridgway & Rubinstein), 587.

Infrared spectroscopy, compaction properties 
of potassium bromide with particular 
reference to (Ridgway & Aulton), 216 S.

Inhaler, nasal, relation between the vapour 
pressure of a drug and its concentration

emerging in the air stream of a (Arm
strong & others), 473.

Inhaler support, pore size of, the effect of, on 
the concentration of volatile drug 
emerging in the air stream of a nasal 
inhaler (Armstrong & others), 218 S.

INPEA (jV-isopropyl-/>-nitrophenyethanol- 
amine).

INPEA and propranol, isomers of, reversal of 
phenoxybenzamine-produced a-adreno- 
ceptor blockade by (Davis), 332.

INPEA, sotalol and propranolol, physical 
performance of mice treated with (Estler), 
714 (L).

Intestine, small, of the rabbit, influence of 
cellular metabolism on the a- and fl- 
adrenoceptor responses (Hall), 229 S.

Intravenous fluids, progress towards a 
standard to limit particulate contamina
tion in (Groves), 238 S.

Iodides, A'-tri methyl-A^-iodoacetyl-diamoalk- 
ane: potential irreversible inhibitors of 
acetylcholinesterase (Beddoe & others), 
865.

Ion electrodes, specific, drug release charac
teristics cf various rectal suppositories as 
determined by (Thomas & McCormack), 
490.

Isomethadone, methadone and normetha- 
done, identification and quantitative de
termination of some metabolites of 
( Beckett & others), 347.

Isonicotinic acid hydrazide-induced seizures 
in chicks during ontogenesis, the effect of 
hypoxia on (Wood & Peesker), 637 (L).

Isoprenaline, action of, on the perfused 
vessels of the rabbit ear (Day & Dixon), 
98.

Isoprenaline-induced cardiac necroses in the 
rat, the role of cyclic AMP in (Martor- 
ana). 200.

Isoprenaline, myocardial necroses produced 
by intravenous infusion of, into rats 
(Gryglewski & others), 926.

Isoprenaline stimulates a-adrenoceptors in 
bovine pulmonary blood vessels (Eyre), 
899 (L).

Isoprenaline, WG 253 and salbutamol, com
parison of the effects of, on the tension 
and rate of rabbit isolated atria (Laity), 
633 (L).

J
JP 992 see Ar-(2-benzoyloxyethyl)-norfenflur- 

amine.

K
Kaolin, adsorption of crystal violet by 

(Armstrong & Clarke), 95 S.
Kidney homogenates, metabolic degradation 

of prostaglandin Et in rat (Nakano & 
Prancan), 231 (L).

Kidney of the rat and dog, on the action of 
bombesin on (Melchiorri & others), 981 
(L).

Knudsen flow and slip, contribution of, to 
tablet permeability measurements 
(Rispin & others), 215 S.
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L

Laser light scattering apparatus (Pugh & 
Saunders), 85 S.

Latex, Papaver somniferum, polyphenolases in 
the 1000 g fraction of (Roberts), 234 S.

Lipid depletion in bacteria induced by biotin 
deficiency and its relation to resistance to 
antibacterial agents (Hugo & others). 69 
(L).

Liver, fatty, of rats after chronic administra
tion of ethanol, triglyceride and precursor 
concentrations in (Bustos & others), 638 
(L).

Locomotor activity of mice, différences in, as 
measured by an Animex and photoresis
tor actometer (Maj & others), 979 (L).

Locomotor activity, spontaneous in the rat, 
effect of amantadine on (Fibiger & 
others), 724 (L).

LSD (lysergide), a novel thin-layer chromato
graphy system for (Alliston & others), 
555 (L).

Lung homogenates, metabolic degradation of 
prostaglandin Ej in rat (Nakano & 
Prancan), 231 (L).

Lysergide (LSD), a novel thin-layer chromato
graphy system for (Alliston & others), 
555 (L).

Lysophosphatidylcholine, methods for the 
preparation of (Merryfield & Wren), 695.

Lysosomes, action of phenylbutazone, aza- 
propazone and oxyphenbutazone on 
(Lewis & others), 931.

Lysosomes, interaction of cortisol and salicy
late on (Lewis & Reed), 983 (L).

M

MJ 1999 see also sotalol.
MJ 1999-induced blockade of neuromuscular 

transmission, mechanism of (Patel & 
others), 209.

Marihuana: importance of the route of 
administration (Ho & others), 309 (L).

Mass spectrometry of fluorinated cortico- 
steroidal l,4-dien-3-ones of the British 
Pharmacopoeia (Lodge & Toft), 196.

MATR infrared spectroscopy, identification 
of tablets and capsules containing barbit
urates by (Atkinson), 781.

Medazepam, chlordiazepoxide, diazepam and 
nitrazepam, the effect of solvents on the 
potency of (Crankshaw & Raper), 313.

Membrane, cellulose acetate, some investiga
tions on the effect of a non-ionic surfact
ant on the diffusion of hydrocortisone 
across (Short & Rhodes), 239 S.

Membrane osmometry of solubilized systems 
(Attwood & others), 77 S.

Mercury, the selective uptake of, by myocar
dial infarcts in the rat (Leszkovsky & 
Szantho), 102.

‘Metabolism’ of ‘amphetamines’ to oximes as 
a route to deamination (Beckett & 
others), 560 (L).

Metabolism and binding of [14C]mycophenolic 
acid in the rat (Nery & Nice), 842.

Metabolism, catecholamine, PH]dopa in 
[3H]tyrosine with high specific activity: a

serious complication in the study of 
(Waldeck), 64 (L).

Metabolism, cellular, influence on the a- and 
^-adrenoceptor responses of the rabbit 
small intestine (Hall), 229 S.

Metabolism of 3-deoxy-3-fluoro-D-glucose by 
Pseudomonas aeruginosa (Scott Foster & 
Taylor), 237 S.

Metabolism of 5,8,11,14-eicosatetraynoic acid 
in the rat (Stenlake & others), 221 S.

Metabolism and excretion of guanoxan in 
man (Jack & others), 222 S.

Metabolism of hydroxytryptamine in :he rat, 
variation in: effects on the neurochemical 
response to phencyclidine (Tonge & 
Leonard), 711 (L).

Metabolism of morphine-A-oxide, some 
aspects of (Heimans & others), 831.

Metabolism of nicotine in man, the analysis 
of nicotine-I'-A-oxidc in the presence of 
nicotine and cotinine and its application 
to the study of in vivo of (Beckett & 
others), 55 S.

Metabolism of nicotine in vivo in man, the 
effect of smoking on (Beckett & others), 
62 S.

Metabolism of orphenadrine in man (3eckett 
& Khan), 222 S.

Metabolism of phenylbutazone in the alloxan 
rat and rabbit, in vitro and in vivc of the 
(Dajani & Saheb), 220 S.

Metabolism of tryptophan in man, effects of 
acetylsalicylic acid on serum protein 
binding and (Smith & Lakatos), 180.

Metaraminol and 5-hydroxytryptamine, the 
effect of drugs on the uptake of, by human 
platelets (Ahtee & Saarnivaara), 495.

Methadone, the distribution of, in man 
(Robinson & Williams), 353.

Methadone, isomethadone and normethad- 
one, identification and quantitative de
termination of some metabolites of 
(Beckett & others), 347.

Methiodides of diastereoisomeric dimethyl- 
aminobornyl acetates, ganglion blocking 
activity of (Cooper & others), 662.

Methoxamine, decomposition of, in aqueous 
solution, identification of the decomposi
tion products (Millard & others), 369.

Methylamphetamine and morphine, cross 
tolerance between, in the mouse (Pleuvry), 
969 (L).

A-Methyl and p-chlcro-substitution on influ
ence of the metabolism and urinary 
excretion in man of phentermine (3eckett 
& Brookes), 288.

L-a-Methyldopa, L-dopa and DL-/n-tyrosine, 
further studies on the mechanisms of the 
central hypotensive effect of (Rubenson), 
228 (L).

Methyldopa, evidence that the hypotensive 
action of, is mediated by central actions 
of methylnoradrenaline (Henning & 
Rubenson), 407.

a-Methyldopa, the significance of the relative 
potencies of noradrenaline and a-methyl- 
noradrenaline for the mode of action of 
(Trinker), 306 (L).

Methylene chloride and chloroform for extrac
tion of tertiary alkaloids from Strychnos 
species, the use of (Phillipson & 3isset), 
243 S.
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Methylnoradrenaline, evidence that the hypo

tensive action of methyldopa is mediated 
by (Henning & Ru Denson), 407.

a-Methylnoradrenaline and ethylnoradren- 
aline, potentiation by cocaine of the 
responses of guinea-pig isolated tracheal 
chain to (Chahl & O’Donnell), 965 (L).

a-Methylnoradrenaline and noradrenaline, 
the significance of the relative potencies 
of, for the mode of action of a-methyldopa 
(Trinker), 306 (L).

a-Methyltryptophan increases 5-hydroxytrypt- 
amine-like material in rat brain (Papeschi) 
879 (L).

Methysergide, action of, on fenfluramine- 
induced contractions of the saphenous 
vein (Kirby & Turner), 801 (L).

Micellar drug systems, monomer concentra
tion in (Attwood & Florence), 242 S.

Micellar molecular weight, prediction of, and 
thermodynamics of micellization of 
mixtures of alkyltrimethylammonium 
salts (Barry & Russell), 241 S.

Micelle concentrations, critical, of cationic 
surface-active agents, the temperature 
dependence of (Adderson & Taylor), 311 

. (L).
Mitochondrial NADH dehydrogenase, 2- 

phenylisatogen as an electron acceptor 
for (Green & others), 249 S.

Mitragyna inermis (Willd.), O. Kuntze; isola
tion of speciogyr.ine from the leaves of 
(Shellard & Sarpong), 559 (L).

Mitragyna parvifolia (Roxb.) Korth, distribu
tion of alkaloids in young plants grown 
from Ceylon seed (Shellard & Houghton), 
245 S.

Monoamines and acetylcholine, brain, during 
experimental catatonia (Rogers & Slater), 
135 (L).

Monoamine concentrations, brain, changes in, 
during the oestrous cycle in the mouse: 
possible pharmacological implications 
(Greengrass & Tonge), 897 (L).

Monoamine depletor, a new: l,3-bis[4-(p- 
methoxyphenyl) piperazinyl]-2-propanol 
(Ro 8-2580) (Burkard & others), 646
(L)- .

Monoamine neurons, central, DL-5-hydroxy- 
tryptophan-induced changes in, after 
peripheral decarboxylase inhibition (Fuxe 
& others), 420.

Monoamine oxidase and 5-hydroxytryptamine 
in adult and foetal sheep blood vessels 
(Dyer & Weber), 549 (L).

Monoamine oxidase inhibition by caffeine, 
role of L-ascorbic acid in the reversal of 
(Galzigna & others), 303 (L).

Monoquaternary androstane derivatives, neu
romuscular blocking activity of (Bamford 
& others), 595.

Monomer activity in a non-ionic detergent 
solution, effect of detergent concentration 
on (Macfarlane & others), 33 S.

Monomer concentrations in micellar drug 
systems (Attwood & Florence), 242 S.

Morphine-like analgesics in aggregated mice, 
increased toxicity of (Davis & Brister), 
882 (L).

Morphine and methylamphetamine, cross 
tolerance between, _n the mouse (Pleuvry), 
969 (L).

Morphine-,V-oxide, some aspects of the meta
bolism of (Heimans & others), 831.

Morphine- and pentazocine-induced respira
tory depression, doxapram and niketh
amide effects on (Franko & Ward), 709 
(L).

Morphine sulphate and some related salts, 
self-association in aqueous solutions of 
(Perrin & Ishag), 770.

Mice, genetically aggressive and non-aggres
sive, amphetamine toxicity in (Lager- 
spetz St Lr gerspetz), 542 (L).

Mice, aggregated, increased toxicity of mor
phine-like analgesics in (Davis & Bristler), 
882 (L).

Mouse, cross tolerance between methyl- 
amphetamine and morphine in the 
(Pleuvry), 969 (L).

Mice, fed freely and single daily meals, diurnal 
variation of hepatic amphetamine con
centrations in (Bauer & Perley), 976 (L).

Mice, locomotor activity of, differences in, as 
measured by an Animex and photoresis
tor actometer (Maj & others), 979 (L).

Mouse, oestrous cycle in, possible pharmaco
logical implications of changes in brain 
monoamine concentrations during 
(Greengrass & Tonge), 897 (L).

Mice, physical performance of, treated with 
propranolol, sotalol and INPEA (Estler, 
714 (L).

Mucopolysaccharide and collagen biosyn
thesis Dy a chick embryo cell-free system, 
salicylate-induced inhibition of (Naka- 
gawa & Bentley), 399.

Mucosa, rat gastric, the effect of brocresine 
(NSD 1055) on histidine decarboxylase 
activity in (Mesch & Sewing), 506.

Muscarinic and nicotinic activities of some 
esters related to acetylcholine (Biggs & 
others), 628 (L).

Muscle fibres, developing in vitro, the actions 
of depolarizing drugs and antagonists on 
(Dryden & others), 228 S.

Muscle, heart isolated, influence of hexobar- 
bitone on calcium ion movements in 
(Haacxe & van Zwieten), 425.

Muscle, longitudinal and circular, influence 
of: maximal responses in guinea-pig 
isolated ileum preparations (Pomeroy & 
Raper), 796 (L).

Muscle non-competitive spasmolytics as 
antagonists of Ca2+-induced smooth 
contraction (Simonis & others), 107.

Muscle, longitudinal smooth, of the rabbit 
duodenum and its modification by drugs 
and temperature changes, the spontaneous 
electrical and mechanical activity in 
(Small & Weston), 280.

Muscle, smooth, an isolated organ, excitatory 
effect of tetrodotoxin on (Persson), 986 
(L).

Muscle, smooth vascular, on the mechanism 
of papaverine on the control of contrac
tile activity of, by extracellular calcium 
(Demesy & Stoclet), 712 (L).

Muscle strips, an apparatus for facilitating 
the measurement of tracer movements in 
a large number of (Cook), 390 (L).

Muscle, isolated tracheal, the inducement of 
tone and its inhibition on (Coleman & 
Farmer), 220 (L).
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Muscle tremor produced by sympathomimetic 

bronchodiliators (Bowman & Nott), 
225 S.

[uC]Mycophenolic acid in the rat, metabolism 
and binding of (Nery & Nice), 842.

Myocardial infarcts in the rat, the selective 
uptake of mercury by (Leszkovszky & 
Szantho), 102.

N

NSD 1055 see brocresine.
NADH dehydrogenase, mitochondrial 2- 

phenylisatogen as an electron acceptor for 
(Green & others), 249 S.

Naphthylvinyl pyridine analogues, inhibition 
of choline acetyltransferase and hexobar- 
bitone-metabolizing enzymes by (Gold
berg & others), 384 (L).

Nasal inhaler, relation between the vapour 
pressure of a drug and its concentration 
emerging in the air stream of a (Arm
strong & others), 473.

Nasal inhaler, the effect of the pore size of the 
inhaler support on the concentration of 
volatile drug emerging from the air 
stream of (Armstrong & others), 218 S.

Necroses, myocardial, produced by intra
venous infusion of isoprenaline into rats 
(Gryglewski & others), 926.

Neostigimine at the neuromuscular junction, 
mechanism of action of (Webb), 227 S.

Nerve impulse induced release of f'HJnora- 
drenaline after reserpine, correlation with 
the recovery of the granular uptake- 
storage mechanism (Almgren & Lund- 
borg), 671.

Nerve, rapid accumulation of acetylcholine 
in, above a crush (Haggendal & others), 
552 (L).

Neuroleptics, effect of, on brain amphetamine 
concentrations in the rat (Lai & others), 
967 (L).

Neuromuscular blocking activity of some 
monoquaternary androstane derivatives 
(Bamford & others), 595.

Neuromuscular junction, mechanism of action 
of neostigmine at (Webb), 227 S.

Neuromuscular transmission, mechanism of 
MJ 1999-induced blockade of (Patel & 
others), 209.

Neuromuscular transmission in the vas def
erens, endogeneous, possibly prostaglan
din-mediated inhibition of (Swedin), 
994 (L).

Neuropharmacology, a common error in 
assessing the significance of percentage 
change in (McLean & Welch), 643 (L).

Nicotinic and muscarinic activities of some 
esters related to acetylcholine (Biggs & 
others), 628 (L).

Nicotine and cotinine, analysis of nicotine-1 '- 
N-oxide in the presence of, and its appli
cation to the study of in vivo nicotine 
metabolism in man (Beckett & others), 
55 S.

Nicotine metabolism in vivo in man, the effect 
of smoking on (Beckett & others), 62 S.

Nicotine metabolism in man, the analysis of 
nicotine-1 '-A-oxide in the presence of

nicotine and continine and its application 
to the study of in vivo (Beckett & others), 
55 S.

Nicotine-1'-Ar-oxide in urine, analysis of, in 
the presence of nicotine and cotinine, and 
its application to the study of in vivo 
nicotine metabolism in man (Beckett & 
others), 55 S.

Nikethamide and doxapram effects on penta
zocine- and morphine-induced respira
tory depression (Franko & Ward), 709 
(L).

Nitrazepam, chlorciazepoxide, medazepam 
and diazepam, the effect of solvents on 
the potency of (Crankshaw & Raper), 
313.

Nitrofurantoin, a study of bioavailabilities 
and dissolution rates in commercial 
tablets of (McGilveray & others), 246 S.

Nitrogen atoms, basic aliphatic and their 
a-carbon atoms, metabolic oxidation on— 
some unifying principles (Beckett & 
others), 809 (L).

Non-ionic surfactants; emulsion stabilization 
by: experiment and theory (Review) 
(Florence & Rogers), 153, 233.

Noradrenaline, analysis of the supersensiti
vity to. induced by amphetamine in the 
isolated vas deferens of the rat (de 
Moraes & Carvalho), 798 (L).

Noradrenaline, brain; a reduced rate of 
turnover of, during pentobarbitone anaes
thesia (Persson & Waldeck), 377 (L).

Noradrenaline concentrations in guinea-pig 
brain, effect of /3-phenethylamine on 
(Jackson), 623 (L).

Noradrenaline-depleting and antihypertensive 
effects of guanethidine metabolites 
(Maître & others), 221.

Noradrenaline, distribution of, in the undivi
ded spleen of the cat (Robertson & 
Tolman), 972 (L).

Noradrenaline effect on the cat nictitating 
membrane, modification by a tricyclic 
series of compounds (Sturman), 142 (L).

Noradrenaline, maintenance of, in neuronal 
cell bodies and terminals: effect of 
frequency of stimulation (Bhatnagar & 
Moore), 625 (L).

Noradrenaline and a-methylnoradrenaline 
the significance of the relative potencies 
of, for the mode of action of a-methyl- 
dopa (Trinker), 306 (L).

[3H]Noradrena!ine, nerve impulse induced 
release of, after reserpine, correlation 
with the recovery of the granular uptake- 
storage mechanism (Almgren & Lund- 
borg), 671.

Noradrenaline, potentiation by tetraethyl- 
ammonium and triethylcholine of the 
responses of the vas deferens of the 
guinea-pig to transmural stimulation and 
to (Dubbins), 802 (L).

Noradrenaline, the preferred conformation of 
(Pedersen & others), 216 (L).

Noradrenaline and prostaglandin E,, interac
tions between, in anaesthetized rats 
(Papanicolaou & others), 454 (L).

[14C]Noradrenaline in the rat, demonstration 
of 3,4-dihydroxy[14C]benzoic acid and 
[“ Cjvanillic acid after administration of 
(Peskar & others), 270.
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Noradrenaline, the recovery of, in adrenergic 

nerve terminals of the rat after reserpine 
treatment (Hàggendal & Dahlstrom), 81.

Noradrenaline, regional variations in the dis
tribution of, along the rat vas deferens 
(Zieher & Jaim-Etcheverry), 61 (L).

Noradrenaline uptake in v ivo , anatagonism by 
propranolol on the inhibitory effect of 
phenoxybenzamine on (Chang & Wuan- 
Hsiang Wang), 911.

[3H]Noradrenaline, in >ivo electrically evoked 
release of, from cat brain (Von Voigt- 
lander & Moore), 381 (L).

NOR2 Chlorpromazine sulphoxide, a “pink 
spot” produced in  v ivo  and in  v itro  from 
chlorpromazine (Wad & Closs), 131 
(L).

Normeperidines, TV-substituted, correlation of 
analgesic potencies of, with in  v itro  N -  
dealkylation (Abdel-Monem & Porto- 
ghese), 875 (L).

Normethadone, methadone and isomethad
one, identification and quantitative deter
mination of some metabolites of (Beckett 
& others), 347.

Nortriptyline and fluphenazine, pharmaco
logical studies of, in combination in man 
(Glegg & Turner), 133 (L).

Nuclear magnetic resonance studies of inter
actions between cetomacrogol and phenol 
(Jacobs & others), 786.

Nylon 6(polycaprolactam), sorption of ben- 
zocaine by (Richardson & Meakin), 
220 S.

O

n-Octanol, n-dodecane, water and a non
ionic surface-active agent at 10 and 25°, 
a phase-rule study of multiple phase 
formation in a model emulsion system 
containing (Marland & Mulley), 561.

Oesophagus, frog, acetylcholine-like action 
of atropine on the ciliary epithelium of 
during the warmer months (Akhter & 
Bhide), 815 (L).

Oesophagus and stomach of the frog (R a n a  
tem p o ra n e i)  release of prostaglandin from 
(Rashid), 456 (L).

Oestrogenic and anti-oestrogenic properties 
of ring methyl-substituted stilboestrols 
(Clark & McCracken), 339.

Oestrous cycle in the mouse, possible pharma
cological implications of changes in brain 
monoamine concentrations during 
(Greengrass & Tonge), 897 (L).

Ointments, corticosteroid, in the vasocon
strictor test, the effect of constituents in 
white soft paraffin on the efficacy of 
(Coldman & Lockerbie), 253 S.

Ontogenesis in chicks, the effect of hypoxia on 
isonicotinic acid hydrazide-induced 
seizures during (Wood & Peesker), 637 
(L).

Ophthalmic preparations, phenylethanol en
hancement of preservatives used in 
(Richards & McBride), 141 S.

Ophthalmic solutions, preservation of with 
antibacterial combinations (Richards & 
McBride), 234 S.

Optical rotatory dispersion measurements, 
the aggregation of chlorhexidine diglu
conate in aqueous solution from (Perrin 
& Witzke), 76 (L).

Orciprenaline and terbutaline, relaxing pot
ency of, on rat uterus (Olsson & Persson), 
878.

Orphenadrine in man, metabolism, distribu
tion and excretion of (Beckett & Khan), 
222 S.

Orthogonal functions, application of, to 
spectrophotometric analysis of weakly 
absorbing compounds in tablets (Abdine 
& others), 444.

Osmometry, membrane, of solubilized systems 
(Attwood & others), 77 S.

Osmometry, membrane, study of aqueous 
systems of purified non-ionic surfactant 
by (Birdi & Kyllingsbaek), 900 (L).

JV-Oxidation and TV-methylation of methadone 
in animal species, influence of methyl 
substitution on (Beckett & others), 941.

Oximes,‘metabolism’ o f‘amphetamines’ to, as 
a route to deamination (Beckett & 
others), 560 (L).

Oxindole alkaloids, the conversion of p se u d o  
heteroyohimbine alkaloids to (Shellard & 
others), 244 S.

Oxotremorine, decreased distribution of, to 
brain after pharmacological blockade 
of its peripheral acetylcholine-like effects 
(Karlen & others), 758.

Oxygen consumption of the rabbit, the effects 
of pentobarbitone sodium on the carbon 
dioxide response and production and 
(Pleuvry & Hunter), 19.

Oxyphenbutazone, azapropazone and phenyl
butazone, action of, on lysosomes 
(Lewis & others), 931.

P

P a p a v e r  so m n ife ru m  latex, polyphenolases in 
the 1000 g  fraction of (Roberts), 234 S.

Papaverine and eupaverin, effects of, on 
calcium uptake by isolated sarcoplasmic 
vesicles (Carpenedo & others), 502.

Papaverine, the mechanism of action of, on 
the control of vascular smooth muscle 
contractile activity by extracellular calcium 
(Dernesy & Stoclet), 712 (L).

Paracetamol, gas-liquid chromatographic esti
mation of (Prescott), 807 (L).

Paracetamol and phenacetin in plasma and 
urine, the gas-liquid chromatographic 
estimation of (Prescott), 111.

Paraffin, white soft, the effect of constituents 
in, on the efficacy of corticosteroid oint
ments in the vasoconstrictor test 
(Coleman & Lockerbie), 253 S.

Particle-size of sulphadiazine produced by a 
solvent-change method (Elworthy & 
Worthington), 101 S.

Particles spherical, the dissolution times of 
(Ridgway & Peacock), 121 S.

Particulate contamination in intravenous 
fluids, progress towards a standard to 
limit (Groves), 238 S.

Penicillins, biliary excretion of, in the rat 
(Ryrfeldt), 463 (L).
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Pentazocine—and morphine-induced respira

tory depression, doxapram and niketham
ide effects on (Franko & Ward), 709 
(L).

Pentobarbitone anaesthesia, a reduced rate of 
turnover of brain noradrenaline during 
(Persson & Waldeck), 377 (L).

Pentobarbitone and phenobarbitone absorp
tion into rat blood and brain, the effect 
of ethanol on (Coldwell & others), 947.

Pentobarbitone sodium, the effects of, on the 
carbon dioxide response and production, 
and oxygen consumption of the rabbit 
(Pleuvry & Hunter), 19.

Percutaneous absorption, a possible mech
anism for the action of dimethyl sulpho- 
xide on (Sneader & others), 252S.

Peristalsis previously blocked by 2,4-dinitro- 
phenol, failure of, peristaltic stimulants 
to restore (Beleslin & Malobabic), 877 
(L).

Pethidine, the effect of, on the 5-hydroxy- 
tryptamine and 5-hydroxyindoleacetic 
acid content of the mouse brain (Ahtee 
& Saarnivaara), 887 (L).

Phase diagram of cetomacrogol 1000-water- 
benzaldehyde in the presence of gallate 
antioxidants (Nixon & others), 1.

Phase-rule study of multiple-phase formation 
in a model emulsion system containing 
water, n-octanol, n-dodecane and a non
ionic surface-active agent at 10 and 25° 
(Marland & Mulley), 561.

Phenacetin and paracetamol in plasma and 
urine, the gas-liquid chromatographic 
estimation of (Prescott), 111.

Phencyclidine, neurochemical response to: 
effects on, of variation in hydroxytrypt- 
amine metabolism in the rat (Tonge & 
Leonard), 711 (L).

j3-Phenethylamine, the effect of, on noradren
aline concentrations in guinea-pig brain 
(Jackson), 623 (L).

/3-PhensthyIamine and tyramine, uptake and 
metabolism of, in mouse brain and heart 
slices (Ross & Renyi), 276.

Phenobarbitone, indomethacin and salicylate, 
the binding of, to human whole blood 
in vitro (McArthur & others), 32.

Phenobarbitone and pentobarbitone absorp
tion into rat blood and brain, the effect of 
ethanol on (Coldwell & others), 947.

Phenol and cetomacrogol, nuclear magnetic 
resonance studies of interactions between 
(Jacobs & others), 786.

Phenol-sodium dodecyl sulphate-water 
systems, interactions in (Jacobs & others), 
148 (L).

Phenols in relation to antibacterial activity, 
interactions between phosphatidyleth- 
anolamine monolayers and (Kaye & 
Proudfoot), 223 S.

Phenoxyacetic acids, anti-inflammatory, effect 
of substituting tetrazole for carboxyl in 
two series of (Drain & others), 857.

Phenoxybenzamine-produced a-adrenoceptor 
blockade, reversal of, by the isomers of 
propranolol and INPEA (Davis), 332.

Phenoxybenzamine, antagonism by pro
pranolol of the inhibitory effects of, on 
noradrenaline uptake in vivo (Chang & 
Wuan-Hsiang Wang), 911.

Phentermine, the metabolism and urinary 
excretion in man of, and the influence of 
A-methyl and p-chlorosubsutution 
(Beckett & Brookes), 288.

Phenylbutazone in the alloxan rat and rabbit, 
in vitro and in vivo studies of the metabol
ism of (Dajani & Saheb), 220 S.

Phenylbutazone, azapropazone and oxyphen- 
butazone, the action of, on lysosomes 
(Lewis & others), 931.

Phenylethanol enhancement of preservatives 
used in ophthalmic preparations 
(Richards & McBride), 141 S.

2-Phenylisatogen as an electron acceptor for 
mitochondrial NADH dehydrogenase 
(Green & others), 249 S.

Phenylmercuric nitrate, the inactivation of, 
by sodium metabisalphite (Buckles & 
others), 237 S.

Phosphatidylcholine, adsorption of, at the 
benzene-water interface (Johnson & 
Saunders), 89 S.

Phosphatidylethanolamine monolayers and 
phenols in relation to antibacterial 
activity, interactions between (Kaye & 
Proudfoot), 223 S.

Photoelastic techniques, application of, to a 
rotary tabletting machine (Ridgway & 
Rosser), 202 S.

Photoresistor actometer and Animex, differ
ences in the locomotor activity of mice 
as measured by (Ma_ & others) 979 (L).

Phytosterols, the composition and distribu
tion of, in Digitalis purpurea L. (Evans), 
232 S.

Pimozide, antagonism of (+)-amphetamine 
induced hypertherm a in rats by (Mat- 
sumoto & Griffin), 711 (L).

Plasma albumin, extrinsic circular dichroism 
resulting from the interaction of, with 
sulphonamides (Wood & Stewart), 248 S.

Plasma, bovine, isolation of a protein from, 
that enhances vascular permeability in 
rats (Zsilinsky & others), 963 (L).

Plasma, fluorimetric determination of thym- 
oxamine in (Arbab & Turner), 719 (L).

Plasma free fatty acids in (+)-amphetamine- 
induced hyperthermia in rats (Matsumoto 
& Shaw), 387.

Plasma, human, in vivo and bovine albumin 
in vitro, displacement of dipeptides and 
L-tryptophan from, by antirheumatic 
drugs (McArthur & others), 393.

Plasma, rat, metabolic degradation of prosta
glandin Ej in the (Nakano & Prancan), 
231 (L).

Plasma progesterone leve s, a modified com
petitive protein binding method for 
measuring (Irving & others), 144 ( L ) .

Plasma proteins, foetal and maternal, the 
binding of bupivacane to (Mather & 
others), 359.

Plasma and urine, the gas-liquid chromato
graphic estimation of phenacetin and 
paracetamol in (Prescott), 111.

Plastics, sterilized, determination of residual 
ethylene oxide and halogenated hydro
carbon propellants in (Warren), 170 S.

Platelets, human, effect of drugs, upon the 
uptake of 5-hvdroxytryptamine and 
metaraminol by ('Ahtee & Saarnivaara), 
495.
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Polarographie method for the determination 

of fiurandrenolone (Heasman & Wood), 
176 S.

Polycaprolactam (Nylon 6), sorption of 
benzocaine by (Richardson & Meakin), 
220 S.

Polyethylene glycols, water, hexane and hexa- 
decylpolyoxyethylene, solubility of some 
compounds in (Corby & Elworthy), 39 S.

Polymorphism, aspirin; questioned (Pfeiffer), 
75 (L).

Polymorphism in aspirin, further evidence on 
the question of (Mulley & others), 902 
(L).

Polymorphism, crystal habit or crystal defects: 
aspirin dissolution (Mitchell & others), 
534 (L).

Polymorphism of sulphathiazole (Mesley), 
687.

Polymyxin and EDTA, the effect of slime 
on the sensitivity of Pseudomonas 
aeruginosa to (Brown & Scott Foster), 
236 S.

Polymyxin sensitivity of Pseudomonas aerugi
nosa, the effect cf drying on (Brown & 
Wood), 235 S.

Polyphenolases in the 1000 g fraction of 
Papaver somniferum latex (Roberts), 
234 S.

Polyvinylpyrrolidone, injectible dispersion of 
A9-tetrahydrocannabinol in saline using 
(Fenimore & Loy), 310 (L).

Polyvinylpyrrolidone, quantitative analysis 
of, by infrared spectrophotometry 
(Ridgway & Rubinstein), 587.

Pore size of inhaler support, the effect of, on 
the concentration of volatile drug 
emerging in the air stream of a nasal 
inhaler (Armstong & others), 218 S.

Potassium bromide from aqueous solution, 
the kinetics of crystallization of (Ridgway 
& Aulton), 111S.

Potassium bromide, compaction properties of, 
with particular reference to infrared 
spectroscopy (Ridgway & Aulton), 216 
S.

Powders, cohesive studies on mixing (Shotton 
& Orr), 260 S.

Powder and liquid sprays, the sizing of some 
from pressurized packs by air sedimenta
tion (Hist & Kaye), 116.

Preservatives, interaction of, with cetomacro- 
gol (Kazmi & Mitchell), 482.

Preservatives used in ophthalmic prepara
tions, phenylethanol enhancement of 
(Richards & McBride), 141 S.

Pressor response to (-f)-amphetamine in 
anaesthetized cats, inhibition by appetite 
suppressants of the (Berry & others), 
140 (L).

Pressurized packs by air sedimentation, the 
sizing of some powder and liquid sprays 
from (Hirst & Kaye), 116.

Probenecid, inhibition of transport of 5- 
hydroxyindoleacetic acid from the spinal 
fluid by (Zivkovic & Bulat), 539 (L).

Procyclidine, benzhexol and their etho- and 
etho-salts, a reinvestigation of; differ
ences in the stereospecificity of closely 
related compounds (Barlow), 90.

Promethazine on hand-eye co-ordination and 
visual function (Large & others), 134 (L).

Propellants, halogenated hydrocarbon, in 
sterilized plastics, determination of resi
dual ethylene oxide and (Warren) 170 
S.

Propranolol, antagonism by, of the inhibitory 
effect of phenoxybenzamine on noradren
aline uptake in vivo (Chang & Wuan- 
Hsiang Wang), 911.

Propranolol and INPEA, isomers of reversal 
of phenoxybenzamine-produced a-adren- 
oceptor blockade by (Davis), 332.

Propranolol interferes with inhibitory beha
viour in rats (Richardson & others), 459 
(L).

Propranolol, sotalol and INPEA, physical 
performance of mice treated with (Estler), 
714 (L).

Prostaglandin E1( metabolic degradation of, in 
the rat plasma and in rat brain, heart, 
lung, kidney and testicle homogenates 
(Nakano & Prancan), 231 (L).

Prostaglandin E, and noradrenaline, interac
tion between, in anaesthetized rats 
(Papanicolaou & others), 454 (L).

Prostaglandin E», storage life of in ethanol and 
saline (Brummer), 804 (L).

Prostaglandin, release of, from the stomach 
and oesophagus of the frog (Rana 
temporaria) (Rashid), 456 (L).

Protein biosynthesis, site of the inhibitory 
action of salicylate on (Burleigh & 
Smith), 519.

Protein binding of [l,2-3H]cortisol in human 
plasma in vitro, the effect of anti-inflam
matory drugs on (Stenlake & others), 
145 ( L).

Protein binding method, a modified competi
tive method for measuring plasma pro
gesterone levels (Irving & others), 144 
(L).

Protein binding, serum, effects of acetylsali- 
cylic acid on and metabolism of trypto
phan in man (Smith & Lakatos), 180.

Protein that enhances vascular permeability 
in rats, isolation of, from bovine plasma 
(Zsilinsky & others), 963 (L).

Pseudo heteroyohimbine alkaloids to oxindole 
alkaloids the conversion of (Shellard & 
others), 244 S.

Pseudomonas aeruginosa, the effect of drying 
on the sensitivity of (Brown & Wood), 
235 S.

Pseudomonas aeruginosa inactivation of resis
tant, by antibacterial combinations 
(Ric lards), 136 S.

Pseudomonas aeruginosa, metabolism of 3- 
deoxy-3-fluoro-D-glucose by (Scott Foster 
& Taylor), 237 S.

Pseudomonas aeruginosa, the effect of slime 
on the sensitivity of, to polymyxin and 
EDTA (Brown & Scott Foster), 236 S.

Pyrolysis, soda lime, of saccharin (Marlow & 
Porter), 250 S.

Q
Quazodine, effect of, on myocardial blood 

flow in developing myocardial infarcts 
(Parratt & Winslow), 224 S.
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R

Rabbit ear, the action of isoprénaline on the 
perfused vessels of the (Day & Dixon), 
98.

Rauwolfia alkaloids, estimation of, by quantita
tive thin-layer chromatography (Habib 
& Court), 230 S.

Receptors, dopamine, inhibition of (+)- 
amphetamine hyperthermia in rabbits by 
blockade of (Hill & Horita), 715 (L).

Renal blood flow in sheep, effect of angioten
sin I on (Tildesley & others), 547 (L).

Reserpine administration, prolonged effects 
of, on adrenoceptor activity in dogs 
(Cavero & others), 988 (L).

Reserpine-induced catalepsy, effect of calcium 
on (Boyaner & Radouco-Thomas), 974 
(L).

Reserpine, nerve impulse induced release of 
[3H]noradrenaline after, correlation with 
the recovery of the granular uptake- 
storage mechanism (Almgren & Lund- 
borg), 671.

Reserpine and An-(DL-seryl)-/V2-(2,3,4-trihydr- 
oxybenzyl) hydrazine and reserpine, 
reduction of histamine in mouse brain by 
(Atack), 992 (L).

Reserpine treatment, the recovery of nor
adrenaline in adrenergic nerve terminals 
of the rat after (Hàggendal & Dahlstrom), 
81.

Respiratory depression induced in mice by 
ethanol,reversal of, by sotalol (Hayashida 
& Smith), 718 (L).

Respiratory depression, morphine- and penta
zocine- induced, doxapram and niketh
amide effects on (Franko & Ward), 709 
(L).

Reticuloendothelial cells blocking of, by dex- 
tran (Farrow & Ricketts), 295 (L).

Rheological conditions operative during 
application of topical preparations, inves
tigation of the sensory testing of spread- 
ability (Barry & Grace), 253 S.

Ro 8-2580 (1,3-bis[4-(p-methoxyphenyl) piper- 
azinyl]-2-propanol: a new monoamine 
depletor (Burkard & others), 646 (L).

Rotary tabletting machine, automatic weight- 
control in (Ridgway & others), 214 S.

Rotary machine, automatically controlled, 
properties of tablet made from direct- 
compression bases on (Ridgway & 
others), 214 S.

s

Saccharin, soda lime pyrolysis of (Marlow & 
Porter), 250 S.

Salbutamol, WG 253 and isoprenaline, 
comparison of the effects of, on the ten
sion and rate of rabbit isolated atria 
(Laity), 633 (L).

Salicylate and cortisol, interaction of, on 
lysosomes (Lewis & Reed), 983 (L).

Salicylate and enzymes (Review) (Smith & 
Dawkins), 729.

Salicylate, indomethacin and phenobarbitone, 
binding of, to human whole blood in 
vitro (McArthur & others), 32.

Salicylate-induced inhibition of collagen and 
mucopolysaccharide biosynthesis by a 
chick embro cell-free system (Nakagawa 
& Bentley), 399.

Salicylate, inhibitory action of on glutamyl- 
transfer ribonucleic acid synthetase in 
vitro (Burleigh & Smith), 590.

Salicylate, the site of inhibitory action of, on 
protein biosynthesis (Burleigh & Smith), 
519.

Salicylic acid, solubilization of, by a series of 
non-ionic surfactants (Collett & Withing- 
ton), 241 S.

Saline and ethanol, storage life of prostaglan
din E2 in (Brummer), 804 (L).

Sarcoplasmic vesicles, isolated, effects of 
papaverine and eupaverin on uptake of 
calcium by (Carpenedo & others), 502.

[3H]Scintillation counting, interference of 
chemoluminescence with (Forrest & 
others), 705 (L).

Serum concentrations of orally administered 
cephalexin, a new approach to the study 
of (O’Callaghan & ethers), 50.

Serum, human in vitro, relation between 
clinical anti-inflammatory activity and 
displacement of L-tryptophan and a 
dipeptide from (Smith & others), 451 
(L).

Serum protein binding and metabolism of 
tryptophan in man, effects of acetylsali- 
cylic acid on (Smith & Lakatos), 180.

Ail-(DL-Seryl)-A'2-2,3,4-trihydroxybenzyl)hydr- 
azine and reserpine, reduction of hist
amine in mouse brain by (Atack), 992 (L).

Shear properties, bulk density, and tablet 
weight variation, effect of granule shape 
on (Ridgway & others), 213 S.

Skin, a simple method for the quantitative 
extraction of dye extravasated into the 
(Harada & others), 218 (L).

Slime, effect of, on the sensitivity of Pseudo
monas aeruginosa to EDTA anc poly
myxin (Brown & Scott Foster), 236 S.

Slip and Knudsen flow, contribution of, to 
tablet permeability measurements (Rispin 
& others), 215 S.

Smoking, the effect of, on nicotine metabolism 
in vivo in man (Beckett & others), 62 S.

Soap-stabilized emulsions, hydrophobic bond
ing (Davis), 161 S.

Soda lime pyrolysis of saccharin (Marlow 
& Porter), 250 S.

Sodium bicarbonate, micronized, the mixing 
of, with sucrose crystals (Travers & 
White), 260 S.

Sodium carboxymethylcellulose and com
pound tragacanth, effect of powder on the 
sedimentation and redispersal of Sulpha- 
dimidine Mixture, Paediatric B.P.C. 1968 
(Bhagwan & others), 251 S.

Sodium dodecyl sulphate-phenol-water 
systems, interactions in (Jacobs & others), 
148 (L).

Sodium metabisulphite, the inactivation of 
phenylmercuric nitrate by (Buckles & 
others), 237 S.

Solanum laciniatum Ait, the titrimetric assay 
of solasodine in (Hardman & Williams), 
231 S.

Solasidine, a spirosolane of commercial signi
ficance from Soianum laciniatum Ait,
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titimetric assay of (Hardman & Williams), 
231.

Solvent change-method, the particle-size of 
sulphadiazine produced by (Elworthy & 
Worthington), 101 S.

Somatosensory evoked potentials, effect of 
cholinergic drugs on (Bhargava), 138 (L).

Solubilization, identification of site of various 
compounds by cetomacrogol (Corby & 
Elworthy), 49 S.

Solubilization of salicylic acid by a series of 
non-ionic surfactants (Collett & Withing- 
ton), 241 S.

Solubilized systems, membrane osmometry of 
(Attwood & others), 77 S.

Solute migration during granule drying 
(Ridgway & Rubinstein), 11 S.

Sotalol, propranolol and INPEA, physical 
performance of mice treated with (Estler), 
714 (L).

Sotalol, reversal by, of the respiratory depres
sion induced in mice by ethanol 
(Hayashida & Smith), 718 (L).

Spasmolytics as antagonists of Ca2+-induced 
smooth muscle contraction, non-com
petitive (Simonis & others), 107.

Speciogynine, isolation of, from the leaves of 
Mitragyna inermis (Willd.), O. Kuntze 
(Shellard & Sarpong), 559 (L).

Spectrometry, infrared, and column chroma
tography, determination of diosgenin and 
yamogenin in fenugreek seed by (Hard
man & Jefferies), 231 S.

Spectrophotometric determination of 
ampicillin in body fluids (Angelucci & 
Baldieri), 47 1 (L).

Spectrophotometry, infrared, quantitative 
analysis of polyvinylpyrrolidone by 
(Ridgway & Rubinstein), 587.

Spectroscopy, infrared, compaction properties 
of potassium bromide with particular 
reference to (Ridgway & Aulton), 216 S.

Spectroscopy, MATR infrared, identification 
of tablets and capsules containing barbi
turates by (Atkinson), 781.

Spinal fluid, inhibition of transport of 5- 
hydroxyindoleacetic acid from by pro
benecid (Zivkovic & Bulat), 539 (L).

Spleen of the cat, undivided, distribution of 
noradrenaline in the (Robertson & 
Tolman), 972 (L).

Spores of Bacillus megaterium, the effect of 
temperature and of cetrimide on the rate 
of loss of refractility of (Rigby & 
Hambleton), 8.

Spores, bacterial, heat resistance after different 
vacuum drying treatments (Soper & 
Davies), 256 S.

Sprays, liquid and powder, the sizing of some 
from pressurized packs by air sedimenta
tion (Hirst & Kaye), 116.

Spreadability, sensory testing of, investigation 
of the rheological conditions operative 
during application of topical prepara
tions (Barry & Grace), 253 S.

Starch type, concentration and distribution, 
effect of, on the penetration and disrup
tion of tablets by water (Fraser & 
Ganderton), 18 S.

Stilboestrols, the oestrogenic and anti- 
oestrogenic properties of ring methyl- 
substituted (Clark & McCracken), 339.

Stimulants, peristaltic, failure of, to restore 
peristalsis previously blocked by 2,4- 
dinitrophenol (Beleslin & Malobabic), 
877 (L).

Stomach and oesophagus of the frog (Rana 
temporaria) release of prostaglandin 
from (Rashid), 456 (L).

Strychnos species, the use of methylene 
chloride and chloroform for the extrac
tion of tertiary alkaloids from (Phillipson 
& Bisset), 243 S.

Strychnos, tertiary alkaloids of some Asian 
species of (Bisset & Phillipson), 244 S.

Sucrose crystals, the mixing of micronized 
sodium bicarbonate with (Travers & 
White), 250 S.

Sulphacetamide in aqueous solution, the 
effect of heat, pH and some buffer 
materials on the hydrolytic degradation 
of (Meakin & others), 252.

Sulphadiazine produced by a solvent-change 
method, particle-size of (Elworthy & 
Worthington), 101 S.

Sulphadimidine Mixture, Paediatric B.P.C. 
1968, effect of sodium carboxymethyl- 
cellulose and compound tragacanth 
powder on the sedimentation and redis
persal of (Bhagwan & others), 251 S.

Sulphadimidine tablets, the effect of formula
tion and compression on hardness, disso
lution, disintegration, absorption and ex- 
cretionof (van Oudtschoorn ¿others), 583.

Sulphamethoxydiazine crystal forms (Mous- 
tafa & others), 868.

Sulphathiazole, polymorphism of (Mesley), 
687.

Sulphonamides, infrared identification of, 
using attenuated total reflection 
(Edwards), 956.

Sulphonamides, interaction of plasma albu
min extrinsic circular dichroism resulting 
from (Wood & Stewart), 248 S.

Sulphonamides, urinary concentration and 
dissolution rate of, an automated method 
for the determination of (Goossens & van 
Oudtshoorn), 725 (L).

Suppositories, rectal, drug release characteris
tics of various, as determined by specific 
ion electrodes (Thomas & McCormack), 
490.

Surfactant, aqueous system of purified non
ionic, study of, by membrane osmometry 
(Birdi & Kyllingsbaek), 900 (L).

Surfactant, cationic, the modifying effects of, 
on the rates of base catalysed hydrolysis 
of esters of different structures (Meakin 
& others), 25 S.

Surfactants, non-ionic, emulsion stabilization 
by experiment and theory (Review) 
(Florence & Rogers), 153, 233.

Surfactant, non-ionic, some investigations on 
the effect of, on the diffusion of hydro
cortisone across a cellulose acetate mem
brane (Short & Rhodes), 239 S.

Surfactants, non-ionic, the solubilization of 
salicylic acid by a series of (Collett & 
Withington), 241 S.

Surface-active agent, non-ionic, water, n- 
octanol, and n-dodecane at 10 and 25°; 
a phase-rule study of multiple-phase 
formation in a model emulsion system 
containing (Marland & Mulley), 561.
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Surface tension of pendular bonds, influence 

of, the tensile strength of moist beds of 
bulk solids (Eaves & Jones), 259 S.

Suspensions, the effect of, on the bactericidal 
activity of m-cresol and benzalkonium 
chloride (Bean & Dempsey), 699.

Sympathomimetic amines, preliminary evid
ence that syrosingopine produces a 
selective depletion of central stores of 
(Turner & Spencer), 977 (L).

Sympathomimetic amine, WG 253, antagon
ism of acetylcholine-induced broncho- 
spasm by (Turner & Griffin), 632 (L).

Sympathomimetic bronchodilator, AQL208, 
actions of, on the cardiovascular, bron- 
chiolar and skeletal muscle systems of the 
cat (Rodger), 226 S.

Sympathomimetic bronchodilators, muscle 
tremor produced by (Bowman & Nott), 
225 S.

Synaptic mechanism, a possible, underlying 
the similar behavioural effects of adren- 
aline-like and acetylcholine-like drugs 
(Richardson & others), 884 (L).

Syrosingopine, preliminary evidence that it 
produces a selective depletion of central 
stores of sympathomimetic amines 
(Turner & Spencer), 977 (L).

T

Tablets and capsules containing barbiturates, 
identification of, by MATR infrared 
spectroscopy (Atkinson), 781.

Tablet disintegrants for possible use in insolu
ble direct compression systems, an evalua
tion of five commercially available (Khan 
& Rhodes), 261 S.

Tablet compression force, dependence of 
interpretation of dissolution rate maxima 
on (Smith & others), 536 (L).

Tablet compression force: interpretation of 
dissolution rate maxima dependent on 
(Smith & others), 536 (L).

Tablets made from direct-compression bases 
on an automatically controlled rotary 
machine, properties of (Ridgway & 
others), 214 S.

Tablets of nitrofurantoin, commercial, a 
study of dissolution rates and bioavaila
bilities of (McGilveray & others), 246 S.

Tablets, penetration and disruption of, by 
water, effect of concentration, distribu
tion and starch type on (Fraser & 
Ganderton), 18 S.

Tablet permeability measurements, contribu
tion of slip and Knudsen flow to (Rispin 
& others), 215 S.

Tablet strength and compaction pressure, 
computer analysis of the relation between 
(Newton & others), 195 S.

Tablets, sulphadimidine, effect of compression 
and formulation on dissolution, disinteg
ration, hardness, absorption and excre
tion of (van Oudtschoorn & others), 583.

Tablets, weakly absorbing compounds in, 
application of orthogonal functions to 
spectrophotometric analysis of (Abdine 
& others), 444.

Tablet weight variation, bulk density and 
shear properties, effect of granule shape 
on (Ridgway & others), 213 S.

Tabletting machine, rotary application of 
photoelastic techniques, to (Ridgway & 
Rosser), 202 S.

Tabletting machine, rotary, automatic weight- 
control in (Ridgway & others), 214 S.

Tabletting machine, rotary, preliminary com
paction studies, to simulate a (Cole & 
others), 258 S.

Tensile strength of moist beds of bulk solids, 
influence of surface tension of pendular 
bonds on (Eaves & Jones), 259 S.

Terbutaline and orciprenaline, relaxing pot
ency of, on rat uterus (Olsson & Persson), 
878 (L).

Testicle homogenates, metabolic degradation 
of prostaglandin E, in rat (Nakano & 
Prancan), 231 (L).

Tetraethylammonium and triethylcholine, pot
entiation by, of the responses of the vas 
deferens of the guinea-pig to transmural 
stimulation and to noradrenaline 
(Dubbins), 802 (L).

A'-Tetrahydrocannabinol, comparison of 
four vehicles for the intraperitoneal 
administration of (Duane Sofia & others), 
889 (L).

Tetrahydrocannabinol content of cannabis leaf 
(Fairbairn & others). 558 (L).

A9-Tetrahydrocannabinol, injectible disper
sion of. in saline using polyvinylpyrroli
done (Fenimore & Loy), 310 (L).

A9-TetrahydrocannabinoI (A9-THC), the 
identification, isolation, and preservation 
of (Turk & others), 190.

Tetrazole, effects of substituting for carboxyl 
in two series of anti-inflammatory 
phenoxyacetic acids (Drain & others), 857.

Tetrodotoxin, excitatory effect of, on an 
isolated smooth muscle organ (Persson), 
986 (L).

Tetrodotoxin, resistance to, in the isolated 
ileum of the rat (Goldenberg), 621 (L).

Thermodynamics of micellization of mixtures 
of alkyltrimethylammonium salts, pre
diction of the molecular weight (Barry & 
Russell), 241 S.

Thioridazine absorption, on the effect of 
pharmaceutical formulation on (Hirst & 
Kaye), 246 S.

Thymoxamine, effect of, on peripheral blood 
vessels as monitored by the 133Xe clear
ance technique (Carson Dick & others), 
204.

Thymoxamine in plasma, fluori metric deter
mination of (Arbab & Turner), 719 (L).

Timing behaviour, effect of small doses of 
haloperidol on (Ahlenius & Engel), 301 
(L).

Titration curves, digital filters in the evalua
tion of (Perks & Glenn), 181 S.

Toxicity, cell culture as a test system for 
(Metcalfe), 817.

Toxicity, increased, of morphine-like analge
sics in aggregated mice (Davis & Brister), 
882 (L).

Tracheal chain, guinea-pig isolated, potentia
tion of the response to ethylnoradrenaline 
and a-methylnoradrenaline by cocaine 
(Chahl & O’Donnell), 965 (L).
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Tracheal muscle, isolated, the inducement of 

tone and its inhibition on (Coleman & 
Farmer), 220 (L).

Tragacanth powder, compound, and sodium 
carboxymethyl-cellulose, effect of, on the 
sedimentation and redispersal of sulpha- 
dimidine mixture, paediatric B.P.C. 1968 
(Bhagwan & others), 251 S.

Tricylic series of compounds, modification by, 
of the noradrenaline effect on the cat 
nictitating membrane (Sutrman), 142 (L).

Triethylcholine and tetraethylammonium, pot
entiation by, of the responses of the vas 
deferens of the guinea-pig to transmural 
stimulation and to noradrenaline (Dub
bins) 802 (L).

a,a,a-Trifluoromethylphenols, correlation of 
the bactericidal properties of, with 
physico-chemical parameters (Dearden 
& Weeks), 255 S.

Triglyceride and precursor concentrations in 
the fatty liver of rats after chronic 
administration of ethanol (Bustos & 
others), 638 (L).

Trimeperidine and its isomers and analogues 
analgesic potency and stereochemistry of 
(Casy & McErlane), 68 (L).

jV-Trimethyl-iV'-iodoacetyl diaminoalkane 
iodides: potential irreversible inhibitors 
of acetylcholinesterase (Beddoe & others), 
865.

Triphenylmethane food dyes, blue, identifica
tion of, by thin-laver chromatography 
(Turner & Jones), 806 (L).

L-Tryptophan and dipeptides, displacement 
of, from bovine albumin in vitro and from 
human plasma in vivo by antirheumatic 
drugs (McArthur & others), 393.

L-Tryptophan and a dipeptide, relation 
between clinical anti-inflammatory acti
vity and displacement of, from human 
serum in vitro (Smith & others), 451 (L).

Tryptophan in man, effects of acetylsalicylic 
acid on serum protein binding and meta
bolism of (Smith & Lakatos), 180.

Tyramine and (¡-phenethylamine uptake and 
metabolism of in mouse brain and heart 
slices (Ross & Renyi), 276.

Tyrosine aminotransferase activity in a soluble 
extract of ergot fungus (Sim & Choi), 78 
(L).

m-Tyrosine, analysis of action on blood pres
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