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Adsorption effect on the retention volume of hydrocarbons
•

and dialkyl ethers in gas-liquid chromatography using a
polar stationary phase and silica gel support

KUNISHlGE NAITO·, TAKASHl SAGARA and SHlNSUKE TAKEI

Department 0/ Industrial Chemistry, Faculty (~r Engineering, Ibaraki University, Hitachi 316 (Japan)

(First received September 27th, 1989; revised manuscript received October 24th, 1989)

SUMMARY

The mechanism of solute retention in gas-liquid chromatography was studied
by using silica gel coated with different amounts of polyethylene glycol 20 000 (PEG
20M). The retention volumes of aliphatic hydrocarbons, aromatic hydrocarbons and
dialkyl ethers were determined as a function of liquid phase loading. The silica gel
surface showed homogeneous characteristics on adsorption of saturated hydrocar­
bons and a heterogeneous nature on adsorption of the other solutes. The experi­
mental data could be interpreted on the basis of a model in which the silica gel surface
was covered first with a monolayer and then with a double layer of PEG 20M.
Distribution constants of adsorption on the silica gel, on the monolayer and on the
double layer were calculated.

INTRODUCTION

For the quantitative interpretation of the effect of interfacial adsorption on
solute retention in gas-liquid chromatography, several workers have proposed the
following equation 1-7:

where VR is the retention volume of a given solute and KL , KA and Ks are distribution
constants of bulk solution partitioning into a bulk liquid layer (volume VL ) and
adsorption equilibria on the liquid layer (surface area A L ) and the solid surface (surface
area As), respectively. For practical use of the above equation, a reasonable
relationship must be established between the surface areas, A L and As, and the liquid
phase loading.

In previous studies using modified alumina as a solid support8- 12 , we found that
the experimental plot of the retention volume of a given solute against liquid phase
loading could be divided into·four or five regions and each part of the plot could be
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further increase in XL is caused by a gradual decrease in the specific surface area of the
liquid-coated silica gel.

For saturated hydrocarbons, VN,R increased to a maximum and then decreased
with increasing XL, The almost linear increase in VN,R with XL up to 11 % suggests that
bulk solution partitioning is important for solute retention, but the slope is
inconsistent with the KL value of the corresponding solute listed in Table 1. In this
range of XL, molecules of PEG 20M are fixed at active sites on the silica gel surface, so
that a bulk liquid layer is not yet formed; there is only a thin liquid film like
a monolayer or a double layer on the solid surface. Therefore, interfacial adsorption
equilibria must dominate solute retention. From the evidence, we believe that
saturated hydrocarbons can interact more strongly with the thin liquid film than with
the solid surface, whereas the reverse is true for more polar solutes.

The experimental plot of VN,R against XL can be approximated by two straight
lines for saturated hydrocarbons and three for unsaturated aliphatic hydrocarbons,
aromatic hydrocarbons and dialkyl ethers (Fig. 3). Two adjacent lines intersect at the
same liquid phase loading (about 11 %) for every solute. We took this liquid phase
loading as XLO , the liquid phase loading at which the silica gel surface is completely
covered with a monolayer of PEG 20M. At liquid phase loadings lower than 11 %, the
VN,R VS. XL curve can be approximated by only one straight line for saturated
hydrocarbons and with two lines for the other solutes. This result indicates that the
original surface of silica gel shows homogeneous characteristics on adsorption of
saturated hydrocarbons but a heterogeneous nature on adsorption of the other solutes.
The original surface of silica gel essentially involves two subsurfaces with low and
high adsorption capacities towards unsaturated aliphatic hydrocarbons, aromatic
hydrocarbons and dialkyl ethers. The subsurface with a high adsorption capacity
(subsurface 1) corresponds to a part of the silica gel surface containing the surface
hydroxyl groups which interact strongly with polar groups such as n-bonds and
oxygen atoms of solute molecules. The subsurface with a low adsorption capacity
(subsurface 2) corresponds to a different part of the silica gel surface.

Taking this model of the solid surface into account, first the subsurface 1 and
then the subsurface 2 should be predominantly covered with a monolayer of PEG 20M
in regions 1 and 2, respectively. XL! (about 5%)is the liquid phase loading at which the
subsurface 1 is completely covered with a monolayer of PEG 20M. In region 3, the
silica gel surface covered completely with a PEG 20M monolayer is further covered
with another type of liquid layer of PEG 20M. An apparent adsorption constant, Kad ,

calculated by dividing the reduced retention volume by the specific surface area of the
column packings, was given as a constant value for each hydrocarbon solute regardless
of the liquid phase loadings in region 3. This result suggests that the liquid layer formed
on the PEG 20M monolayer in this region has the same surface characteristics as the
monolayer. Thus, we regarded this liquid layer as a double layer of PEG 20M.

In regions 1 and 2, the specific surface area of the column packing, Sp, is equal to
the sum of the surface area of the uncoated part of the solid surface and of the PEG
20M monolayer. Sp can be formulated in the same form as described in a previous
papers:

Sp = S~ - (IX - [3)XL (1)
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where S~ is the specific surface area of the liquid-free silica gel and (X and pare
proportionality constants for relating XL with the occupied area and the surface area of
the PEG 20M monolayer. Taking Ks and KA as distribution constants of adsorption
equilibria on the uncoated part of the solid surface and on the monolayer, VN,R can be
expressed for saturated hydrocarbons as follows:

(2)

For the other solutes, VN,R can be described with the same equations as described in the
previous papers:

(3)

and

(4)

in regions I and 2, respectively. ~d is the apparent distribution constant of adsorption
on the solid surface and is defined by ~dS~ = KjSj + KzSz, where K 1 and Kz are
distribution constants of adsorption equilibria on subsurface I (surface area Sj) and
subsurface 2 (surface area Sz). These equations can be fitted to the experimental data if
K A > Ks for saturated hydrocarbons, K j > K z > K A for the other solutes and (X > p.

In region 3, the silica gel surface has been completely covered with a monolayer
of PEG 20M and partly with a double layer of PEG 20M. The specific surface area of
column packings is the sum of the surface areas of the double layer and the uncoated
part of the monolayer. The following equation can be written for Sp:

(5)

where SZM is the specific surface area of column packings at a liquid phase loading of
X Lo and (x' and fJ' are proportionality constants to relate XL - X Lo with the occupied
area and the surface area of the double layer of PEG 20M. In this case, VN,R can be
written as

(6)

where

(7)

K~ and K~ are distribution constants of adsorption on the double layer and solution
partitioning into the double layer.

In this study, we could not find regions 4 and 5 on the experimental plot of VN,R

VS. XL, in which a bulk liquid layer was formed on the solid surface, because we failed in
uniformly loading such large an amount of PEG 20M on silica gel. The liquid phase
loading, X'LO' at which the silica gel surface was completely covered with a double layer
of PEG 20M could not be directly determined from the experimental data. The
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part in solute retention in this instance. By neglecting the effect of solution
partitioning, eqn. 7 can be rewritten as

(8)

The KA value ofeach hydrocarbon solute isin good agreement with the KA value of the
corresponding solute. That K A > KA for dialkyl ether implies that the surface of the
PEG 20M monolayer still has polar adsorptive characteristics, which can be effectively
suppressed by coverage with a thin liquid film of PEG 20M. In other words, the
original surface activity of silica gel is significantly reduced with a monolayer of PEG
20M with respect to adsorption of hydrocarbons but a double layer is required for
similar reduction with adsorption _of dialkyl ethers. In this study, adsorption
dominated the retention of all solutes used.
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Improvement of activated carbon for air sampling

JAN RUDLING

National Institute of Occupational Health, 171 84 Solna (Sweden)

(First received July 28th, 1989; revised manuscript received November 10th, 1989)

SUMMARY

In order to improve the charcoal tube method, activated carbon was treated
with benzyl chloride (5 and 20%) in methylene chloride and heated (300°C). The
carbons were evaluated with regards to water uptake, adsorption of toluene and
carbon tetrachloride, desorption characteristics for polar compounds and storage
stability of ketones. Carbons treated with benzyl chloride picked up less moisture,
showed higher desorption efficiencies for polar compounds and lower catalytic activ­
ity compared with untreated carbons and those heat-treated with helium at 800°C.
The best results were obtained with 20% benzyl chloride.

INTRODUCTION

The charcoal tube method1,2 has for many years been the standard method for
the determination of solvent vapours in workplace air. The method is easy to use and,
for many industrial hygiene applications, the sensitivity of liquid desorption is suffi­
cient. However, there are factors that limit the general applicability of the method. In
humid atmospheres, water vapour is adsorbed and this often significantly reduces the
capacity of the carbon for volatile vapours3

. Adsorbed water also influences the
.desorption efficiency (recovery) for polar compounds4

. Carbon disulphide (CSz) is a
powerful desorbing agent for non-polar compounds, having a low response on a
flame ionization detector and short retention time on most gas chromatographic
(GC) columns. However, CSz does not give quantitative recoveries for many polar
compounds5

,6. Moreover, the desorption efficiency (DE) depends on the sample load
and the ratio of carbon to desorbing agent. Even though it is possible to overcome
this problem by the use of polar solvents, e.g., dimethylformamide 5

, or additions to
CSz such as alcohols, chromatographic problems due to peak overlap can arise.
Anothe~ problem with activated carbon is decomposition of the sample (especially for
ketones) during storage due to catalytic action or chemisorption7

.

Although the charcoal tube method is being challenged by other, more sensitive
techniques employing "weak adsorbents" such as Tenax8 and graphitized carbon
black9 followed by thermal desorption, the advantage of using activated carbon is
that it has a superior sampling capacity, particularly for volatile vapours. A method

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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that is to be used routinely should allow the collection of samples over several hours
at a sampling rate that can be achieved with ordinary sampling equipment. A conclu­
sion from our previous studies10 was that a possible way to improve the charcoal tube
method could be to improve the carbon itself. The carbon commonly used, SKC 120,
and other carbons, are probably not the optimum choice.

Activated carbons originating from less well defined sources such as peat, wood
and coal often contains mineral impurities (metal oxides), generally referred to as ash
and oxygen complexes (surface oxides4

), that constitute the polar sites of the carbon.
To decrease the water uptake of the carbon and to raise the DE for polar compounds,
these impurities should be removed. An efficient method to reduce the ash content is
leaching with hydrofluoric and hydrochloric acid11. A common way to eliminate
many oxygen complexes is heat treatment of the carbon with inert gases 12 or hydro­
gen 13

•
14 at 600-1000OC.
At our institution, we have evaluated a number of activated carbons and treat­

ment procedures 1 s. Seventeen untreated carbons were tested and the best results were
obtained with Sorbonorit 3. The procedures studied were acid leaching, heat treat­
ment with reactive gases (air, carbon dioxide, chlorine and hydrogen) and inert gases
(helium and nitrogen at 800 and 1000°C). We found that that the most efficient
procedure was acid leaching followed by heat treatment with helium or a mixture of
helium and hydrogen at 800°C for a period exceeding 10 h.

Another approach to make a carbon more homogenous is the deposition of
pyrolytic carbon on the surface. This can be done with, e.g., methylene chloride16 and
benzene1

7. In a prestudy, we recently found that benzyl chloride in methylene chlo­
ride could be used and that 300°C was a useful temperature for this treatment. To
eliminate impurities (mostly polyaromatic hydrocarbons) formed in this process, des­
orption at 500°C was carried out.

The purpose of this study was to evaluate two carbons (based on Sorbonorit 3)
treated with benzyl chloride and to compare them with (i) Sorbonorit 3, (ii) SKC 120,
which is the most commonly used carbon, (iii) helium-treated Sorbonorit 3, which
yielded the best result in a previous studylS, and (iv) Carboxen, a modern carbon
prepared from a well defined polymer, porous beads of polystyrene-divinylbenzene.

EXPERIMENTAL

Description of carbons
Three carbons purchased in bulk were used, SKC 120 (SKC, Eighty-Four, PA,

U.S.A.), Sorbonorit 3 (Norit, Amersfoort, The Netherlands) and Carboxen 563 (Su­
pelco, Bellefonte, PA, U.S.A.). Sorbonorit 3 was crushed and sieved to the same
fraction (20-40 mesh) as the other carbons. Before use, untreated SKC and Sorbono­
rit 3 were dried at 100°C until constant weight.

Treatments
Acid treatment was effected by leaching the carbons (I g per 10 ml of solution)

with 15% hydrofluoric acid (1 day) and 4 M hydrochloric acid (I day). The carbons
were thoroughly rinsed with distilled water until the chloride ions had been removed
(pH about neutral) and dried at 100°C.

Benzyl chloride treatment was performed in an erlenmeyer flask by soaking the
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Studies on the selectivity of porous polymers based on
polyaromatic esters
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Institute of Chemistry, Maria Curie-Sklodowska University, plac M. Curie-Sklodowskiej 3, 20031 Lublin
(Polancl)

(First received Ju[y 31st, 1989; revised manuscript received November 3rd, 1989)

SUMMARY

Four types of porous polymers containing ester groups were synthesized as
stationary phases for gas chromatography using the monomers 1,4-di(methacryloyl­
oxymethyl)naphthalene or 9, lO-di(methacryloyloxymethyl)anthracene and styrene or
divinylbenzene. The influence of the ester groups in the copolymer skeletons on their
selectivities was studied. To determine the selectivities of these copolymers, two pro­
cedures were applied: the selectivity triangle and the general selectivity.

INTRODUCTION

Porous polymers are known under various tradenames and differ in their
chemical and porous structures. The chemical structure of porous polymers depends
on the chemical structure of the monomers used, whereas the porous structure is
mainly dependent on the copolymerization conditions. The chemical structure is
responsible for the chromatographic properties of porous polymers, in particular the
selectivity.

Among various schemes for describing the selectivity of stationary phases, that
of Rohrschneider1

, modified by McReynolds2
, is the most succesful. Using this

scheme, the selectivity ofthe phase is characterized by five constants represented by the
differences in the Kovats retention indices of test substances (benzene, n-butanol,
2-pentanone, I-nitropropane and pyridine) on the phase under study and on
a reference column prepared from squalane, at the same temperature.

In order to determine the selectivity of porous polymers, Smith et al. 3 adopted
the McReynolds method using graphitized thermal carbon black (GTCB), a non-polar
sorbent with the same retention mechanism as porous polymers, as a reference phase.

In order to distinquish the contribution of the common retention mechanism
(hydrogen-bond donor, acceptor and dipole interaction) in the selectivity of porous
polymers, Hepp and Klee4 introduced the selectivity triangle, developed earlier by
SnyderS for liquid stationary phases in liquid chromatography. In this method,
n-butanol (hydrogen-bond donor) is used to measure hydrogen-bond acceptor

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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characteristics, 1,4-dioxane (hydrogen-bond acceptor) to measure hydrogen-bond
donor characteristics and nitropropane to measure the dipole characteristics of porous
polymers. As retention is governed by the total energy of interaction, the extent to
which any selectivity is exhibited depends on the amount of polar interaction relative
to non-polar interaction. In order to determine the solute-sorbent dispersive
interaction, in this method GTCB was also used as a reference phase.

The aim of this work was to study the influence of the ester groups present in the
copolymer skeletons, coming from the monomers of different chemical structure, on
their selectivities. In addition to earlier copolymers based on 1A-di(methacryl­
oyloxymethyl)naphthalene (DMN) and divinylbenzene (DVB)6-8 some new porous
copolymers containing ester groups were synthesized. They were formed from
constant molar fractions of the following monomers: 1,4-di(methacryloyloxymethyl)­
naphthalene and styrene; 9,1 O-di(methacryloyloxymethyl)anthracene and divinyl­
benzene; and 9,10-di(methacryloyloxymethyl)anthracene and styrene. Their struc­
tures are shown in Fig. 1.

In order to determine the selectivities of these copolymers, two procedures were
applied: the selectivity triangle4

•
5 and the general selectivity3.

EXPERIM ENTAL

Preparation ofcopolymers
The preparation of porous copolymers was carried out by suspension copoly­

merization of the following monomers: 1,4-di(methacryloyloxymethyl)naphthalene
with divinylbenzene (DMN~DVB), 1,4-di(methacryloyloxymethyl)naphthalene with
styrene (DMN-ST), 9,1O-di(methacryloyloxymethyl)anthracene with divinylbenzene
(DMA-DVB) and 9,1 O-di(methacryloyloxymethyl)anthracene with styrene
(DMA-ST).

Mixtures of the monomers containing 0.5 mole fractions of each monomer with
a,a'-azobisisobutyronitrile as an initiator in the presence of a mixture of toluene and
n-decanol (20:80, v(v) were suspended in an aqueous solution of poly(vinyl alcohol)
and polymerized at 80°C for 16 h. The copolymers in the form of beads were washed

lor.H,
II TM 2-O--C-C=CH2

~-o-C-C~CH
2 II I 2

o CH,

\I 9J yH,

oQ6-C'CH'

CH2-0-~-~=CH2
o CH,

IU 5CH
'

CH=CH2

IV

Fig. I. Structure of the monomers used: I = I ,4-di(methacryloyloxymethyl)naphthalene; II = 9,IO-di(meth­
acryloyloxymethyl)anthracene; III = 1,4-divinylbenzene; IV = styrene.
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with distilled water, filtered off, dried and extracted in a Soxhlet apparatus with boiling
acetone, benzene and methanol. Then the polymer beads were separated on sieves.

For DMN-DVB and DMN-ST copolymers, the volume ratio of diluents to
monomers was 1.8: I but with DMA-DVB and DMA-ST copolymers, the volume
ratio ofdiluents to monomers was increased to 2.8: I because of their weak solubility in
the diluent mixture.

The properties of the synthesized copolymers are summarized in Table I.

Column preparation
The columns were packed with porous polymers in the form of spherical beads.

The shape of the beads was confirmed by microscopic examination. The diameter of
the sorbent beads was always 0.15-0.20 mm.

Before use, all the columns were conditioned in a stream of hydrogen. The
columns (DMN-DVB, DMN-ST and DMA-DVB) were conditioned with tem­
perature programming from 60 to 250°C at 4°Cjmin and then overnight isothermally
at the final temperature. The column packed with DMA-ST copolymer was heated
from 60 to 230°C in the same way. Subsequently, the columns were filled and
conditioned until the retention times for n-alkanes were constant.

Chromatographic measurements
Chromatographic measurements were carried out on a GCHF-18.3 gas

chromatograph (Chromatron, Berlin, G.D.R.) equipped with a thermal conductivity
detector, 'using stainless-steel columns (100 em x 4 mm J.D.), sieve fraction of the
copolymers beads 0.15-0.20 mm and hydrogen as carrier gas at a flow-rate of 50
mljmin.

The measurements of retention indices for McReynolds substances (benzene,
n-butanol, 2-pentanone, nitropropane and pyridine) were carried out at 140°C3 and
those of the selectivity parameters (n-butanol, nitropropane and 1,4-dioxane) at
200°C4

. For all the porous copolymers, the relationships between log VR and carbon
number of n-alkanes (C S-C12) were linear at 140 and 200°C; hence the retention
indices could be applied for selectivity measurements. The retention time of the peak of
air was considered to be the dead time9

.

TABLE I

PROPERTIES OF COPOLYMERS USED

The specific surface areas were measured on a Sorptomatic 1800 apparatus (Carlo Erba, Milan, Italy) using a standard
nitrogen adsorption method; the initial decomposition temperature was determined from the course of the
thermogravimetric curve. The thermogravimetric measurements were carried out on a MOM (Budapest, Hungary)
derivatograph at a heating rate of 5°C/min in the range 20-500°C in air.

Mole fraction of monomersSorbent

DMN ST

DMN-DVB 0.5
DMN-ST 0.5 0.5
DMA-DVB
DMA-ST 0.5

DMA

0.5
0.5

Volume ratio Specific Initial
of'diluents sUI/ace area, decomposition

DVB to monomers area. S (m 2 jg) temperature, T roC)

0.5 1.8 265.0 300
1.8 144.0 280

0.5 2.8 263.0 265
2.8 72.5 250
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The samples were injected by means of a I-Ill syringe (8GE, North Melbourne,
Australia). Eachprobe was injected separately, dipping the needle (at the zero position
of the piston) into the sample for I S3. At least three injections were made for each
substance and averaged. The mixture of polar test solutes (acetonitrile, 2-propanol,
triethylamine, 1,2-dichloroethane and octane)10 was also injected at 200°C in an
amount of 0.2 Ill.

To determine the phase transition curves of the copolymers, the retention
volumes of acetone, n-hexane, benzene and chloroform were studied in the range
60-240°C at 10°C intervals. Only for DMA-ST copolymer was the range shortened to
220°C.

Selectivity calculations
The selectivity parameters (x;) were calculated and plotted on the face of the

selectivity triangle by using the equation4

where Lllb , Llln and Llld are the McReynolds constants for n-butanol, nitropropane and
1,4-dioxane, respectively. The McReynolds' constants (Lll;) were calculated by
subtracting the average retention indices of the probe solute on GTCB from those on
each of the porous copolymers. The values of the retention indices of n-butanol,
nitropropane and I,4-dioxane on GTCB were taken from the paper by Hepp and Klee4.

The general selectivi ty (n = x +Y+ z) was calculated using the reported
retention data of GTCB for benzene (x), n-butanol (y) and 2-pentanone (Z)ll.

RESULTS AND DISCUSSION

It is generally accepted that below the glass transItion temperature (Tg),

retention on porous polymers is mainly governed by adsorption, whereas at
temperatures higher than Tg the contribution due to bulk absorption may be
significant, especially with good solvents for copolymer12,13.

In Fig. 2 the phase transition curves are presented. For the highly cross-linked
copolymers (DMN-DVB and DMA-DVB) the plots depart only slightly from
linearity, but for DMN-ST and DMA-ST copolymers significant deviations from
linearity in log VR versus liT plots occur14. It should be noted that only for
DMN-DVB copolymer were the selectivity measurements carried out below the glass
transition temperature. For the others, dissolution can disturb the adsorptive
mechanism for some solutes.

In Table n, modified McReynolds constants and the general selectivities (El) for
the porous copolymers containing ester groups are presented. Independently of the
chemical structure of the monomers used in the copolymerization, the retention indices
for McReynolds substances have similiar values. The general selectivity indices El,
defined as a measure of the polarity of the polymers, indicate that all the studied
polyaromatic porous copolymers containing ester groups possess a polar character. .
Comparing El, it can be seen that polymers obtained by copolymerization of two
cross-linking agents (DMN-DVB and DMA-DVB) are slightly more polar than the
other two.
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TABLE IV

PROPERTIES OF TEST MIXTURE PROBES'o

Solute Boiling point Molar volume Dipole moment
(OC) (ml/mol) ( Debye)

Acetonitrile 81.6 52.6 3.44
2-Propanol 82.4 76.5 1.66
1,2-Dichloroethane 83.5 79.0 1.86
Triethylamine 89.3 139.1 0.66
Octane 125.7 162.6 0.00

49

The above results indicate that in spite of the presence of ester groups in the
copolymer skeletons, suggesting the same type of interaction between the solute
molecules and the sorbents, the polyaromatic copolymers studied show different
selectivities. The selectivity of the porous copolymer is a result of the overall chemical
structure of the monomers used in the copolymerization.

The important parameters determining the selectivity of the porous polymer
towards various compounds are the relative position of the sorbent on the selectivity
triangle and the elution order of the test mixture containing a proton donor, proton
acceptor, dipole and non-polar probes.
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SUMMARY

A method was developed for determining individual hydrocarbon (HC) emis­
sions from gasoline-, methanol- and variable-fueled vehicles. The exhaust samples are
collected in Tedlar@ bags, and a portion of the sample is injected into a gas chroma­
tograph, equipped with a DB-I 60 m x 0.32 mm J.D. (1.0 pm) fused-silica column.
Methanol was well resolved from the gasoline HC species and did not interfere in the
analysis. Validation, stability and intercomparison studies for total HC are also re­
ported in this paper. In addition, an impinger-gas chromatography (GC) technique
for determining unburned methanol emissions is also described. The detection limits
of the GC methods for individual HCs and methanol was about 50 and 250 parts per
billion (109

) C, respectively. This corresponds to a vehicular mass emission rate of 0.1
mg/mile HC and 1.3 mg/mile methanol, respectively, for the Federal Test Procedure
emissions test.

INTRODUCTION

Recent reports show that many areas of the country are not in compliance with
the National Ambient Air Quality Standard for ozone l

-
4

. Consequently, one of the
strategies that states and the federal government are considering for meeting the
standards is the mandatory introduction of methanol-fueled vehicles. The rationale
for this decision is that methanol-fueled vehicles have the potential for improving air
quality because of the potentially lower photochemical reactivity of their exhaust
emissions. Conversion from gasoline to methanol would replace a large portion of the
reactive hydrocarbons (HCs) in gasoline exhaust with less reactive methanol, and
thus lower the ozone-forming potential of the exhausts.6 .

Currently, the South Coast Air Quality Management District of California is
adopting plans mandating methanol-fueled vehicles as an ozone-control strategy.
Additionally, the California Energy Commission will purchase up to 5000 variable­
fueled vehicles by 1993 for evaluation and demonstration purposes 7

.
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In the past few years, General Motors has been involved in methanol tech­
nology development 8-

11 and has assembled a fleet of prototype light-duty methanol
vehicles 12

,13. More recently, General Motors has developed a variable-fueled vehicle
capable of operating on any combinatiQD qf methanol or gasoline fuels. In support of
these developing technologies, Gener~kMQtors Research Laboratories needs to iden­
tify and measure the emissions of exhaust components from these vehicles that can
contribute to air pollution. These components inclu8e individual HCs, unburned
methanol, and aldehyde emissions that are produced by burning gasoline, methanol,
and methanol-gasoline blends in these vehicles. This detailed data then can be in­
corporated into photochemical models so that air quality benefits of methanol vehi­
cles as compared to gasoline vehicles can be calculated.

The problem that the chromatographer faces is the separation of the unburned
methanol from other HC species such as methane, ethylene, acetylene, butane, 1,3­
butadiene, pentane, benzene, toluene and many other HCs which are present in the
exhaust. Many of the previous gas chromatography (GC) methods developed for
measuring individual HCs in exhaust utilized a complicated set-up involving three to
four columns coupled with column switching and backflushing14

-
18

. In addition HCs
such as 1,3-butadiene were not adequately resolved by any of these methods19 .

We develop a simple method based on a single capillary column for separating
the alkanes, olefins and aromatic HCs from the unburned methanol present in the
exhaust. This paper describes the methodology, the validation, and the application of
the method to measuring individual HCs in gasoline-, methanol- and variable-fueled
vehicle exhaust. In addition, we also describe a modified method for performing
methanol measurements so that the methanol and HC emissions can be determined in
a single vehicle test.

EXPERIMENTAL

Apparatus
All analyses were performed by using a Varian Vista 6000 gas chromatograph

(Varian, Sunnydale, CA, U.S.A.) equipped with a direct capillary injector, gas sam­
pling valve and flame ionization detector. Data collection was performed with a
Varian Vista 401 data system. The analytical column for individual HC analysis was a
J & W (J & W Scientific, Folsom, CA, U.S.A.) DB-l 60 m x 0.32 mm I.D. (l.O-llm
film) fused-silica capillary column. The analytical column for unburned methanol
analysis was a Quadrex (Quadrex, New Haven, CT, U.S.A.) 007 methyl silicone 50 m
x 0.53 mm I.D. (5.0-llm film) Thickote fused-silica capillary column.

Exhaust emissions for HC analyses were collected in 10-1 Tedlar® bags (SKC,
Eight-Four, PA, U.S.A.) that contained both a dual hose/valve fitting and a septum
injection port. Exhaust gases for unburned methanol analysis were collected in 25-ml
midget impingers (Ace Glass, Vineland, NJ, U.S.A.) containing HPLC-grade water
(Fisher Scientific, Pittsburgh, PA, U.S.A.). The exhaust gases were pumped into the
Tedlar bags for HC analysis and were drawn through the midget impingers for meth­
anol analysis with a Gilian Model HFSl13UT (Gilian, Wayne, NJ, U.S.A.) portable
air sampling pump.
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Test vehicles
The method was applied to measuring HCs and unburned methanol emissions

from both production gasoline- and developmental methanol- end variable-fueled
vehicles. As stated earlier, the variable-fueled vehicles were designed to operate on
methanol, gasoline or any combination of the two fuels. All the vehicles tested were
equipped with production three-way catalytic converters.

Total organics measurement
Previous experience with methanol vehicles indicated that the standard non­

heated flame ionization detector used in the emission test cell for gasoline vehicle
exhaust HC analysis could not be used for methanol vehicles 12

. To· minimize metha­
nollosses, a heated flame ionization detector maintained at 12YC was used. Heated
sample lines (l2YC) from the constant-volume sampling (CYS) dilution system to the
analyzer were also used. In addition, an insulated flex pipe was run from the vehicle
tailpipe to the CYS dilution tunnel.

Exhaust sampling procedure
Exhaust samples were collected as the vehicles were being tested by using the

1975 Federal Test Procedure (FTP)drivingcycle 15
. The procedure consists of driving

the vehicle on a chassis dynamometer over predescribed driving cycles.
The FTP uses the Urban Dynamometer Driving Schedule (UDDS), which is

1372 s in duration and is composed of two segments; a 505-s "cold start transient"
phase and a 867-s "stabilized phase". The 1975 FTP consists of the 505-s cold start
"transient" phase and the 867-s "stabilized" phase followed by a 505-s hQt start
"transient phase". Diluted exhaust samples were collected for both individual HCs
and methanol from the CYS system for each of the cold, stabilized and hot phases of
the test. The samples were collected at a point just upstream of the CYS heat ex­
changer. The sampling rate for both the Tedlar bags and midget impingers was 0.9
I/min.

A background air sample from the CYS tunnel dilution air was obtained in
Tedlar bags before the test, and the results were subtracted from the results of each of
the cold, stabili~ed, and hot bags.

The methanol samples were collected in single midget impingers that were im­
mersed in an ice bath. After collection, the samples were transferred to 25-ml volu­
metric flasks and were diluted to volume with HPLC-grade water. Aliquots (l pI) of
this solution were then injected on the Quadrex 007 methyl silicone column for the
methanol analysis. By using this procedure, only methanol and other water-soluble
exhaust gas species were collected, thus eliminating HC interference. The collection
efficiency for methanol was in excess of 97% with a single impinger for both standard
methanol calibration gases and diluted exhaust samples 11

•
12

.

Standard preparation
Certified gas phase standards for many of the alkanes, olefins, and aromatics

were purchased from Scott Specialty Gases (Troy, MI, U.S.A.) in Scotty IY cylinders.
Serial dilutions were prepared in Tedlar bags by measuring known quantities of these
gases with a mass flow meter (Tylan, Carson, CA, U.S.A.) and diluting with HC-free
ai~. Other HC standards were prepared by injecting known quantities of pure HC
liquids in a Tedlar bag and diluting with a known quantity of HC-free air.
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average calibration factor of 1357 ± 80 area units per ppm of HC, expressed as ppm
of carbon atoms. This corresponds to a relative standard deviation of 6.0%, which is
well within the uncertainty (10%) of some of the Scott certified gas mixtures. Hence,
the responses of all HCs are roughly equal, and the GC total-HC results should agree
with the vehicle Emission Laboratory FID total-HC results.

Chromatographic aspects of this work
Fig. I shows a chromatogram of the Howell EEE fuel used in these studies,

vaporized inside a Tedlar bag. The chromatogram shows the excellent resolution
obtained for many of the gasoline constituents including butane, isopentane, pentane,
isohexane, isooctane, benzene, toluene, m/p-xylene and o-xylene. Many of the species
that we identified both in the fuel and in the exhaust are listed in Table IV.

For the analysis of individual HCs from methanol vehicles, the GC column
must adequately resolve methanol from the gasoline HCs. Fig. 2 shows a chroma­
togram of the Howell EEE fuel, spiked with methanol to simulate exhaust from a
methanol~gasoline-fueled vehicle. The non-polar DB-I stationary phase allows meth­
anol to be eluted early in the chromatogram in a region of relatively few gasoline HC
peaks. In actuality, methanol would only interfere with trans-2-butene, cis-2-butene,
I-butyne and 2,2-dimethylpropane. Typically, the total amount of these four species
is about I % of the total HC emissions from a gasoline-fueled vehicle. In addition, as
the percentage of methanol in the fuel was increased, the total concentration of these
species decreased, thereby making their contribution to the total HC emission negli­
gible. In short, the method allows excellent resolution of most of the HC species
present in vehicle exhaust.
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Fig. I. Chromatogram of vaporized Howell-EEE fuel in a Tedlar bag.



























































QUANTITATION OF FUNCTIONAL GROUPS ON SILICA GEL 85

30

10

0l..,..- ~----_.;.._--=----_____r_=__---~--------j

10 4 10 3 102

AVERAGE PORE DIAMETER (nm)

w
:;E
~

--!
o
>

20
W
a:
o
a.
--!
<1
Z
o
t; 10

<1
a:
I.L

Fig. 10. Fractional pore volume versus average pore diameter for methylated silica.• = Unmodified silica
gel; .6. = methylated silica.

dispersed greatly in the 1O-IOO-nm region from the sharp maximum at 10 nm for the
unmodified silica (see Fig. 10).

The NIR spectrum of the methylated silica (Fig. 8) has a four peak pattern (5924,
5875,5731,5602 cm- 1) in the C-H overtone region which is peculiar to methyl groups
(see Fig. 3). This methyl coverage has been shown to be non-extractable by monitoring
the C-H overtone bands before and after washing the adsorbent with THF, methylene
chloride, acetone, 4 M hydrochloric acid (aq.), and water, and heating the silica up to
200°C. The identical spectra obtained confirm that the absorptions are due to
chemically bonded methyl groups (as opposed to being only physically adsorbed).
There is no evidence in the C-H overtone region for any other type of hydrocarbon
groups.

Solid state NMR has also been used in order to obtain complementary surface
information (see procedure 6). In the carbon-13 spectrum (see Fig. Ila) we have only
one absorption at 0 ppm which corresponds to a methyl group bonded directly to Si 13

[as with the solid reference tetra (trimethylsilyl) methane]. The 29Si spectrum (Fig. IIb)
gives a peak corresponding to silicon bound to methyl12 (near -21 ppm) as well as
a broad peak for silanol and siloxane silicons (- 98 and -110 ppm, respectively).
These spectra further confirm formation of Si-CH3 bonds via direct methylation.

Direct butylation. Like the methyl lithium, butyl lithium causes disruption of the
silica network as evidenced by the formation of polysilicic acid in the initial reaction
cycles (procedure 5d). However, after a few cycles this effect diminishes. We believe
that this diminution is due to the larger steric volume of the butyl lithium than methyl
lithium in solution coupled with the bulky butyl groups bonded to the surface. That is,
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The pore structure parameters most commonly used to characterize chromato­
graphic supports include the following: the mean or average pore diameter (A), the
specific pore surface area (m2 /g) and the specific pore volume (ml/g). We have
investigated the influence of these parameters with new affinity ligand using silica as
a chromatographic support because of its desirable characteristics for high-resolution
and high-performance chromatography.

The use of silica for high-performance liquid chromatography (HPLC) is well
documented 6- 9 . The speed and resolution combined with the ability to obtain high
flow-rates and the rigid surface have attracted more and more scientists to use
silica-based sorbents for preparative HPLC of proteins 10

-
12

. Among the various
attributes of silica, the most attractive in the context of affinity chromatography is the
range of porosities, particle sizes and surface areas that are commercially available
from the manufacturers of silica. This feature makes it possible to design a support
optimized for a specific purification protocol which is based on the properties of the
protein to be isolated as well as the properties of those contaminating the crude extract.
Although the above-mentioned factors playa crucial role in any purification method,
on a preparative scale the support must also possess good binding capacity in order to
be efficient and cost effective.

Several reports have dealt with the effect of particle size, pore size and surface
area in HPLC 13

-
16

. Walters 17 studied the efficiency ofdiol-bonded silica of varying
pore size and concluded that in affinity chromatography two factors were responsible
for poor binding capacities at intermediate pore size: restricted diffusion and slow
adsorption-desorption kinetics. Horstmann et at. 18 observed the binding of proteins
on Sepharose-based affinity sorbents of varying particle sizes and reported that the
maximum capacities obtained increased with decreasing particle size in Sepharose­
based affinity sorbents.

Rounds et at. 2 demonstrated that in anion-exchange chromatography, the
binding of proteins is dependent on accessible surface area (that is the total pore
surface area excluding the external particle surface) rather than the total surface area
of the support indicating that wide pores in addition to high surface areas provide
maximum capacity. In 1987, Kopaciewicz et at. 19 reported that both pore and particle
size influence the frontal uptake of proteins in anion-exchange chromatography. They
also observed that frontal uptake of proteins was inversely related to flow-rate and
particle size of the adsorbent. A ligand density study was conducted by Wu and
Walters20 on silica-based affinity supports ofpore size ranging from 300 to 4000 Aand
they concluded that the optimum pore size of the silica for protein immobilization was
300-1000 A. Recently Forster and Anderson21 studied the effect of pore size on the
capacity and efficiency of Protein A-derivatized silicas. Results presented indicated
that binding capacity was related to surface area and the ability of the solute to diffuse
in and out of the porous silica. The authors suggested improvement in the peak
symmetry if the pore size either totally includes or excludes the solute. All these studies
have contributed to our understanding of how the surface characteristics of a sorbent
influence the binding of molecules, be it in the ion-exchange or affinity mode.

Although the intrinsic binding capacity (that is the amount of affinity ligand
bound) ofan adsorbent can provide information while choosing an affinity support, it
does not always indicate the efficiency or the loading capacity (the amount of protein
bound to the affinity ligand) of the adsorbent. The amount of ligand coupled or the
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Batch-wise versus column-wise adsorption of FVIII and scaling up of process param­
eters for FVIII purification

The results in Table II show that batch-wise and column-wise adsorption (same
adsorption time) differ mainly in the total amount of protein (adsorbed and) de­
sorbed. There are also differences in the final FVIII recovery, but these seem to be
caused by the longer process time and are independent of the adsorption principle.
For the choice of the adsorption mode to be applied on a production scale, where
plasma volumes of 750-1000 I are processed, not only aspects such as recovery and
purity are important parameters, but also whether the process meets GMP require­
ments 12 . From the latter-point of view, it may be clear that a batch-wise adsorption
process, despite its higher recovery and purity, is not to be preferred. Therefore,
column-wise adsorption is chosen as the adsorption mode for further scaling up. This
choice has an impact on the process time. As the maximum flow-rate is not limited by
the adsorption kinetics of FVIII, it is determined by the maximum flow-rate at which
the C3-C5 matrix, i.e., Sepharose CL-4B, can be operated. A bed height of 10 cm,
which can still be used on a process scale, and a sample volume of20 column volumes
results in an adsorption time of 6-7 h. Scaling up experiments with the C3-C5 matrix
(Table III) show that despite the long process time for column-wise adsorption and
desorption, the FVIII recovery is > 50% and the purity of the eluate is > I U VIII:Cj
mg protein. These parameters are independent of the process scale, which offers good
prospects for further scaling up.

Characterization of FVIII concentrate
The overall recovery after concentration and dialysis of the eluate of the C3-C5

matrix is 46%, which is an improvement over the FVIII preparations obtained by
cryoprecipitation, where recoveries of 40% are common3. The s.a. of the concentrate
is > 1.0 U VIII:Cjmg protein, which is higher than that obtained with cryoprecip­
itation (0.3 U VIII:Cjmg protein) and comparable to the s.a. of common intermedi­
ate-pure FVIII concentrates, prepared from cryoprecipitate at a much lower (> 20%)
FVIII recovery3. The quality of the concentrated FVIII preparation is good as the
VIII:C-to-VIII:Ag ratio is close to unity, indicating that the amount of inactive FVIII
is low. The same holds true for the vWfRCo-to-vWf:Ag ratio, indicating that all vWf
present in the concentrate is active. The FVIII-to-vWf ratio is also 1.0, which is
favourable for preservation of VIII:C as FVIII is stabilized by vWf. In comparison
with common intermediate-pure FVIII concentrates, these data are better, as in most
of these concentrates the VIII:C-to-VIII:Ag and vWf:Rco-to-vWf:Ag ratios are < 1.0
and the FVIII-to-vWf ratio is > 1.027

. The presence of high-molecular-weight mul­
timers of vWf in the FVIII concentrate implies that this preparation, in contrast to
other FVIII concentrates, can also be of use in the treatment of von Willebrand's
disease.

CONCLUSION

With the purification method described, an FVIII concentrate can be obtained
with a high yield and a relatively high yield and a relatively high s.a. as compared with
cryoprecipitation. The process can meet GMP requirements, is reproducible and has
the potential for automation. The implementation of the FVIII purification method





























































































PEROXYOXALATE CHEMILUMINESCENCE FOR HPLC 159

reportedZ- 5 ,7,15-ZZ, Among these values, those for the aqueous buffer or mobile
phase are between 7,0 and 8.03- 5 ,15-22, The optimum pH of the final mixture of
aqueous buffer and the acetonitrile solution ofTCPO-HzOz was determined to be 6.7
by Hanaoka et al. 7. In this work, the optimum pH values for imidazole buffer and the
final solution were obtained by HPLC measurements of C14 and were 7.7 and 6,8,
respectively. At the same time, the three fluorescent species described under Experi­
mental were measured by FIA, and the optimum values obtained were the same as
those for C14 by HPLC. From these results and the published values, it may be
concluded that the optimum pH for PO-CL reactions with TCPO is independent of
the nature of the fluorescent species and is between 7,0 and 8,0 in buffer or mobile
phase and ca, 6,8 in the final solution.

It was also found that the background and noise levels changed according to
the change in signal intensity and, consequently, the signal-to-noise ratio of the mea­
surements was almost constant in the pH range 6,3-7.3 in the final solution, This
finding shows that very strict attention to the optimum pH value that gives the
highest signal intensity is not necessary for actual HPLC measurements as the signal­
to-noise ratio is fairly constant over the pH range adopted.
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Fig, 2, Effect of water content on the peak height of myristic acid (C 14), Values in parentheses are signal­
to-noise ratios for 100 mM C 14 , LC column, 25 cm x 4,6 mm 1.0. Zorbax ODS; mobile phase, mixture of
960 ml of acetonitrile and 40 ml of water; flow-rate, 1.2 ml/min; column temperature, 40'C; 100 pmol of
C14 derivatized with ADAM were injected. The eluate conditions were adjusted with 100 mM aqueous
imidazole buffer (pH 7.55) and C 14 was excited with an admixture of 0.3 mM TCPO and 1.5 mM H20 2 .

The flow-rate of the buffer and TCPO-H 20 2 solution were 0.5 and 1.0 ml/min, respectively. The water
content of the imidazole buffer was varied from 20 to 100%. 0, Peak height; e, noise level; x, signal-to­
noise ratio.
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tractions. Both the amount of organic solvent and the period of time needed for the
procedure are greatly reduced. The evaporation procedure required in liquid-liquid
extractions is also eliminated. Several workers have described solid phase extraction
(SPE) methods for determination of selected carbamate pesticides using Waters As­
soc. Sep-Pak cartridges in conjunction with reserved-phase high-performance liquid
chromatography3,4. EPA method 531 22 uses HPLC for the determination of carba­
mates. None of the above methods, however, is completely automated using SPE and
HPLC methodologies for the determination of multiple residues of carbamate pesti­
cides in water.

Unlike organochlorine pesticides, carbamates are difficult to determine by gas
chromatography (GC) mainly owing to their thermal lability5. Methods involving
GC have been described 6

,7. Spectrophotometric8
,9, enzymic1o

,1l, spectrofluoromet­
ric 12 ,13 and mass spectral techniques14

,15 for the determination of carbamates and
their metabolic derivatives in various sample matrices have also been described. How­
ever, each of these methods has limitations making it inappropriate for the analysis of
large volumes of aqueous solution containing pesticide residues at the 10-9 or 10-12

g/mllevel. As a result, HPLC is generally regarded as the best technique for carba­
mate residue determination.

In an on-line pre-concentration method 16-19, the entire sample can be analysed
quantitatively. An on-line technique also offers the possibility of constructing a total­
ly automated HPLC system for the determination of trace amounts of organic polIu­
tants in aqueous samples. In this paper, we report the development of an automated
on-line preconcentration and determination method for eight pesticides in drinking
water. The parameters investigated included (1) size of packing material used in the
precolumn, (2) the rate of sample loading onto the precolumn, (3) properties of the
solid sorbent phase, (4) precolumn longevity, (5) cost of operation, (6) whether back­
flushing of the precolumn is required, (7) type of analytical column and (8) minimum
detectable concentrations. Seven of the eight pesticides were carbamate insecticides,
herbicides or fungicides, chosen because they are of concern in Ontario environ­
mental samples; the other pesticide was captan.

EXPERIMENTAL

Solvents
Acetonitrile was of HPLC grade from Fisher Scientific (Fairlawn, NJ, U.S.A.)

and Caledon Labs. (Georgetown, Canada). Water used for the preparation of stan­
dards was distilled in glass in the laboratory.

Pesticides
Solid pesticide standards were obtained from the U.S. Environmental Protec­

tion Agency (EPA) (Research Triangle Park, NC, U.S.A.). Purities of the individual
standards ranged from 97.5 to 100%. The pesticides, listed in the order in which they
appear in the chromatograms, are (1), propoxur, (2) carbofuran, (3) carbaryl, (4)
propham, (5) captan, (6) chloropropham, (7) barban and (8) butylate.

Preparation of stock standard solutions
Solid standards were dissolved in acetonitrile and diluted in acetonitrile. These

individual stock standard solutions were combined at different concentrations be-
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Fig. 6. Effect of temperature on NMIQ + uptake in rat striatal slices. Slices were incubated for 15 min at 0, 17,
27 or 37°C in a Krebs-Ringer hydrogencarbonate medium containing I /lM NMIQ+ Each value is the
mean ± standard error of four experiments.

I h at 37°C, NMIQ+ was taken up into striatal tissues as shown in Table I. The
molarity in the tissue slices was also determined (Table I). The results suggest that
NMIQ+ was concentrated in striatal slices to an extent 3-18 times higher than the
concentration in the medium.

The effect of nomifensine, a selective inhibitor of dopamine uptake, was
examined. The uptake ofNMIQ+ from a 5 /lM solution was reduced in the presence of
nomifensine (5 /lM). The NMIQ+ uptake (pmol/h . mg protein) was 240.0 ± 4.7,
which was much lower than the control value of 502.1 ± 9.5 in the absence of
nomifensine. The MPP+ uptake had been found to be mediated by the dopamine
uptake system using mouse brain synaptosomes5

. The present result also suggests that

TABLE I

EFFECT OF NMIQ+ CONCENTRATION IN THE INCUBATION MEDIUM ON DOPA FOR­
MATION AND ON ITS UPTAKE INTO RAT STRIATAL SLICES

The slices were incubated for I h at 3TC.

NMIQ+
(M)

DOPA formation"
(% oj' control)

NMIQ+ taken up

nmol/mg protein /lM

o
10-6

10-5

10-4

10-3

100 ± 2
99 ± 7
62 ± 3'
24 ± I'
21 ± 5'

o
0.16 ± 0.01
0.19 ± 0.07
4.70 ± 0.19

25.57 ± 0.34

18
135
533

2905

a Each value is the mean ± standard error offour experiments; the control (100%) value was 778.4
± 18.9 pmol DOPA formed/h' mg protein.

b The molarity in the tissue slices was determined based on the assumption that 1 mg wet tissue
weight was equivalent to 0.114 mg protein measured by the Bradford method using bovine serum albumin as
a standard.

, P < 0.0 I for the difference from the control.
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LDH from each other and most of the contaminants (Fig. 1). The purification of
G6P-DH was ca. 14-fold and that of LDH was slightly worse (Table I). The activities
of contaminant enzymes (which could interfere in appropriate clinical tests) were
measured in the active fractions of G6P-DH and LDH after ammonium sulphate
fractionation and hydrophobic interaction chromatography (Table II). It was shown
that the enzyme preparations purified only by ammonium sulphate fractionation and
hydrophobic interaction chromatography were applicable for use in clinical test kits.
They contained only negligible activities of contaminating enzymes.

Chromatography on the strong anion exchanger Mono Q (after desalting) was
chosen for the final step in the purification of both G6P-DH and LDH. Highly pure
enzymes were eluted with a sodium chloride concentration gradient in both instances
(Figs. 2 and 3). The purification of G6P-DH and LDH was ca. five-fold and the
increase in specific activity achieved by the combination of hydrophobic and
ion-exchange chromatographies was nearly 70-fold for G6P-DH and 30-fold for LDH
(Table I). SEC and SDS-PAGE showed the homogeneity of G6P-DH (Figs. 4A and
5A). With LDH, if a completely pure enzyme is required subsequent SEC is applied as
the final purification step (Figs. 4B and 5B).

The described purification procedure has several advantages over common
methods for the purification of G6P-DH from Leuconostoc mesenteroides. In the three
purification steps we obtained homogeneous G6P-DH with a five-fold higher specific
activity than that reported by Hey and Dean7

, who used tandem dye-ligand
chromatography in a two-step procedure. Our yield was only slightly worse. The
chromatographic materials used here are generally commercially available, in contrast
with the dye-ligand matrices used by Hey and Dean7

. The possibility of the
simultaneous purification of G6P-DH and LDH is also an advantage. It is also
interesting that even partially purified G6P-DH and LDH (after hydrophobic
interaction chromatography) can be used in the appropriate clinical test kits (see Table
II).

TABLE II

ACTIVITIES OF THE CONTAMINANT ENZYMES IN THE FRACTIONS AFTER AMMONIUM
SULPHATE FRACTIONATION AND HYDROPHOBIC INTERACTION CHROMATOGRAPHY
AS % OF G6P-DH AND LDH ACTIVITIES

Enzymes

G6P-DH
Phosphoglucomutase
Phosphoglucose isomerase
Creatine phosphokinase
6-Phosphogluconate DH
NADH oxidase
NADPH oxidase

LDH
Alanine aminotransferase

Fraction

After ammonium sulphate
ji-actionation

(100)
0.3
8.3
0.03
0.3
0.06
0.008

(100)
0.0003

After hydrophobic interaction
chromatography

(100)

0.4
0.009
0.006
0.001

(100)
0.0002
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High-performance liquid chromatography of
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metabolites
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SUMMARY

The phenothiazine drug levomepromazine (methotrimeprazine) has five metab­
olites which previously have been identified in plasma from psychiatric patients.
These are formed by sulphoxidation, N-demethylation, O-demethylation and aro­
matic hydroxylation in two different positions. A high-performance liquid chroma­
tographic system is described for the analysis of levomepromazine and its main me­
tabolites on a Supelcosil Cis-DB column, based on ion-pair formation with sodium
docecyl sulphate. The effects of variations in pH, buffer concentration, counter-ion
concentration, temperature and concentration and composition of the organic sol­
vent were examined. The six components may be analysed in 27.4 min at room
temperature using 25 mM sodium dodecyl sulphate in 500 mM ammonium acetate
buffer (pH 5.0)-5% v/v tetrahydrofuran in acetonitrile (50:50, v/v) as the mobile
phase.

INTRODUCTION

The phenothiazine drug levomepromazine (methotrimeprazine) was introduced
in 1959 as an agent with both neuroleptic1 and analgesic2 effects. Since then the drug
has mainly been used in psychiatry, as a sedative adjuvant to other psychotropic drug
treatment. Ten different levomepromazine metabolites have been identified in urine
from psychiatric patients by nuclear magnetic resonance spectroscopy3 and com­
bined gas chromatography-mass spectrometry4-6. Five of these metabolites, all of
which are formed by a single biotransformation step of the parent drug (Fig. 1), were
found in the highest concentrations in urine. These metabolites, levomepromazine
sulphoxide (LMSO), N-desmethyllevomepromazine (N-DLM), 3-hydroxylevome­
promazine (3-0H-LM), 7-hydroxylevomepromazine (7-0H-LM) and O-desmethylle­
vomepromazine (O-DLM), have also been identified in plasma from patients treated
with levomepromazine6.7

•

Their biological activities and plasma concentrations indicate that some levo-

0021-9673(90($03.50 © 1990 Elsevier Science Publishers B.Y.
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TABLE I

EFFECT OF AMMONIUM ACETATE BUFFER CONCENTRATION ON SEPARATION FAC­
TORS (0() OF LEVOMEPROMAZINE AND METABOLITES

Mobile phase: 20 mM sodium dodecyl sulphate in ammonium acetate buffer (pH 6.0) - acetonitrile (50:50,
v/v). Flow-rate: 1.5 mlfmin.

Compound Ammonium acetate concentration (mM)

100 150 200 250 300 400 500

7-0H-LM/LMSO 1.18 1.21 1.20 1.20 1.18 1.17 1.16
3-0H-LM/7-0H-LM" 1.67 1.11 1.13 1.13
O-DLM/3-0H-LM" 2.25 1.66 1.18 1.59
LM/O-DLM 2.21 2.49 2.25 2.25 2.26 2.35 2.29
N-DLM/LM 1.04 1.06 1.02 1.07 1.06 1.05 1.03

" 3-0H-LM could not be detected at buffer concentrations below 200 mM.

that increasing the amount of buffer from 10 to 50% (vjv) increased the capacity
factors of all compounds except LMSO, for which it was virtually unchanged. How­
ever, this system also yielded peaks that were far too wide for analytical purposes.
This problem was overcome by increasing the salt concentration in the aqueous sol­
vent.

Ammonium acetate buffer concentration
As shown in Fig. 2, increasing ammonium acetate concentration in the range

50-500 mM decreased the capacity factors of the compounds by 55-70%. This may
have been caused by decreased formation of ion pairs with the dodecyl sulphate
counter ion, owing to competition from acetate ions.

As indicated in Fig. 2, 3-0H-LM could not be detected at ammonium acetate
concentrations below 200 mM. At lower buffer concentrations the 3-0H-LM peak
was replaced by two other unidentified peaks in the chromatogram, indicating that
the metabolite had decomposed.

Owing to the apparent instability of 3-0H-LM, ammonium acetate concentra­
tions ranging from 400 to 500 mM were used in further experiments. As shown in
Table I, the separation factors did not differ significantly with different ammonium
acetate concentrations in the range 200-500 mM.

Concentration of ion-pair forming agent
Addition of sodium dodecyl sulphate to the mobile phase was intended to

produce ionic associations between negatively charged dodecyl sulphate ions and
protonated amino groups in the phenothiazine derivatives. This method would be
expected to produce complexes with lower polarities than the analysed compounds
alone. As expected, increased retention times of levomepromazine and metabolites
were observed on addition of sodium dodecyl sulphate to the mobile phase.

As shown in Fig. 3, increasing the sodium dodecyl sulphate concentrations
from 5 to 50 mM resulted in a slight increase in the capacity factors of 3-0H-LM,
7-0H-LM and O-DLM, a 2- to 3-fold increase in the capacity factors ofO-DLM and
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N-DLM are almost completely protonated, whereas the other compounds are ap­
proximately 50% protonated and thus have fewer amino groups available for ion­
pair formation.

With a mobile phase of sodium dodecyl sulphate in 500 mM ammonium acetate
buffer (pH 6.0)-acetonitrile (45:55, v/v), the highest separation factors were obtained
with sodium dodecyl sulphate concentrations in the range 5-20 mM. With a 50:50
(v/v) mixture of aqueous and organic solvents, the highest separation factors of levo­
mepromazine and metabolites were obtained with sodium dodecyl sulphate concen­
trations from 25 to 30 mM (Table III).

pH in the aqueous phase
As shown in Fig. 4, the capacity factors of all the six compounds decreased with

decreasing pH. This effect was most pronounced at pH values below 4.5. With a
mobile phase of 20 mM sodium dodecyl sulphate in 500 mM ammonium acetate
buffer-acetonitrile (45:55 v/v), the highest separation factors of levomepromazine
and metabolites were obtained at pH 6.0. With a 50:50 (v/v) mixture of aqueous and
organic solvents the highest separation factors were observed at pH 5.0-6.0 (Table
IV).

As indicated in Table IV, LMSO eluted after 7-0H-LM at pH values below 4.0.
The LMSO peak in the chromatogram also overlapped with the 3-0H-LM peak at
pH 3.8.

Effect of temperature
Elevated temperatures are sometimes used in HPLC in order to improve the

separation of small molecules or control t values. As shown in Table V, the capacity
factors of levomepromazine and metabolites decreased on increasing the column and
mobile phase temperature from 20 to 50°C. It also seems likely that levomepromazine
and its metabolites would be even more vulnerable to oxidation or decomposition at
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Fig. 5. Effect of THF concentration in the organic solvent on capacity factors (k') of levomepromazine
and metabolites. Mobile phase: 500 mM ammonium acetate buffer (pH 5.0) with 25 mM sodium dodecyl
sulphate - acetonitrile with THF (50:50, v/v). Symbols as in Fig. 2.
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TABLE I

LINEARITY OF CLINDAMYCIN ANALYSIS BY HPLC-ED PERFORMED FOR TRIPLICATE
ASSAYS

A clindamycin standard was used at a potency of 837 Ilg/mg.

Amount injected Mean S.D. R.S.D.
on-columna . peak area (%)
(Ilg)

0.045
0.090
0.450
0.900
4.50

7.6 . 105

1.53 . 106

7.37' 106

1.43 107

3.78 . 107

3.70' 104 4.7
3.03 . 102 0.02
5.14 . 104 0.6
1.17' IO' 0.8
6.53 . 105 1.7

a Correlation coefficient for the range 0.045-0.900 Ilg was 0.99990.

The standard deviation for these linearity studies is indicated in Tables I and II.
As shown in Table I, the relative standard deviation (R.S.D) in the range of 4.5 to 0.09
/lg injected on-column was less than 2% for all levels. At the lowest level of 0.045 /lg,
R.S.D. for triplicate assays was 4.7%. These values for the R.S.D. compare favorably
to those reported previously for HPLC with UV detection at 214 nm4 where the
approximate amount of clindamycin was 90 /lg and the R.S.D. was in the 0.5-2%
range. For clindamycin phosphate, as shown in Table II, the R.S.D. for triplicate
assays was 3.3% or less in the 0.12-5.8 /lg range; and R.S.D. of 5.9% was obtained at
the 0.058-/lg injected level. Again, the R.S.D. values for clindamycin phosphate by
HPLC-ED were comparable to those values reported by Munson and Kubiak5

employing UV detection at 210 nm, where quantities were approximately 4 /lg5. The
linearity for the HPLC-UV analysis ofclindamycin as described in this paper is shown
in Table III. The R.S.D. values in Table III are comparable to those for the HPLC-ED
method (Table I); however, the levels injected are ca. 100-fold less for the HPLC-ED
technique.

TABLE II

LINEARITY OF CLINDAMYCIN PHOSPHATE ANALYSIS BY HPLC-ED PERFORMED FOR
TRIPLICATE ASSAYS

Phosphate ester sample diluted from bulk sample solution rated at 150 mg/m!.

Amount injected Mean S.D. R.S.D.
on-columna peak area (%)
(Ilg)

0.058 3.33 . 105 1.98 . 104 5.9
0.12 6.19 . 105 1.03 . 104 1.6
0.58 3.43 . 106 6.91 . 104 2.0
1.17 6.42 . 106 4.13 . 104 0.7
5.84 2.09' to" 6.86 . 105 3.3

a Correlation coefficient for the range 0.058-1.17 Ilg was 0.9990.
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TABLE 1II

LINEARITY OF CLINDAMYCIN ANALYSIS BY HPLC-UV FOR TRIPLICATE ASSAYS

A clindamycin standard was used at a potency of 966 /lg/mg.

Amount injected Mean S.D.
on-column" peak area
( /lg)

R.S.D.
(%)

4.2
10.0
16.0
20.0

2.21 . 105

5.04' 105

7.74' 105

9.77 . 105

8.34· 102 0.4
4.83 . 103 1.0
4.38 . 103 0.6
2.21 . 103 0.2

" Correlation coefficient was 0.9997.

As a test for the limit of detection for cIindamycin by HPLC-ED, a 100-pg (ca.
240-fmol) injection on-column was made. Although the background trace was sloping,
the chromatographic peak was easily observed as demonstrated in Fig. 5. This
detection limit was highly dependent on the background noise encountered and the
preconditioning of the electrochemical detector. The limit ofdetection for cIindamycin
phosphate was approximately an order of magnitude higher due to the operating
parameters of the cell and potentiostat. As determined by CY and DPY, the oxidation
potential for cIindamycin phosphate is more anodic than that of cIindamycin. In order
to attain limits of detection of 100 pg for the phosphate ester, the detection potential
would have to be set at an higher potential than +0.9 Y. Unfortunately, background
current at higher potentials due to the oxidation of the mobile phase, severely limited
the analyte current that could be observed. The +0.9 Y detection potential was
a compromise between a good analyte signal for cIindamycin phosphate and low
background noise.

Clindamycin

~ 1
(f)

LU
a:
f­z
LU
a:
a:
::>
()

10 20

min

Fig. 5. Test for detection limit of clindamycin (I) by HPLC-ED with 100 pg injected on-column.
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graphic peaks. The difficulties in assaying antibiotics by HPLC and correlating the
assays to the determined microbiological potency have been discussed by Thomas9

. In
this particular study, the compounds associated with the additional peaks observed in
the non-USP standard may affect the specific potency indicative of the amount of
clindamycin in the non-USP standard.

In the course of developing this analysis for clindamycin by HPLC-ED, several
precautions had to be taken. The mixing of methanol and aqueous phosphate buffer
generated a sufficient heat of mixing that resulted in retention times for clindamycin
that were decreasing continually during the course of the day as the mobile phase
cooled. This heating effect also perturbed the reproducibility of integrated peak areas.
In order to alleviate this difficulty, the mobile phase was mixed and filtered several
hours before use. Thermostating the HPLC-ED system may be helpful in diminishing
this heating effect. The retention time for clindamycin, as reported earlier4 , is highly
pH dependent above pH 7; care must be taken to be sure that the pH of the mobile
phase is 6. The dual electrochemical cell, as is the case for many cells used for
HPLC-ED, required cleaning of adsorbed materials from the carbon electrode. This
cleaning was performed by flushing the cell with diluted nitric acid. This study used
a syringe pump for HPLC. Thorough flushing of the syringe pump and complete filling
with the mobile phase is a requirement for reproducible retention times. It was
subsequently found that for concentrations of 0.01 mg/ml and above, a conventional
dual-head reciprocal HPLC pump may be employed. Furthermore the use of an ion
pair reagent in the mobile phase for clindamycin may mot be necessary. Varying the
concentration of sodium pentane sulfonate did not have a profound effect on the
retention times. As in the case with Munson and Kubiak 5 and the HPLC-UV method
used in this study, good reversed-phase HPLC with only aqueous phosphate buffer
and acetonitrile was possible. Further work will establish the feasibility and
reproducibility of HPLC-ED for assaying injectables of clindamycin phosphate.

CONCLUSIONS

The HPLC-ED method is an effective means to detect and analyze c1indamycin
and clindamycin phosphate. The low detection limits that are possible with HPLC-ED
may make this technique viable for metabolite investigations of c1indamycin and its
phosphate ester. Because lincomycin and lincomycin B were also detected by
HPLC-ED, the HPLC-ED method allowed analysis of several possible bulk
impurities. The detection of clindamycin Band 7-epiclindamycin by HPLC-ED was
not established due to a lack of representative samples for these compounds, which
may also exist as bulk impurities in clindamycin4

. Future work will develop a similar
HPLC-ED procedure for the antibiotic lincomycin.
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Electrodes
Electrode modification procedures were similar to those described previous­

ly5.11. A freshly polished thin-layer glassy carbon electrode (Bioanalytical Systems,
West Lafayette, IN, U.S.A.) was immersed at open circuit for 5 min in a 0.050 M
CuCh solution. At this point, a white deposit appeared on the glassy carbon surface;
and the CME was ready for use. During exposure to the CuCI2 , it was necessary to
immerse the entire electrode assembly, including the metallic leads, in order for the
catalytically active deposit to develop. Subsequent investigations, to be reported se­
parately6, have indicated the most likely source of the deposit to be the galvanic
formation of a CuCl 2 species. The activity of the modified electrode could be restored
to that of the original glassy carbon by polishing with alumina.

Apparatus
Liquid chromatography experiments were carried out with either a Waters

Model M-45 or a Beckman Model IIOB pump, a Rheodyne (Berkeley, CA, U.S.A.)
Model 7125 injector with a 20-lll sample loop, an SSI Model LP-21 pulse dampener
and a Bioanalytical Systems Model LC-4B electrochemical detector maintained at
+0.50 V vs. AgiAgCl. The chromatographic columns employed were either a 25 cm
x 4 mm LD. Dionex (Sunnyvale, CA, U.S.A.) CarboPac PAl column or a 30 cm x
4.6 mm LD. Supelco (Bellefonte, PA, U.S.A.) C611-SP ion-exchange column. The
mobile phase flow-rate was always 0.1 ml/min.

RESULTS AND DISCUSSION

Electrochemical detection
The construction and electrocatalytic response of the Cu-CME toward carbo­

hydrates, alditols and acidic sugars has been described at length in our earlier re­
ports5,11. Briefly, the CME, which was produced by deposition of a Cu/CI-containing
film onto an ordinary glassy.carbon surface, exhibited broad anodic waves for these
compounds in both cyclic voltammetry and flow injection analysis experiments.
These oxidations, which were centered at +0.5 V vs. AgiAgCl and occurred to an
appreciable extent only at hydroxide concentrations of 10- 3 M or higher, were well
suited for use in LC-ED and provided detection limits in the nanomole-to-picomole
range in the applications considered. In principle, the chromatographic work de­
scribed here could have been carried out with Au or Pt electrodes using the PAD
approach 1

.
2 or, in fact, with any of the other electrode systems previously recommen­

ded for carbohydrate detection. However, because of its ease of operation and its
somewhat greater tolerance for lower hydroxide concentrations, the Cu-CME was
utilized for all experiments that form the basis of this work.

Liquid chromatography
In view of the very weak acidities of simple carbohydrates, it is expected that

anion-exchange chromatography in strongly basic solution might present a reasona­
ble separations approach for sugar-containing samples. In fact, several successful
high pH anion-exchange procedures have been developed and reported for mono­
and oligosaccharides8~1O.Analogous procedures for alditols, the pKa values of which
fall approximately from 13 to 14 (ref. 19) and acidic sugars, the pKa values of which
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The chromatograms shown in Fig. 1 for sample mixtures containing glucose
and galactose as well as their alditol and acidic sugar derivatives illustrate the nature
of the separations that can be achieved by means of the high pH anion-exchange
approach. The isocratic mobile phase employed consisted of a mixture of 0.13 M
sodium hydroxide and 0.02 M sodium sulfate. The former was present in order to
ensure optimum electrode performance while the latter was used as the principal
means of adjusting solvent strength. In both cases, the order of elution observed
(alditol, aldose, aldonic acid, uronic acid, aldaric acid) was exactly that expected on
the basis of the compounds' pKa values and ionic character. Under the conditions
shown, the retention of the column varied widely for the different analytes as reflected
in the capacity factors (k') which, as shown in Table I, varied from 0.1 for the alditols
to 4-5 for the aldaric acids.

Close comparison of the two chromatograms in Fig. 1 supports our general
observation that different members of the same carbohydrate families exhibit roughly
similar retention properties. Thus, it is relatively easy to resolve complex samples on
the basis of functional group or family, e.g., alditols from aldonic acids and so on.
Furthermore, our work here, as well as that reported earlier2o, indicated that, for the
more highly retained acidic sugars, resolution of individual members of each group
can usually be accomplished quite easily by simply adjusting concentration of sodium
sulfate (or other salt) to an optimum level for retention of that group. It is apparent
from Fig. 1, for example, that glucuronic and galacturonic acids and glucaric and
galactaric acids would be baseline-resolved by the mobile phase composition already
in effect. The most challenging separation problems appear to be those involving the
carbohydrates themselves and the alditols, both of which are practically unretained
under the mobile phase conditions in effect in the Fig. Several studies3-

s
,8-1o have

shown that acceptable carbohydrate separations can be achieved largely by using
mobile phases containing sodium hydroxide only. By so doing, the solvent strength is
decreased sufficiently that enough retention of the carbohydrates occurs that careful
adjustment of the sodium hydroxide concentration can produce a reasonable degree
of selectivity.

TABLE II

EFFECT OF HYDROXIDE CON'CENTRATION ON CAPACITY FACTORS OF ALDITOLS IN
ANION-EXCHANGE CHROMATOGRAPHY

Stationary phase, Dionex Carbopac PAl column; mobile phase, sodium hydroxide concentration indica-
ted; other conditions as in Fig. 2.

[OW] Glycerol Threitol Erythritol Ribitol Galactitol Glucitol Mannitol Inositol
(M)

0.50 0.20 0.28 0.30 0.47 0.46 0.50 0.58 0.17
0.45 0.20 0.27 0.27 0.51 0.48 0.55 0.60 0.20
0.40 0.24 0.28 0.23 0.55 0.55 0.58 0.65 0.18
0.30 0.21 0.30 0.29 0.62 0.62 0.63 0.72 0.22
0.15 0.25 0.33 0.31 0.72 0.72 0.72 0.93 0.25
0.075 0.25 0.33 0.31 0.75 0.75 0.75 1.0 0.29
0.010 0.24 0.32 0.32 0.82 0.75 0.82 1.1 0.32
0.005 0.27 0.38 0.29 0.90 0.90 0.98 1.3 0.29
0.001 0.27 0.40 0.29 0.97 1.6 1.6 1.6 0.29
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By far the most difficult separation to achieve is that involving the alditols. For
these compounds, decreases in solvent strength produced by elimination of the so­
dium sulfate employed above were not able by themselves to allow the alditols to be
retained strongly enough for separation to be practical. Thus, further reductions in
solvent strength could only be accomplished by decreasing the concentration of so­
dium hydroxide in the mobile phase. However, given the extremely weak acidity of
the aIditoIs and the changes in ionization likely to accompany a substantial OH­
decrease, it was unlikely that the resulting effects on retention would be straight­
forward. As shown in Table II, this was in fact the case. In general, increases in k'
were observed as the sodium hydroxide concentration was decreased. But for many of
the alditols examined (in particular, glycerol, threitol, erythritol and inositol) the
changes in k' were quite minor even over a 500-fold sodium hydroxide concentration
range. The best separations able to be achieved by this approach occurred at the
lowest OH- concentrations and for mixtures of different size alditols. For example,
there was a nearly baseline separation (see Fig. 2) of a homologous series including
glycerol, threitol, ribitol and glucitol for a 0.0010 M sodium hydroxide mobile phase.

An alternative approach for carbohydrate separations involves the use of a
"fixed-cation" or "ligand-exchange" stationary phase in place of the direct anion­
exchange column used above 18

. Ligand-exchange columns usually contain strongly
cationic sulfonic acid type resins which have been permanently loaded with one or
more cationic counterions such as Ca2 +, Ag+, Pb2 + or H +. The retention mechanism
for carbohydrates on these columns is based on a chelation process in which the
hydroxyl groups of the carbohydrate displace water molecules from the cation coor­
dination sphere and form a complex with it. The selectivity of the resulting column is
determined largely by the nature of the cation employed, with Ca2 +-loaded columns
showing particular affinity for alditols as well as carbohydrates. Ordinarily, the car­
bohydrate separations with these columns have employed water or simple water­
organic mobile phases at near neutral pH values. However, as such ligand-exchange
systems have become commercially available in forms stable in relatively strong base,
it seemed reasonable to investigate their utility for LC-ED under these conditions.

Initial experiments with such a column attempted to characterize the dependen­
ce of alditol retention on factors such as mobile phase pH and ionic strength. This
was done by examining the effects that such changes exercised on the retention of
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Fig. 2. Chromatogram of alditol test mixture on anion-exchange column. Stationary phase, Dionex Car­
bopac PAl; mobile phase, 0.0010 M sodium hydroxide. Labeled peaks correspond to glycerol (A, 6 . 10- 5

M), threitol (B, 6. 10- 5 M), ribitol (C, 5.10- 5 M) and glucitol (D, 5.10- 5 M).
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Fig. 9. Duplicate analyses, demonstrating repeatability, of zone electrophoretic separation of UV-absorb­
ing anions in ultrafiltered uraemic sera (electrolyte system II, Table I). Peaks: (tentative): I = hippuric
acid; 2 = p-hydroxyhippuric acid; 3 = uric acid. Length of separation capillary, 25 em.

ed for these peaks and amounted over 106 (see also Fig. 8). This phenomenon will be
described elsewhere, because it is rather complex, but Kohlrausch' law24 must be
obeyed. This results in a sharpening up after a large concentration "disturbance".
The large negative peak observed in the electropherograms originates from chloride
present in the serum samples (at approximately 110 mmol/l in the undiluted sample).

TABLE III

REPRODUCIBILITY OF MIGRATION TIME, PEAK AREA AND PEAK HEIGHT OF URIC
ACID IN ULTRAFILTRATED URAEMIC SERUM, AFTER REPEATED INJECTION (n = 5)

Parameter

Migration time (s)
Peak area (JlVs)
Peak height (J1.V)

Mean

403
44741

8294

R.S.D. (%)

0.73
6.5
4.5
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Knowledge of the difference in activity of stereoisomeric drugs has initiated the
development of new methods for enantiomer separation and stereochemical analy­
sis l

. Sensitive and accurate procedures for the determination of the enantiomeric
composition of chiral drugs are not only important in cases where one of the
enantiomers has toxic properties (e.g., DOPA, penicillamine) but may also be utilized
to study pharmacokinetics and the enantioselective metabolism of a chiral drug.

In previous investigations we have demonstrated the gas chromatographic
enantiomer separation of pharmaceuticals of the amino alcohol type2

-
4 (fJ-blockers,

adrenergic drugs), some barbiturates2
, panthenol 5

, penicillamine6 and some others l

using chiral polysiloxanes, e.g., XE-60-L-valine-(R)-(X-phenylethylamide, as station­
ary phases. More recently we have shown that hydrophobic derivatives of cyclo­
dextrins can also be applied for the separation of pharmaceuticals (succinimides7 ,

drugs of the amine8 and amino alcohol 9 type).
In this work, improved resolutions of racemic barbiturates and the first sep­

aration of the enantiomers of (X-lipoic acid are demonstrated.

EXPERIMENTAL

The preparation of hexakis(2,3,6-tri-O-pentyl)-(X-cyclodextrin lO (Lipodex A)
and of heptakis(3-0-acetyl-2,6-di-O-pentyl)-fJ-cyclodextrin8 (Lipodex D) has been
described previously (Pyrex glass capillary columns containing Lipodex cyclodextrin
derivatives are available from Macherey, Nagel & Co., Duren, F.R.G.). Pyrex glass
capillari'es were coated according to the static procedurell using a Silanox interlayer2 .

Carlo Erba Model 2101 gas chromatographs with split injection and flame
ionization detection were used for gas chromatographic investigations.

The optically active barbiturates were prepared by the separation of racemic

0021-9673/90/$03,50 © [990 Elsevier Science Publishers B.V.
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intermediates according to the procedure described by Knabe et alY. Racemic a-li­
poic acid and both enantiomers were kindly supplied by B. Biichele (Kirchberg,
F.R.G.).

RESULTS AND DISCUSSION

About 40% of the pharmaceuticals which are obtained synthetically are chiral
but only about 10% of them are applied as pure enantiomers, 90% being used in the
racemic form, in spite of the fact that in many instances the enantiomers show distinct
differences in their pharmacological effects. With barbiturates, it was proved by
Knabe et al. 12 that the narcotic effects of the enantiomers of N-alkylated barbiturates
differ markedly. In some instances one of the enantiomers even displays convulsive
properties. The enantiomers also show different pharmacokinetic properties. The
enantiomeric purity of barbiturates has been determined by the isotope dilution
method or, more efficiently, by NMR spectroscopy using chirallanthanide shift re­
agents. The precision of these methods for small amounts of enantiomeric impurities
is far from satisfactory.

We have found that alkylated or selectively alkylated and acylated derivatives
of cyc10dextrins are highly enantiose1ective chiral stationary phases and can be used
to separate a wide variety of compounds by capillary gas chromatographyl3. These
separations are independent of hydrogen-bonding interactions and are therefore pos­
sible also with substrates of medium or low polarity (saturated and unsaturated

" R' = ;;;;) R' = Et

2, R' = D R' = Et

3, R' = .0 R' = Me

4, R' = .0 R' = Me

5, R' = .0 R' = Et

5,R=.oR=n-pr

4 6

5

o MINIS - 30

Fig. I. Enantiomer separation of some N-alkylated barbiturates; (R)-enantiomers are eluted before (S)­
enantiomers. Pyrex glass capillary column (36 m) with hexakis(2,3,6-tri-O-hexyl)-a-cyclodextrin; column
temperature 180T; carrier gas, hydrogen at I bar. Et = Ethyl; Me = methyl; Pr = propyl.
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chromatographic column filled with activated silica (70-230 mesh) (Merck, Darm­
stadt, F.R.G.) and basic alumina (Lachema, Brno, Czechoslovakia). n-Heptane
(spectroscopic grade) from Chemapol was dried for 48 h with LiAlH4, distilled and
cleaned on a chromatographic column filled with activated silica (Merck). Carbonate
buffers, 0.2 M (pH 11) and 0.5 M (pH 9.5), were prepared from 0.2 M and 0.5 M
solutions ofNaC03 and NaHC03 . Acetate buffer 1 M (pH 5.5), was prepared from 1
M acetic acid and 1 M sodium acetate solutions. Tetrabutylammonium hydroxide
(TBAH) buffer (0.1 M) was prepared from tetrabutylammonium bromide (Fluka,
Buchs, Switzerland) by neutralization with 0.1 M NaOH, diluted to volume in a
volumetric flask with 0.5 M carbonate buffer (pH 5,5) and cleaned by extraction with
50 ml of dichloromethane and 2 x 50 ml of n-heptane. Neutral activated alumina
(Brockman activity 1) was prepared from chromatographic-alumina (l00-200 mesh)
(Reanal, Budapest, Hungary) by activation for 6 h at 450°C. The reagents methyl
iodide (gold label; Aldrich, F.R.G.) as a 0.16 M solution in dichloromethane,4-di­
methylaminopyridine (4-DMAP) (Sigma, F.R.G.) a a 2 mg/ml solution in toluene­
acetonitrile (95:5), trifluoroacetanhydride (TFAA) and octamethylcyclotetrasiloxane
(D4) were obtained from Fluka, hexamethyldisilazane (HMDS) from Lachema and
sulphadimidine base from Spofa (Czechoslovakia).

Sample preparation and purification
To 5 g of homogenized tissue sample in a 50-ml glass centrifuge tube,S ml of

acetate buffer (pH 5.5) and 10 ml of ethyl acetate-ehloroform (l: 1) were added. The
mixture was stirred on an Ultra-Turrax at low speed. After a second addition of 10 ml
of the extraction mixture to the sample, centrifugation was carried out at 250 g. The
organic layer was dried by passage through a 3-cm layer of anhydrous Na2S04 in a
5-ml pipette tip and transferred to a 60 x 8 mm sorption microcolumn with layers of
0.2 g of sea sand at the bottom, 0.3 g of activated alumina and 0.2 g of sea sand at the
top, in a vacuum manifold flow-rate (ca. 2 ml/min). After application of2 x 1 mlof
chloroform to each microcolumn, the vacuum was increased. When the moisture on
the outside walls disappeared, the column was eluted with 500 Itl of carbonate buffer
(pH 11).

Derivatization
Nl-Extractive alkylation. To a 100 Itl of buffered effluent in I-ml amber-col­

oured Reacti-Vials, 100 Itl of TBAH solution in 0.5 M carbonate buffer was added.
After the addition of 200 Itl of 0.16 M methyl iodide solution in dichloromethane, the
Reacti-Vials were firmly capped and heated for 10 min at 70°C in a dry-heated block,
then throughly shaken in shaker for 20 min. Phase separation was effected by centrif­
ugation at 250 g. A 100-1t1 bottom organic layer was withdrawn in to 3 ml Reacti­
Vials and evaporated at 40°C under gentle stream of nitrogen.

N4-Trifluoroacetylation. A I-ml volume of mixture of 4-DMAP in toluene­
acetonitrile (95:5) and 50 Itl of TFAA were added to each dry residue. The vials were
heated for 20 min at 70°C. After the reaction was completedl5

, the vials were cooled
to room temperature, I ml of 3% NaHC0 3 was added and the vials were shaken.
After centrifugation at 50 g, 100 Itl of the organic layer were withdrawn into 900 Itl of
n-heptane and 3 Itl of each sample were then injected by an autosampler (ALS) into
the capillary column in the splitless mode.
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Calculations
A calibration graph was obtained using 12.5, 25.0, 125.0 and 250.0 ng/ml of

underivatized SDM solution in the extraction mixture to give 50, 100, 500 and 1000
ppb levels for raw tissue samples. After the sorption and derivatization steps with 20
ml of this mixture four calibration measurements were made at each level. The equa­
tion for the resulting line (P ::;; 0.05) was y = 1.9845· 10- 5X - 0.1011 (r = 0.9975).
The external standard method on the peak area of SDM in unknown samples was
employed to calculate their concentrations from the calibration graph.

Instrumental
Analyses were performed on a Hewlett-Packard 5880A level IV gas chromato­

graphy with split-splitless injection, a Model 7671A autosampler and a 63Ni electron­
capture detector. An Ultra 1 capillary column (25 mm x 0.2 mm J.D., 0.33 {lm film
thickness (Hewlett-Packard, Avondale, PA, U.S.A.) was connected to aim x 0.2
mm J.D. deactivated retention gap by a butt connector (all from Supelco, Bellefonte,
PA, U.S.A.) to the injection port. Data collection and integration were performed for
a set 0.02-min peak width, attenuation 2 x 10, treshold 9 and chart speed 0.5 cm/min.

Instrumental conditions
The injection port and detector temperature were set at 200 and 350°C, respec­

tively. The oven temperature programme was 80°C initial temperature, I-min hold;
300Cjmin to 290T; 20°Cjmin to 320°C, I-min hold; and post-column 32SOC, I-in
hold.

The carrier gas was Ultra-pure helium (Messer and Griesheim, Austria) at a
flow-rate of 0.3 ml/min, cleaned via an oxygen filter and molecular sieve 5A, head
pressure 200 kPa, splitting ratio 1:50, septum purge J ml/min and splitless delay I
min. The make-up gas was argon-methane (95:5) (Messer and Griesheim) at a f1ow­
rate of 50 ml/min, regulated through a base flow unit (BFU 101; Chrompack, Mid­
delburg, The Netherlands), inlet pressure 70 kPa, cleaned over activated charcoal and
molecular sieve 5A in series.

The capillary column was conditioned at 300°C for 24 h, 5 x 80°C for I hand 5
x 320°C, I-h hold. The solvent effect was determined with five 3-{l1 n-heptane in­

jections with the model 7671A autosampler. The retention time for derivatized SDM
under these conditions was 8.43 ± 0.00 min for base-horizontal separation.

RESULTS AND DISCUSSION

The accuracy and precision of the method for the determination of SDM in
standard samples at two sensitivity levels are presented in Table J. The results for the
retention time repeatibility and chromatograms for real samples (Fig..1) indicate that
the method is selective and sensitive. The splitless injection mode is a suitable tech­
nique for the determination of residual SDM in pork tissues. The source of errors
arises from the separation and derivatization procedures. For separation we used
solvent extraction from buffered samples excluding the influence of other endogenous
substances from tissue matrix16.17 on the accuracy and precision of the method.

The extraction recovery from tissues was determined by quadruplicate addition
of SDM solvent solution to each homogenized tissue sample. The absolute recovery
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TABLE I

ACCURACY AND PRECISION OF DETERMINATION OF SULPHADIMIDINE IN STANDARD
SAMPLES

Results calculated as the means of six determinations.

Sensitivity for
peak level (pg)

Retention time
(min)
(mean ± S.D.)

Relative standard deviation (%)

lntra- lnter-"

5
100

8.427 ± 0.0013 1.01
8.426 ± 0.0015 3.46

7.99
6.76

" Calculated from four determinations.
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Fig. I. Typical gas chromatograms ofextracts carried through the procedure: (a) blank liver; (b) liver
extract from 10th day after the end of 5 days treatment; (c) sulphadimidine standard, 0.05 /ig g-l .
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ten samples to be prepared simultaneously. Over 100 injections of tissue extracts have
been performed without changing the splitness liner.
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Fig. 1. (a) Enantiomeric pair of cis-sobrerol: (IR,5R)- and (lS,5S)-5-hydroxY-<x,<x,4-trimethyl-3-cyclohex­
ene-I-methanol. (b) Enantiomeric pair of cis-CO/I 1408: (4R,6R)- and (4S,6S)-6-hydroxy-4(I-hydroxy­
I-methylethyl)-l-cyclohexene-l-ethanol.

obtained from Merck. The eluents were prepared with Merck HPLC-grade solvents
and were degassed prior to use. {i-Cyclodextrin was of analytical-reagent grade and
supplied by Fluka (Buchs, Switzerland). Racemates and enantiomers of cis- and
trans-sobrerol and CO/1408 were synthesized in our laboratories; their purity was
checked by polarimetry and differential scanning calorimetry.

RESULTS AND DISCUSSION

HPLC allowed the partial separation of the diastereomeric cis and trans terpen­
ic alcohol pairs using the conventional Rp mode phase but failed in the resolution of
their enantiomers. The addition of {i-CD to the mobile phase decreased the retention
times of the diastereoisomers and improved their separation (see Table I and Fig. 3).

The use of ()(-CD instead of {i-CD did not improve the two diastereomeric
separations compared with those obtained with the conventional RP analysis, as
shown in Table I. The results suggest that the ()(-CD cavity is too small to include these
terpenic compounds whereas the cavity of {i-CD is appropriate for the formation of
inclusion complexes with these alcohols.

Another aim of this work was to determine whether {i-CD might be a selective
mobile phase modifier for the resolution of the two terpenic alcohol racemates by
HPLC. From the structures of the two terpenic compounds, able to form inclusion
complexes with the {i-CD cavity (probably via the cyclohexene ring), enantiomeric
separation could be expected according to the three-point interaction model original­
ly proposed by Dalgliesh13 and later used by Hinze et al. 14 to explain enantiomeric

(a)

HOD5"
1

k OH

185R

( b)

H0'6
H

'OH

~OH

486R

CH2CH20H

4R 68

Fig. 2. (a) Enantiomeric pair of trans-sobrerol. (b) Enantiomeric pair of trans-CO/1408.
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TABLE II

ENANTIOMERIC SEPARATION OF TERPENIC ALCOHOLS USING A P-CO MOBILE PHASE

Mobile phase: potassium phosphate buffer solution (0.025 M; pH 7.25) with ethanol as organic modifier. A
flow-rate of 0.3 mljmin was used for the 250 x 4.0 mm to. (5 JIm) LiChrospher 100 RP-18 column and the
mobile phase was saturated with p-CO.

Enantiomeric pair k'" C( R, Mohile phaseb

(± )-trans-sobrerol 24.4 1.08 1.45 7.5 : 92.5
(± )-cis-sobrerol Not resolved
(± )-trans-COj I408 20.6 1.08 1.46 0.8 : 99.2
(± )-cis-COj 1408 Not resolved

" Value for the first-eluting enantiomer [( - )-trans-sobrerol and (- )-trans-COjI408].
b Numbers represent the volume percentage of ethanol added to buffer solution.

Table II gives separation data for trans-sobrerol and trans-CO/1408 racemates
resolved on the LiChrospher 100 RP-18 column with aqueous ethanol-potassium
phosphate buffer as the mobile phase, saturated with fJ-CD. The order of elution of
enantiomers determined by injecting single antipodes and the chromatogram of
CO/1408 is shown as an example in Fig. 4. Enantiomeric resolutions were obtained
with a more efficient column, a smal1er percentage of cosolvent (ethanol) and a lower
flow-rate compared with the parameters used for cis-trans separations (see Tables I
and II) according to the general concept that these factor changes can improve the
resolution of inclusion complexes14

.

CH2CH20H

HO. s?;'/;; "

OH

TRANS

H

(+)

90 150 210

min

Fig. 4. Enantiomeric resolution of(± )-trans-COjI408 on a LiChrospher 100 RP-18 (5 Jim column (250 x
4.0 mm 1.0.). Mobile phase: 0.8% ethanol-potassium phosphate buffer solution (0.025 M; pH 7.25)
saturated with p-CD. Flow-rate: 0.3 mljmin.
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separations of trans-sobrerol enantiomers by increasing the flow-rate and adding
0.25% of 2-propanol to the eluent. In fact, using the Cyclobond I column, cis-sobre­
rol and cis-C0/1408 are retained longer than their trans forms. Hence the elution
order of the diastereoisomers is opposite to that observed with fJ-CD dissolved in the
mobile phase. Further, an inversion of the elution order was also noted for the
enantiomers. This HPLC retention behaviour has also been observed by other work­
ers 15 and it is in agreement with the inclusion mechanism generally proposed to
rationalize chromatographic separations with cyclodextrins15

.

The effect of mobile phase pH on the resolution was studied for sobrerol and
the results are summarized in Table III. It is apparent that there was no significant
change in the separation factor but an appreciable improvement in resolution was
observed as the pH was reduced.
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Lectins, sugar binding and cell agglutinating proteins, are predominantly pre­
sent in the seeds of legumes. They show a wide diversity in their sugar specificities and
have proved to be useful for probing the structural features ofcell surface glycoconju­
gates. As a result, lectins have widespread applications in various fields of research in
biochemistry, medicine and cell biology17-2o.

A lectin with a molecular: weight (Mr ) of 46000 and a pI of 5.5 was first isolated
from winged bean (Psophocarpus tetragonolobus LDC) seeds by Pueppke21 . The lec­
tin agglutinated only trypsinized and desialysed human erythrocytes of A, Band 0
types. Appukuttan and Basu22 reported the isolation of a lectin from winged beans
by affinity chromatography on Sepharose-N-caproyl-D-galactosamine, which has an
Mr of 38000 and agglutinated untreated human A, Band 0 erythrocytes. Recently,
two types of lectins with different pIs and erythrocyte-agglutinating specificities have
been reported. Kortt3,4 reported the isolation of three acidic lectins (pI::::::: 5.5)4 and
three basic lectins (pI> 9.5)3. Higuchi et alY reported the isolation of a single acidic
lectin (pI::::::: 5.5)14 and a single basic lectin (pI::::::: 8.6)13 from winged beans. Acidic
lectin(s) agglutinate human A, Band 0 erythrocytes strongly but not rabbit, whereas
the basic lectin(s) agglutinate rabbit and human A and B but not 0 erythrocytes. The
specificity of the acidic lectins was directed towards p-D-galactosides, whereas that of
the basic lectins was directed towards IX-D-galactosides.

Here, we describe a simple, one-step preparative method for the isolation of
acidic and basic lectins from seeds of winged beans by affinity chromatography.

EXPERIMENTAL

Porcine gastric mucin and glutaraldehyde were obtained from Sigma. All other
chemicals were of analytical-reagent grade. Winged bean seeds (Psophocarpus tetra­
gonolobus) were obtained locally.

Protein concentrations were determined by absorbance measurements at 280
nm using bovine serum albumin as standard (Al~m = 7.45 cm- 1, 1%). Haemagglut­
ination assays were carried out as reported earlier1. Centrifugation was carried out in
Sorwall SS-3 automatic centrifuge using an SS-34 rotor (capacity 8 x 50 ml, 12080 g)

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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at room temperature (26-28°C) and in a refrigerated centrifuge (capacity 2 x 180 ml,
2412 g) at 4°C. Saline solutions I (0.145 M sodium chloride) and II (1.0 M sodium
chloride) were used.

The preparation of delipidated acetone dried powder from dry winged bean
seeds, the extraction of acetone dried powder with saline solution I and ammonium
sulphate fractionation were carried out as described previouslyl. The protein fraction
precipitating between 30 and 80% ammonium sulphate saturation was dissolved in
the minimum amount of water and extensively dialysed against water and finally
against saline solution II. On dialysis the solution containing lectin activity was clar­
ified by centrifugation at 12080 g and then stored at - 20°C. This solution (fraction
A) was used to isolate lectin by affinity chromatography.

Preparation of affinity matrix
Porcine gastric mucin was partially desialylated (by gentle acid treatment) ac­

cording to the procedure of Svennerholm2. Desialomucin was then immobilized by
entrapment in glutaraldehyde-cross-linked gelatin gel granules as follows. Desialo­
mucin (1.0 g) was suspended in borate buffer (pH 8.0, 0.2 M, 30 ml) to give a
uniform suspension. Gelatin solution was prepared by suspending skin gelatin (6.0 g)
in 70 ml of borate buffer (pH 8.0, 0.2 M) and warming on a hot waterbath (70­
80°C), to give a clear solution. It was then cooled to room temperature, mixed with
mucin suspension and the mixture was allowed to set in the form of a gel (5 mm thick)
in a tray at 4°C. Next day, the gel was cut into pieces (l x I em), suspended in
glutaraldehyde solution [8% (v/v), 250 ml] and the pH was adjusted to 9.0 with 1.0 M
sodium hydroxide solution. After allowing it to stand at 4°C overnight, the cross­
linked gel was blended in a blender and the gel granules were collected by centrifu­
gation (2418 g). It was then washed free of glutaraldehyde by repeated washing with
distilled water (4°C). The fines, removed by decantation, were discarded. The gel
granules were then suspended in saline solution I containing glycine (0.1 M) over­
night, to block the unreacted aldehyde groups. After washing with borate buffer (pH
8.0,0.2 M), the 'gel was preserved in saline solution I containing sodium azide (0.02%,
w/v) at 4°C. The amount of sedimented gel obtained was 150 ml.

RESULTS AND DISCUSSION

Winged bean seeds contain two distinct groups of o-galactose/N-acetyl-o-ga­
lactosamine-specific lectins, the acidic and the basic, which differ in their erythrocyte
agglutination specificities and isoelectric points. The acidic Iectins agglutinate human
A, Band 0 erythrocytes, but not rabbit erythrocytes, and their sugar specificity is
directed towards fJ-o-galactosides. The basic lectins, specific for £x-o-galactopyrano­
sides, agglutinate human A and B erythrocytes and rabbit erythrocytes, but not 0
erythrocytes3-5.12-14.

Our preliminary results indicated the presence of both acidic and basic Iectins in
the local varieties of winged bean seeds.

When fraction A was loaded on a column packed with immobilized desialomu­
cin, both lectins were retained on the column (as judged from the haemagglutinating
assay). Fig. I shows the elution profile of the winged bean lectins on the desialomucin
column, and Fig. 2 shows the polyacrylamide gel electrophoresis (PAGE) pattern at
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Fig. I. Elution profile of winged bean seed basic and acidic lectins on an immobilized desialomucin
column. Fraction A of winged bean seeds was applied on the immobilized desialomucin column (18.0 x
3.0 cm I.D., capacity 90 ml), equilibrated with saline solution II (1.0 M sodium chloride containing 0.02%
sodium azide). The column was washed with saline solution II until free of unadsorbed proteins. The
adsorbed lectins were first eluted with 100 mM D-galactose followed by elution with 100 mM lactose in
saline solution II.

Fig. 2. PAGE pattern of winged bean lectins at (A) pH 8.3 and (B) pH 4.5. (a) D-Galactose-eluted peak
protein (fraction 13); (b) lactose-eluted peak protein (fraction 56).
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pH 4.59 and 8.36 of the o-galactose- and lactose-eluted protein peaks. Lectin eluted
with o-galactose agglutinated normal human A and B erythrocytes in addition to
normal and papain-treated rabbit erythrocytes, but not 0 erythrocytes, the property
characteristic of the basic lectin. The protein eluted with lactose agglutinated human
A, Band 0 erythrocytes but not rabbit erythrocytes, the property characteristic of
acidic lectin. Hence a clear cut gross separation of acidic and basic lectins has been
achieved. The yield of the lectins (acidic + basic) was 36 mg per 10 g of seeds with
80-fold purification and the ratio of acidic to basic lectins was 1:4.

Lectins are usual1y isolated by affinity chromatography using matrix-coupled
monosaccharides, glycosides or water-insoluble polysaccharide derivatives7

. The iso­
lation of winged bean basic and acidic lectins has been reported by a number of
workers. Kortt3.4 reported the separation of acidic and basic lectins from the seeds
and tuberous roots of Phosphocarpus tetragonolobus3

,4.8.10 and Phosphocarpus scan­
dens11 seeds, using a combination of gel filtration on Ultrogel AcA44, ion-exchange
chromatography on SP-Sephadex C-25 and/or affinity chromatography. A single­
step purification of winged bean acidic and basic lectins from tuber extracts by affinity
chromatography on lactose-Sepharose 4B and melibiose-Bio-Gel P-150, respective­
ly, has also been reported 13. Higuchi et al. 12 reported the isolation of a single acidic14

(pI = 5.5) and a single basic lectin (pI = 8.6)13 by initial ion-exchange chromatogra­
phy of the seed extract on DEAE-Sephadex A-50 followed by affinity chromatogra­
phy on N-acetylgalactosamine-agarose and p-aminophenyl-fj-o-galactopyranoside­
bound Sepharose 4B, respectively. Khan et al. 5 isolated winged bean basic and acidic
lectins by affinity chromatography on Sepharose-6-aminocaproyl-o-galactosamine
and lactosaminyl~Bio-Gelrespectively. Al1 the above methods involved either at least
two steps of purification and/or use ofseparate affinity media for the basic and acidic
lectins.

Many lectins bind only to complex oligosaccharide determinants on cell surfac­
es or natural1y occurring glycoproteins, and special procedures have to be developed
for the isolation of such lectins15 ,16. Freier et al. 16 reported the use of two easily
available glycoproteins, viz., hog gastric mucin and ovomucoid, by coupling to cya­
nogen bromide-activated Sepharose 4B as general affinity adsorbents for lectins. They
isolated 30 lectins from 27 different plants.

In this work, desialyated porcine gastric mucin immobilized by entrapment in
glutara!dehyde-cross-linked gelatin gel granules was used as an affinity matrix for the
isolation of winged bean seed lectins. Both acidic and basic lectins from winged bean
seeds were absorbed on the immobilized desialomucin column. Elution of the ad­
sorbed lectins was carried out first with o-galactose, when only the basic lectin was
eluted. The acidic lectin was eluted only when lactose was employed as an eluent.
Hence gross separation of winged bean basic and acidic lectins from the crude seed
extract can be achieved in one run on the same affinity matrix by simply changing the
desorption conditions. The method is simple, rapid and reproducible.

Many plants are known to contain more than one lectin with only minor differ­
ences in their sugar specificity16. The use of an immobilized mucin column and elu­
tion of the adsorbent lectins with different sugars can be employed as a general
method for the isolation of such lectins.
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Aminoacyl-tRNA synthetases catalyse the specific aminoacylation of cognate
tRNA by amino acids. Aminoacyl-tRNA synthetases of higher eukaryotes, including
mammals, have been less studied than the bacterial and yeast enzymes, mainly owing
to difficulties in their purification. Usually the concentration of mammalian amino­
acyl-tRNA synthetases in tissue is about 0.1 - 0.0 I% of total protein 1,2, and about
1000 - 10 OOO-foid purification is required in order to obtain homogeneous enzymes.
In addition, aminoacyl-tRNA synthetases are very susceptible to endogeneous prote­
olysis and special precautions should be taken to obtain pure native enzyme. Normal­
ly, procedures for the purification of mammalian enzymes require stage(s) of affinity
chromatography or numerous conventional chromatography stages l

-
5 and are time

consuming. Recently we described the successful application fast protein liquid chro­
matography (FPLC) to the purification of mammalian valyl-tRNA synthetase6

,

which made the purification procedure rapid and reproducible.
Several attempts to purify tyrosyl-tRNA synthetase have been made7-9. How­

ever, the reported molecular weights and properties of the enzyme vary significantly.
Here we present a rapid method for the purification of mammalian tyrosyl-tRNA
synthetase by FPLC.

EXPERIMENTAL

Materials
We used dithiotreitol (DTT), phenylmethylsulphonyl fluoride (PMSF) from

Serva (Heidelberg, F.R.G.) diisopropyl fluorophosphate (DFP) from Merck (Darm­
stadt, F.R.G.) and 14C-Iabelled tyrosine from Chemapol (Prague, Czechoslovakia).
All other reagents were of analytical-reagent grade.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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Enzyme assay
Enzyme acitivity was measured in 50 Jil of a mixture containing 100 mM Tris­

HCI (pH 7.5) (3rq, 5 mM MgClz, 25 mM KCI, 0.1 mM DTT, 3 mM ATP, 5 JIM
[14C]tyrosine (400 Cijmol) and 50 - 100 Jig of rabbit liver tRNA. Reaction was
initiated by addition of the limiting amount of enzyme. Samples were incubated for 3
min at 3rC, reaction was stopped by the addition of 5% trichloroacetic acid, samples
were filtered through GF jC glass-fibre filters (Whatman) and the filters were dried
and counted in a toluene scintillator.

Pur!!ication procedure
Separation was effected with an FPLC system (Pharmacia, Uppsala, Sweden)

on a DEAE-Toyopearl 650S (20 cm x 2 cm J.D.) prepacked column (Toyo Soda,
Tokyo, Japan) and Mono S HR 5/5 and Mono Q HR 5j5 columns (5 cm x 5 mm
J.D.) (Pharmacia). Chromatography was performed at room temperature.

Liver extract was obtained by homogenization of liver in a Waring blender for
60 s at 8000 rpm in two volumes of cold buffer [50 mM Tris-HCI (pH 7.5), 5 mM
MgClz, 1 mM DTT, 10% glycerol] containing 1 mM of both PMSF and DFP.
Protease inhibitors were were added as 0.2 M acetone solutions just before homogeni­
zation. The homogenate was centrifuged for 20 min at 10000 g, filtered through four
layers of gauze and used for PEG-6000 fractionation.

Polyethylene glycol (PEG) 6000 (Merck) solution (50%, wjv) was slowly added
to the extract up to the final concentration of 5%. Precipitated protein was removed
by centrifugation at 10 000 g for 10 min and PEG solution was added to the super­
natant to obtain a concentration of9%. A pellet obtained as above was dissolved in
buffer A [25 mM Tris-HCI (pH 7.5), 1 mM MgCl z, 1 mM DTT, 10% glycerol],
centrifuged for 10 min at 10000 g and applied to the DEAE-Toyopearl650S column
at a flow-rate of 3 mljmin. The column was washed with two volumes of starting
buffer and proteins were eluted by a linear 0-0.3 M KCI gradient in 200 ml of buffer
A. Active fractions that eluted at 60-90 mM KCI concentration were pooled, diluted
twice with buffer A and applied to the Mono S column. Chromatography was per­
formed at a flow-rate of 1 mljmin. Proteins were eluted with 20 ml of a 0-0.4 M KCI
gradient in buffer A. Active fractions that eluted at 80 mM KCl concentration were
pooled, diluted twice with buffer A and applied to the Mono Q column. Chroma­
tographic conditions for the Mono Q step were the same as for Mono S. Active
fractions containing purified tyrosyl-tRNA synthetase were stored frozen in liquid
nitrogen.

Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) was
performed on a PhastSystem (Pharmacia) using Phast Gradient Gels 10-15. After
separation the gels were stained according Pharmacia recommendations 10 .

Protein was determined according to Bradford 11 .

RESULTS AND DISCUSSION

A rapid four-step purification method has been developed for the isolation of
mammalian tyrosyl-tRNA synthetase. The procedure consist of the PEG-6000 pre­
cipitation and three consecutive steps of high-performance ion-exchange chromato­
graphy on DEAE-Toyopearl, Mono S and Mono Q columns. Purification data are
summarized in Table J.
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TABLE I

PURIFICATION OF TYROSYL-tRNA SYNTHETASE

Purification starts from 95 g of rabbit liver.

Purification Protein Total Specific Yield Purification
step (mg) activity activity (%) (fold)

(U)" (U/mg)"

Extract 7100 70.3 0.0099 100
PEG-6000 (5-9%)

precipitation 2200 40.8 0.018 58.5 1.8
DEAE-Toyopearl 82 22.1 0.27 31.7 27.3
MonoS 0.51 15.9 31.7 22.6 3200
MonoQ 0.11 15.4 140 22.0 14140

a I Unit (U) corresponds to the formation of I nmol of aminoacyl-tRNA per minute at 3rc.

The first step of the purification procedure is PEG-6000 precipitation. This
method is better than the commonly used ammonium sulphate precipitation as it does
not require dialysis or desalting prior to the ion-exchange chromatographic step.
Tyrosyl-tRNA synthetase precipitates at high PEG-6000 concentrations (5-9%),
which is characteristic of the 'soluble' cytoplasmic aminoacyl-tRNA synthetases.

The next step is chromatography on a DEAE-Toyopearl column. Tyrosyl­
tRNA synthetase binds to this matrix and elutes at KCI concentrations of 60-90 mM
as a single sharp peak [Fig. I]. Active fractions after two-fold dilution are applied to
the Mono S cation-exchange column [Fig. 2]. This step is extremely effective in the
purification of tyrosyl-tRNA synthetase (see Table I) as more than 95% of the ap­
plied protein remains in the flow-through fraction, whereas tyrosyl-tRNA synthetase
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Fig. I. Chromatography of tyrosyl-tRNA synthetase on theDEAE-Toyopearl650S prepacked column (20
x 2 cm 1.0.). Proteins from PEG-6000 (5-9%) precipitate were dissolved in buffer A and applied to the
column at a flow-rate of 3 ml/min. Elution was performed with a linear KCI gradient from 0 to 0.3 M in 200
ml of buffer A.• = Activity of tyrosyl-tRNA synthetase.
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In the course of our investigation on pigments of Alternaria porri (Ellis) Ciferri,
the causal fungus of black spot disease, we have isolated five modified bianthraqui­
none pigments from the culture liquid, named alterporriol A (Ap-A,I)!, B (Ap-B,1)2,
C (Ap-C, 2)3, D (Ap-D, 3)4 and E (Ap-E, 3)4, and determined their chemical struc­
tures. Of these pigments, Ap-A, -B and -C consist of macrosporin (Mac, 4)5 and
altersolanol A (As-A, 5), both of which are metabolic pigments of Alternaria solani6

and Alternaria porri7 and Ap-A and -B are atropisomers of each other. Likewise,
Ap-D and -E were found to be atropisomers of each other and their planar and
spatial structures are shown in Fig. I (3). Recently, Lazarovits et al. s, reported the
dimers of As-A from the culture liquid of Alternaria solani and presented their planar
structures. Comparing the structures, spectral data and other physico-chemical prop­
erties of Ap-D and -E with those of the dimers of As-A just mentioned, they were
found to be the same.

Previously, we reported the high-performance liquid chromatographic (HPLC)
determination of As-A, Mac and Ap-A, Ap-B and Ap-C in the fermentation of
Alternaria porri in order to explore the biosyntheses of Ap-A, Ap-Band Ap-C9 . The
structures of Ap-D and Ap-E show that they consist of two moieties of As-A. So far
as the biosyntheses of Ap-D and -E are concerned, two pathways can be considered,
namely, whether As-A is first metabolized and then two moieties of As-A bond to
Ap-D and -E, or Ap-D and -E are first metabolized and then their C~C linkages
connecting the monomeric halves are cleaved into two halves of the molecule, two
moieties of As-A. This paper deals with the HPLC determination of Ap-D and -E
during the period of fermentation in order to explore their metabolic pathways.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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TABLE II

VARIATION OF PIGMENTS OBSERVED IN ONE REPRESENTATIVE EXPERIMENT AT DIF-
FERENT STAGES OF FERMENTATION

Symbols as in Table I.

Sample Altersolanol A A Irerporriol D Alrerporriol E

A B C S A B C S A B C S

S-1
S-2 1.25 0.983 0.098 1.1.10- 3 0.074 0.010 0.001 1.7.I0- 5 0.076 0.012 0.001 3.1.10- 5

S-3 5.68 4.52 0.452 5.9.10- 3 1.01 0.149 0.015 1.8.10- 4 0.877 0.136 0.014 2.8.10- 4

S-4 7.32 5.83 0.583 1.7.10- 2 3.26 0.565 0.057 1.1.10- 3 2.43 0.433 0.043 5.3.10- 4

S-5 2.49 1.97 0.197 2.9.10- 3 3.41 0.593 0.059 1.1.10- 3 2.64 0.473 0.047 1.0.10- 3

S-6 0.874 0.683 0.068 2.1.10- 3 2.90 0.499 0.050 5.6.10- 4 2.37 0.421 0.042 1.4.10 - 3

S-7 0.911 0.712 0.071 2.4.10- 3 2.13 0.356 0.036 7.5.10- 4 1.72 0.297 0.030 3.1.10- 4

and the internal standard (I.S.) are shown in Fig. 2, in which the retention times (tR)
were 6.0 min (Ap-D, capacity factor, k' = 1.71), 7.8 min (As-A, k' = 2.23) and 9.6
min (Ap-E, k' = 2.74). We used the internal standard method for quantitation and
benzoic acid (tR = 14 min, k' = 4.00) was used as the internal standard for As-A,
Ap-D and Ap-E. For example, methanolic solutions of As-A (I mgjml) (0.4, 0.6, 0.8,
1.0 and 1.2 ml) were placed in sample vials and I-ml portions ofmethanolic solutions
of benzoic acid (I mgjml) were added. After the volumes had been adjusted to 10 ml
with methanol, lO-pl portions of each were subjected to HPLC under the conditions
mentioned above. By plotting the peak-area ratio against sample weight a calibration
graph for As-A was obtained. The calibration graphs for Ap-D and Ap-E were

10 15 20
TIME <MIN)

Fig. 2. Chromatograms of pigments and I.S. Peaks: I = alterporriol D (26.3%); 2 = altersolanol A
(22.9%); 3 = alterporriol E (22.1 %); 4 = -benzoic acid (13.6%).
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The presence of the fungal endophyte A cremonium lolii in perennial ryegrass
(Lotium perenne) has been linked to resistance of infected plants to attack by the
Argentine stem weevil (Listronotus bonariensis). Production in the infected plants of
the alkaloid peramine, a feeding deterrent to adult weevils, is thought to be largely
responsible for the resistance!.

Isolation and identification of peramine was first reported by Rowan and co­
workers 1,2, but the method used was too time-consuming and difficult for use in
routine analysis. Tapper et al. 3 recently reported an improved method for extraction,
identification and measurement of peramine. Their procedure involved a two-stage
extraction using methanol-chloroform (1:1, vjv); then hexane-water (1:1, vjv) fol­
lowed by cleanup of the extract on small ion-exchange columns. Peramine was detect­
ed on silica gel layers using Ehrlich's reagent or quantified by a high-performance
liquid chromatography (HPLC) procedure.

We report here the development of a rapid and sensitive reversed-phase (RP)
thin-layer chromatography (TLC) procedure for detection and quantitation of
peramine in crude extracts of endophyte-infected grasses.

EXPERIMENTAL

Peramine calibration curve
A solution'of peramine bromide (derived from endophyte-infected L. perenne)

containing 8.5 ng peramine per microliter of 80% aqueous ethanol was used in pre­
paring a calibration curve. Portions of this solution were applied (in duplicate) with a
microliter syringe to a Whatman LKC18F reversed-phase plate (10 em x 16 em;
American Scientific) 2.5 em from the long edge "A" of the plate. Development of the
chromatogram was carried out in two stages. First the plate was immersed with edge
A up in 60% aqueous methanol containing 0.1 % phosphoric acid adjusted to pH 7.3

0021-9673(90($03.50 © 1990 Elsevier Science Publishers B.Y.
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with potassium hydroxide (solvent A) to a depth such that the origin was about I cm
above the solvent surface. When the solvent reached edge A of the plate the plate was
removed and allowed to partially dry. The entire plate was covered with aluminum
foil with the exception of two corner areas where the first and last samples of per­
amine standard had been applied. The exposed areas were sprayed with Van Urk's
reagent (I g para-dimethylaminobenzaldehyde in 50 ml concentrated hydrochloric
acid plus 50 ml 95% ethanol) and after the color had developed, the foil was removed
and a strip of adsorbent approximately 12 mm wide from edge A (approximately 3
mm from edge of spots) was removed. Two strips of adsorbent were also removed at
right angles to edge A (first and last lanes which contained the stained peramine
spots). The plate was allowed to thoroughly dry and was then developed in 50%
methanol containing 0.5 M sodium chloride (solvent B) with edge A down until the
solvent front had moved approximately 70 to 75 mm. The plate was allowed to
partially dry and then sprayed with Van Urk's reagent. After thorough drying, the
plate was scanned (could be stored in the freezer overnight) with a Shimadzu High­
Speed Thin Layer Chromato Scanner Model CS-920 at 600 nm (reflectance mode).
The RF of peramine was approximately 0.6.

The external standard used in assays of extracts of grasses was purified from
endophyte-infected ryegrass according to the methods of Rowan and Gaynor l

.

Extraction
Endophyte-infected grass leaf tissue, either dried at 60°C or freeze-dried, was

ground in a Wiley mill to pass through a 40-mesh screen. To each of 3 tubes, 50 mg of
dried ground leaves from endophyte-infected perennial ryegrass were added. Aliquots
of 2.5 ml aqueous ethanol (80, 90 or 95% ethanol) were added and the tubes were
capped and shaken at room temperature for 30 min. The solids were allowed to settle
and 2 ml of extract were removed from each tube. To each tube containing the solids
were added 2.5 ml 80% ethanol and the tubes were stored at - 20°C overnight. The
tubes were allowed to warm to room temperature with shaking and the solids were
again allowed to settle and supernatant liquid removed. Portions of 0.5 ml of the first
and second supernatants from each sample were dried with a stream of nitrogen and
the residue was redissolved in 50 III of 80% ethanol.

"Two-directional" reversed-phase TLC for extracts
Portions of 10 III of each sample, two peramine standard samples (72 ng/spot),

plus peramine in the outside lanes to determine distance for adsorbent removal after
development in the first direction, were applied 2.5 cm from edge A of the RP-TLC
plate and allowed to dry. Development of the chromatogram was then carried out in
two stages as described for the peramine calibration curve. The purpose of the first
stage was to remove materials which interfered with peramine measurement. The
peramine concentration in samples was quantified by single point calibration using
the peramine standards applied to the same plate.

RESULTS AND DISCUSSION

Calibration curve
The area of the stained peramine spots was not a linear function of the amount
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of peramine applied to the TLC plate. However, a linear standard curve was obtained
if the "linearizer" function of the scanner (position 1) was used. Absorbance mea­
surementson thin-layer materials tend to deviate from the Beer-Lambert Law due to
scattering'by the adsorbent on the plate. The apparent non-linear relationship be­
tween absorbance and concentration is linearized by a microcomputer program in the
Model CS-920 scanner4

. The computer-corrected integration of absorbance (area)
shows a linear dependence on weight of peramine in the range of 8.5 ng to 68 ng/spot
with a regression equation of y = 14x (R2 = 0.9946; P = 0.0000). The detection limit
for peramine with the TLC scanner was about 5 ng/spot though smaller quantities
could be detected visually.

Extraction ojperamine
In the original publication on the isolation of peramine from endophyte-in­

fected perennial ryegrass, Rowan and Gaynor! used 95% ethanol for extraction.
Some preliminary results of our work (data not shown) suggested that 95% ethanol
did not completely extract peramine from freeze-dried ryegrass. Nearly complete
peramine extraction (> 90%) was possible with either 80% or 90% ethanol, but not
with 95% ethanol. For example, when 2.5 ml of 80,90 or 95% ethanol were' used to
extract 50 mg samples of infected ryegrass, the recovered alcoholic solvent (2 ml)
contained 1201 ng, 1288 ng and 690 ng, respectively. Following a second extraction of
each sample residue with 2.5 ml of 80% ethanol, the solvent contained 682 ng per­
amine when the first extractant was 95% ethanol but only 183 ng and 312 ng if the
first extractant was 80% and 90% ethanol, respectively. These results indicate that
the first extraction with either 80% or 90% ethanol released essentially all of the per­
amine in the sample. The second extraction recovered most of the peramine remain­
ing in the void volume of the pelleted material. Using 95% ethanol as the extractant,
only about 60% of the peramine was removed with the first solvent extraction. Our
routine assay now involves shaking a 150 mg sample with 1.2 m180% ethanol for 1 h.

Peramine levels of 8 ppm or greater in tissue of fungal endophyte-infected grass
could be measured in crude extracts. If the crude extracts were concentrated 5-fold, 1
ppm peramine on a dry-weight basis could be determined. Isolated peramine was
confirmed by NMR and mass spectroscopy by procedures used by Rowan and
Gaynor!.

The use of the first chromatography step in the two-stage TLC procedure is a
convenient alternative to preliminary cleanup of the crude extracts prior to TLC. It is
especially important for eliminating materials that interfere with resolution and mea­
surement in extracts containing small amounts of peramine. If the first step is not
used, the peramine spot tends to become distorted and excessive streaking occurs
(especially with highly concentrated extracts) which tends to obscure the peramine
after treatment with Van Urk's reagent.

Recovery ojperamine standard added to uninjected ryegrass
Purified peramine in 80% ethanol was added to a powdered sample of unin­

fected ryegrass to give a peramine concentration of 20 flg/g. The mixture was dried,
extracted for I h at room temperature with 80% ethanol, and then analyzed by our
RP-TLC method. Extraction of peramine was essentially complete as recovery values
of 94% and 104% were found for two TLC assays on the same extract.
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TABLE I

COMPARISON OF PERAMINE LEVELS DETECTED BY RP-HPLC AND RP-TLC METHODS

Grass species Endophyte Peramine (ppm)"
and cultivar

RP-HPLC RP-TLC

Lotium perenne Gator Epich/oe typhind' <0.6 n.d b

L. perenne Gator E. typhinae 10 16.2
L. perenne Repel Acremonium lolii 29.9 39.8 ± 2.2(3)'
Festuca longifolia E. typhina 15.0 20.3 ± 1.7(12)'

a RP-HPLC analyses carried out at DSIR in New Zealand and RP-TLC analyses carried out at the
University of Kentucky.

b Not detected.
, Mean ± standard error; number in parentheses indicates number of replicate determinations.
d.e E. typhina from Festuca rubra commutata (d), and from F. longifotia (e), respectively, were

artificially transferred into Lotium seedlings by the method of Latch and Christensen6

In another test, a powdered sample of infected ryegrass containing 20 /lg/g
peramine was mixed with powdered non-infected material in a ratio of one part
infected ryegrass to nine parts non-infected grass. A value of 2.0 ppm in the mixture
was determined by our extraction and RP-TLC quantitation procedure.

Analysis ofperamine from endophyte-infected grasses
Analysis of samples- that were freeze-dried, ground and then split for analysis by

both the RP-HPLC method of Tapper et al. 3 and by our RP-TLC method indicated
that the two methods were of similar sensitivity but amounts determined with the
RP-HPLC method were about 25-30% lower than those for the RP-TLC method
(Table I). The reason for these differences is unknown.

The distribution of peramine between roots, stems and blades of some en­
dophyte-infected grasses were checked by the RP-TLC method (Table II); While the

TABLE II

PERAMINE DISTRIBUTION IN ENDOPHYTE-INFECTED TALL FESCUE AND PERENNIAL
RYEGRASS

Grass (species)

F. arundinaced'

L. perenneb

Plant part

Root
Stem
Blade

Root
Stem
Blade

Peramine (ppm),
mean ± standard error (n)

n.d.'
3.4 ± 0.4(3)
3.1 ± 0.4(3)

3.7(1)
10.2 ± 1.3(3)
28.4 ± 2.3(3)

a G 1-320 tall fescue artificially infected with Acremonium coenophialum.
b NK 79307 perennial ryegrass (Northrup King) naturally infected with A. lolii.
, Not detected.
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different pattern of peramine distribution between the two endophyte-host combina­
tions may reflect the differences in endophyte distribution within the two different
hosts, it also suggests a relatively greater translocation of peramine to the leaf blade in
L. perenne compared to F. arundinacea. The endophyte is not found in roots and
lesser amounts of endophyte are found in leaf blade than in stem of both hostss.

Using the RP-TLC method, we determined the level of peramine from a num­
ber of different endophyte-host combinations. As indicated in Tables I and II, per­
amine is produced not only in A. lolii-il1fected perennial ryegrass 1, but also in E.
thypina-infected perennial ryegrass (Table I) and in A. coenophialum-infected tall
fescue (Table II). The E. typhina in infected perennial ryegrass originated from two
different species of Festuca and were artificially inoculated into L. perenne cv. Gator.
Rowan et al. 2 have shown that peramine is of fungal origin, and as expected, the E.
typhina from F. longifolia produced similar levels in its own host (F. longifolia) and in
L. perenne cv. Gator. On the other hand, the E. typhina isolate from F. rubra, when
transferred to Gator, did not produce appreciable amounts of peramine.
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