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Systematic errors with the use of internal standard
calibration in gas chromatographic headspace analysis

JOSEF DROZD* and ZDENA VODAKOVA

Institute '~r Analytical Chemistry, Czechoslovak Academy of Sciences, 611 42 Brno (Czechoslovakia)

and

PAVEL KOUPIL

Department of Clinical Biochemistry, Hospital, 79201 Bruntid (Czechoslovakia)

(First received December 14th, 1989; revised'manuscript received May 28th, 1990)

ABSTRACT

The specificity of the use of internal standard calibration in headspace analysis was studied. An
equation was derived that differed from th~ conventional equation by a factor (V

g
+ K,V,)/(V

g
+ Ky,),

where Vg and VI are the volumes of the gaseous and the liquid phases, respectively, and Ki and K, are the
distribution constants between the phases of the analyte i and the internal standard s, respectively. This
factor is generally not equal to unity. Its magnitude, and hence that of the systematic error, is demonstrated
by using literature values and experimental data obtained by analyses of model blood and water samples. It
is shown that the use of the internal standard technique does not generally eliminate the matrix effect which
is a serious problem in quantitative headspace analysis.

INTRODUCTION

Nowadays headspace analysis is widely used for the determination of volatile
substances in condensed materials [1-3]. In this method of sample treatment, gas (air)
in contact with the material to be analysed is injected into the chromatograph rather
than the material itself.

The effect of the matrix composition has long been regarded as a crucial problem
in quantitative headspace analysis [4-6]. The composition of the liquid (and/or
condensed) sample being analysed influences, sometimes very strongly, the concentra
tion of analyte in the gaseous phase, and thereby the accuracy of the results (the
so-called "matrix effect"). In order to compensate for this effect, and to obtain
accurate results, analysts often use the internal standard technique for calibration
[7-11]. This technique consists in adding to the sample a known amount ofa substance
(internal standard) different from that being analysed, and relating the peak area of the
analyte to that of the internal standard. A calibration graph can be constructed and
used for evaluation of this procedure, viz., the ratio of the masses of the analyte and
internal standard is plotted against the ratio of the corresponding peak areas. This
technique is generally widely used to compensate for imprecisions in injected sample
volume measurements and other experimental variables. As far as headspace analysis
is concerned, it must be realized that both the analyte and the internal standard are

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



2 J. DROZD, Z. VODAKOvA, P. KOUPIL

distributed between the condensed and gaseous phases and these distributions are
influenced by the composition of the condensed phase in different ways. The
proportions of analytes and the internal standard in the gaseous phase are therefore
generally different from those in the original condensed sample, and might also be
different from those in reference calibration. Hence the calibration graph measured for
a matrix of a certain composition should be used for headspace analysis of the same
matrix, otherwise the results obtained can suffer from systematic errors.

This aspect seems often to be overlooked in this field, even though it has already
been discussed in the literature [5], and methods that generally eliminate the matrix
effect have been proposed, e.g., the method of standard addition [4-6] and the method
of multiple gas extraction [12,13], and also a practical approach to the decision as to
whether these methods are necessary in a particular case has been described [14].
Hence, it is felt that a paper defining and demonstrating the problem clearly is lacking.

In this paper the relationships that describe the use of the internal standard
technique in headspace analysis and allow an estimate of the magnitude of the
systematic error are derived; the estimation was demonstrated using literature values
and comparing them with experimental data.

THEORETICAL

Let us consider liquid material enclosed in a vessel to be subjected to headspace
analysis, the volatile analyte i being distributed between the liquid and the gaseous
phases of this two-phase system. At equilibrium, the mass balance of the distribution
can be expressed as

(1)

and described by the distribution constant, K i :

(2)

where mio, mig and mil are the mass of the analyte i originally present in a liquid sample
and the equilibrium mass of analyte i present in the gaseous and the liquid phases,
respectively; Cig and Cil are equilibrium concentrations of the analyte i in the gaseous
and the liquid phases, respectively and formally Vg and VI are the volumes of the
gaseous and the liquid phases, respectively. By combining the above two equations we
obtain

(3)

a well known equation which is the basis of quantitative evaluation in headspace
analysis. The gaseous phase sample, of volume vg , containing the mass of the volatile
analyte mi, is subjected to analysis. To this mass ofanalyte the peak area of the analyte
in the chromatogram, Ai, corrected by a mass response factor, .f'?', is proportional.
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Thus we can write

3

(4)

where k is a proportionality constant characteristic for an apparatus employed [IS].
The mass of the analyte in the gaseous phase, mig, can then be expressed as

(5)

By rearranging this expression and substituting for mig from eqn. 3, we obtain

(6)

The same situation occurs with the internal standard and a corresponding relationship
can also be written:

(7)

Division of eqns. 6 and 7 results in

(8)

This equation describes the use of an internal standard in headspace analysis and
differs from that used for this technique in a conventional manner by containing the
expression in parentheses. This expression describes the effect of matrix material on
the ratios of the concentrations in the gaseous phase of the analyte and the internal
standard. In other words, when constructing the calibration graph in a conventional
way by plotting various ratios of masses of the analyte and the internal standard
against ratios of the corresponding peak areas, we have to multiply the slope of the
curve by the magnitude of the factor in parentheses so that we can use this calibration
for headspace analysis. It is obvious that the magnitude of this factor is generally not
equal to unity and in most practical instances such an operation cannot be made owing
to a lack of knowledge of the distribution constants, but the magnitude of the factor
corresponds to that of systematic errors from which the results of headspace analysis
suffer if the internal standard technique is employed. In further work we calculated
values of the slopes of the calibration graphs for different matrix materials from the
literature and measured values of the distribution constants with the use of a flame
ionization detector, and demonstrated the occurrence of systematic errors in the
determination of volatile substances in water and blood on models samples.
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The measurements of distribution constants were based on the mass balance
expressed by eqn. 3. For blood, a known amount of analyte (1-5 III of a particular
substance) was added to 1.5 ml of blood in an 8.2-ml vial, which was closed tightly with
a septum. After equilibration for 30 min at 52°C, 0.2 ml of the gaseous phase was
withdrawn with a I-ml gas-tight syringe (Hamilton, Bonaduz, Switzerland) preheated
to about 60°C to suppress condensation and adsorption. The gas chromatographic
(GC) analyses were performed on a Chrom-5 instrument (Laboratory Instruments,
Prague, Czechoslovakia) equipped with a flame ionization detector and a glass column
(2.5 m x 3 mm J.D.) packed with Porapak P (80-100 mesh) (Waters Assoc., Milford,
MA, U.S.A.), with nitrogen as the carrier gas at a flow-rate of 35 ml/min. The column
temperature was 160°C and the injection port and detector temperatures were 180 and
240°C, respectively.

With water and aqueous solutions, a known amount of the analyte was added to
50 ml of water or aqueous phase in a 100-ml bottle fitted with a septum. The bottle was
thermostated at 40°C for 20 min and I ml of the gaseous phase was withdrawn for
analysis as above with a gas-tight syringe preheated to about 60°C. The GC analyses
were carried out on a Shimadzu GC4A instrument (Shimadzu Seisakusho, Kyoto,
Japan) with a flame ionization detector and a stainless-steel column (1.5 m x 3 mm
J.D.) packed with 15% (w/w) Carbowax 20M on Chromosorb G (100-120 mesh)
(Carlo Erba) with nitrogen as the carrier gas at a flow-rate of 35 ml/min. The column
temperature was 70°C and the injection port and detector temperatures were 150aC,
respectively. The peak areas were measured with a CI-JOO electronic integrator
(Laboratory Instruments) in all instances.

Similarly, the calibration graphs were measured and constructed for several
analyte-internal standard pairs, the range of concentrations being from tens to
hundreds of Ilg/ml in distilled water, in 0.34 g/ml aqueous sodium chloride solution
and in blood.

All chemicals were of analytical-reagent grade from various suppliers.

RESULTS AND DISCUSSION

To obtain an idea of how serious the systematic error in headspace analysis with
internal standard calibration could be, we calculated the values of the slopes of
calibration graphs obtained with eqn. 8. For this purpose we used the K values
published by Sato and Nakajima [16], who measured the distribution constants in
two-phase systems with the gaseous phase being air and the other phase water, blood
and/or oil. The mass response factors for the flame ionization detector were taken from
ref. 17. The magnitudes of the slopes were calculated for the pairs of various
substances, one being considered as the analyte and the other as the internal standard.
The results are illustrated in Table I for a ratio of the volumes of the phases of Vg/V1 =

4.
It is obvious from Table I that for different liquid phases the value of the slope is

not the same for a particular pair of compounds, i.e., that the effect of the matrix
composition is riot eliminated by an internal standard technique. The ratio of the
slopes gives an idea of the systematic error due to the evaluation of the analysis of one
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TABLE I

SLOPES OF THE CALIBRATION GRAPHS CALCULATED WITH KVALUES FROM REF. 5

Analyte Internal Distribution constant Slope Liquid
(i) standard phase"

(s) K, K,

Toluene Ethylbenzene 2.23 1.69 0.998 w

15.60 28.40 0.591 b
1471 3791 0.384 0

Toluene Benzene 2.23 2.78 0.865 w

15.60 7.80 1.611 b
1471 492 3.003 0

m-Xylene p-Xylene 1.66 1.57 0.932 w
26.4 37.6 0.722 b

3842 3694 1.04 0

Diethyl Methyl 181 254 0.641 w
ketone ethyl ketone 168 202 0.746 b

808 263 2.719 0

" w = Water, b = blood, 0 = oil.

5

matrix material by calibration with another condensed phase. For instance, if we
determine toluene in blood with benzene as an internal standard and the calibration
graph is constructed with distilled water, we obtain systematically results that are
roughly twice as high. The differences are not very significant only with compounds
that are chemically very similar, such as m- and p-xylene.

To show influence on the results of very small differences in the composition of
the matrix of the same character, we measured t1).e distribution constants of acetone
and propanol in a blood-air system as described under Experimental. The three blood
samples differed in the content oflipophilic substances, viz., blood sample I having 3.7
nmol/I of cholesterol and 1.13 nmol/I of triglycerides, sample 2 having 4.2 and 1.28
nmol/I and sample 3 4.5 and 1.5 nmol/I, respectively. The results are given in Table II;
the relative standard deviations of the Kvalues are ca. 5%. From the magnitude o(the
slopes calculated according to eqn. 8, again for the phase volume ratio Vg/ VI = 4, one
can estimate that even with a matrix material of such a similar composition the
systematic error can reach up to 20%. One should be aware that in our particular
instance such an accuracy might be tolerable, but in other instances the error might be

TABLE II

SLOPES OF CALIBRATION GRAPHS FOR DIFFERENT BLOOD SAMPLES

Analyte, acetone; internal standard, n-propanol.

Distribution constant

Ki K,

Slope Liquid phase

205
261
297

935
1053
1115

0.269
0.303
0.323

Blood sample I
Blood sample 2
Blood sample 3
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Fig. 1. Example of calibration graphs for the determination of acetone (subscript 1) in blood in headspace
analysis with n-propanol (subscript 2) as the internal standard. Line c, blood sample 4; line d, blood sample
5.

even higher. For example, the internal standard technique used in headspace analysis
for the determination of ethanol in blood has been intensively studied and used [18,19]
with an accuracy that was found to be acceptable.

The magnitude of the error is illustrated graphically in Fig. 1, where calibration
graphs are plotted for the determination ofacetone (subscript 1) in blood by headspace
analysis with n-propanol as the internal standard (subscript 2). Under the conditions
described under Experimental, line c was measured for blood sample 4 containing 7.9
nmol/l of cholesterol and 2.1 nmol/l of triglycerides and line d was measured for blood
sample 5 containing 3.8 nmol/l of cholesterol and 1.6 nmol/l of triglycerides. Fig.
1demonstrates the error made ifblood with a composition that is accidentally close to
that of sample 5 is analysed and if the evaluation is carried out according to line c.

In another model situation we measured the calibration graphs for pairs of
compounds in distilled water and in 0.34 g/ml aqueous sodium chloride solution. The
resulting slopes for six chosen pairs are given in Table III, and the calibration graph for
acetone with isopropanol as an internal standard is shown in Fig. 2. It is obvious that
only very similar compounds such as n-propanol and isopropanol are influenced to the

TABLE III

SLOPES OF CALIBRATION GRAPHS OF THE INTERNAL STANDARD TECHNIQUE FOR
VARIOUS PAIRS OF SUBSTANCES IN WATER AND IN 0.34 glml SODIUM CHLORIDE
SOLUTION

Analyte Internal Slope of calibration graph Ratio
standard of slopes

In water In NaCI solution

n-Propanol Isopropanol 0.644 0.649 0.992
Acetone Isopropanol 3.754 2.771 1.350
Acetone n-Propanol 4.041 3.010 1.340
Ethanol n-Propanol 0.482 0.385 1.260
Acetone Methyl ethyl ketone 0.456 0.326 1.410
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Fig. 2. Example of calibration graphs for the determination of acetone (subscript I) by headspace analysis
with isopropanol (subscript 2) as the internal standard. Line a, in water; line b, in 0.34 g/ml sodium chloride
solution.

same extent by a change in the liquid phase composition, so that the calibration graphs
are almost identical. With other pairs the relative error reaches 40%.

However, one also has to take account of the influence of adsorption that may
possibly occur during the procedure, namely in the syringe used. Although the syringe
was kept at an elevated temperature, adsorption may occur in it. If the effect of
adsorption varies for different analytes, the result could be similar to that observed in
this study or may, at least, contribute to it. According to our previous experience, these
effects are not very pronounced and it is also difficult to imagine glass being a selective
adsorbent towards the analytes that we studied. As the final consequence for the
analytical results seemed to be the same, we did not carry out any special experiments
to distinguish the extents of various fine particular effects.

CONCLUSIONS

When using internal standard calibration with headspace analysis, it should be
realized that the use ofthe internal standard technique does not generally eliminate the
matrix effect in headspace analysis and systematic errors may occur; the calibration
graph for the internal standard technique should be applied to the evaluation of
headspace analysis of the same matrix material for which that graph was measured;
and one can only expect similar values of the slopes of calibration graphs for very
closely chemically related compounds (e.g., isomers).
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ABSTRACT

An automatic sampler for Curie-point pyrolysis-gas chromatography (GC) to be used in connection
with a packed GC column for direct (on-column) introduction of pyrolysates is described. A comparison
with the conventional method for pyrolysate introduction with the on-column method is given. Good
reproducibility of the results obtained for poly(acrylonitrile--{;0-1,3-butadiene-<:o-styrene--{;0-a-methy1
styrene) and poly(methyl methacrylate) pyrolysis products was observed (relative standard deviation
< 5%). Examples of other applications are presented.

INTRODUCTION

The Curie-point pyrolysis (CPPy) method, introduced by Simon and Giacobbo
[I] in 1965, is one of two different commercially available pyrolysis systems [2]. In
CPPy a ferromagnetic wire is centred in a glass or quartz tube, which is connected to
the inlet of a gas chromatograph and through which the carrier gas flows. A Curie
point induction coil surrounds the tube and heats the wire by introduction. The wire
heats up until its Curie-point is reached. This is the temperature at which the wire
becomes paramagnetic and its energy intake drops, thus holding the temperature of the
wire at this point. Different pyrolysis temperatures are obtained by using wires with
different Curie-points. A range of temperatures is obtained by using alloys containing
differing amounts of the common ferromagnetic metals, i.e., iron, cobalt, nickel and
chromium.

Curie-point pyrolysis combined with gas chromatography (CPPy-GC) has
developed into a well established method for research into non-volatile compounds,
especially in the field of synthetic products in macromolecular chemistry such as
plastics, paints, varnishes and rubber, and also of natural substances, including plant
materials, soils and minerals.

Many papers have been published, particularly over the past decade, on aspects
of CPPy-GC [3]. A large number of different types of apparatus have been used, on
a wide range of samples [4-7]. Some information has been given about automated
Curie-point pyrolysis systems [8-11].

In a previous paper [12], the Fischer 0316 A pyrolyser with a Fischer AP-6
automatic sampler for CPPy-GC-mass spectrometric-Fouriertransform IR spectro-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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metric applications was described. The most important features of the Fischer
pyrolysis system are exactly reproducible temperatures of pyrolysis, "shock" heating
up within milliseconds, a wide temperature range by means of ferromagnetic filaments
or tubes from 250 to 1200°C and high durability because of minor wear and tear [12]. It
can be connected with any commercial gas chromatograph with horizontal or vertical
injection ports.

The aim of this work was application of the Fischer automatic sampler to the
direct (on-column) introduction ofpyrolysates. An appropriate system and examples
of applications in comparison with the conventional method of pyrolysate introduc
tion are presented.

EXPERIMENTAL

Curie-point pyrolysis
Pyrolysis was performed using a Fischer Model 0316 A Curie-point pyrolyser of

2 kW at 1.1 MHz power supply (Fischer Labor- und Verfahrenstechnik, Meckenheim,
F.R.G.), achieving a measured temperature-rise time of 20~30 ms. The pyrolyser was
equipped with a digital adjuster for adjusting of pyrolysis times between 0.1 and 9.9 s
and for adjusting pyrolysis sample numbers between 1 and 6 with a standby time
between 1 and 99 min.

A Fischer Model AP-6 automatic sampler with six circularly arranged pyrolysis
chambers made of stainless-steel with changeable glass inserts was used (Figs. 1and 2).
Removable quartz tubes (Fig. 3) were used to line the internal cavity of the pyrolysis
chamber and the ferromagnetic pyrolysis tubes coated with sample. The quartz tubes
also act to reduce the dead volume of the system to enable chromatographic resolution
to be retained.

The central outlet of the pyrolysis chambers (see Figs. 1 and 3) was equipped
with a built-in heater serving to prevent condensation of pyrolysates and to ensure
a constant temperature distribution between the sample support and the GC column.
The central outlet, maintained isothermally at 250°C, was directly connected to the GC
column with a 1/8-in. Swagelok connection (Fig. 3).

About 1 mg ofeach sample was pyrolysed for 9.9 s at 700°C using ferromagnetic
tubes composed of iron, nickel and cobalt (Fischer). Helium (for chromatography)
from Linde (Munich, F.R.G.) was used as the carrier gas at a flow-rate of 15 cm3/min.

Gas chromatography
GC analyses of pyrolysates were performed using a Fraktometer F-7 gas

chromatograph (Perkin-Elmer, Uberlingen, F. R.G.) equipped with a flame ionization
detector connected to an Linseis (Selb, F.R.G.) Model L 6512 recorder with a chart
speed of 1 em/min.

A stainless-steel column (1.5 m x 1/8 in. a.D.) packed with 10% SE-30 on
Chromosorb W AW (80-100 mesh) (WGA, Griesheim, F.R.G.) was used. The column
temperature was programmed from 60 to 280°C at 5°C/min. The detector temperature
was 300°C. The flame ionization detector was supplied with 35 cm3/min of hydrogen
and 250 em3/min of air.
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Fig. 3. Sectional enlargement of the construction of the pyrolysis chamber with the injection needle and with
connected chromatographic column (right). I = Stainless-steel housing; 2 = ferromagnetic sample support;
3 = septum; 4 = glass tube insert; 5 = induction coil; 6 = quartz tube insert; 7 = injection needle;
8 = heater. Carrier gas now is indicated with arrows.

Chemicals
Samples ofpoly(acryloni trile-co-I ,3-butadiene-co-styrene-co-a-methylstyrene)

(ABS-a-MS), Plexiglas [poly(methyl methacrylate)] (PMMA), PMMA ofMW 200 000
in mineral oil (l: I), supplied by the Burmah Oil (Deutschland) (Hamburg, F.R.G.) and
commercially available poly(ethylene) and poly(propylene) were used. 1,3-Butadiene
(research purity) obtained from Matheson Gas Products (Heusenstamm, F.R.G.) and
acrylonitrile, methyl methacrylate, styrene, a-methylstyrene, 4-vinylcycIohexene,
toluene and ethylbenzene of analytical-reagent grade from Riedel-de Haen (Seelze,
F.R.G.) were used as standards. Hydrocarbon standards obtained from PolyScience
(Niles, IL, U.S.A.) were used to measure retention indices.

RESULTS

Experimental conditions such as pyrolysis temperature, temperature-rise time,
sample size, volume of pyrolysis chamber and the GC conditions should be carefully
controlled in order to obtain a high reproducibility in CPPy-GC [13,14]. Figs. 4 and
5 show typical pyrograms of ABS-a-MS copolymer and PMMA, respectively,
obtained at 700°C with on-column introduction ofpyrolysates. The retention indices
(Ip) of the separated components (Table I) are in agreement with values obtained for
commercially available standards. The main degradation products of ABS-a-MS
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TABLE II

REPRODUCIBILITY OF CURIE-POINT PYROLYSIS OF ABS-a-MS COPOLYMER AT 700°C
WITH THE AP-6 AUTOMATIC SAMPLER AND CONVENTIONAL INTRODUCTION OF
PYROLYSATES

Normalized percentages of the major peaks.

Pyrolysis Component (peak area, %)
chamber

Acrylonitrile 1,3-Butadiene Styrene a-Methylstyrene

I 16.70 3.10 35.01 45.19
2 15.48 3.40 34.33 46.79
3 13.41 3.26 34.71 48.62
4 16.23 3.62 33.81 46.34
5 16.30 3.57 34.88 45.25
6 17.32 3.61 33.10 45.97

Average (x) 15.91 3.43 34.31 46.36
§x 1.3639 0.2129 0.7334 1.2685
·~x" (%) 8.57 6.21 2.14 2,74

The thermal decomposition of PMMA at temperatures > 200 0 e yields nearly
quantitatively (98%) methyl methacrylate (MMA) [15,16]. In our pyrograms the main
peak obtained after PMMA pyrolysis is also monomeric MMA (Ip = 723). The peak
with I p = 625 was identified from the retention index increment (Lllp = 98) as methyl
acrylate (MA).

TABLE III

REPRODUCIBILITY OF CURIE-POINT PYROLYSIS OF ABS-a-MS COPOLYMER AT 700°C
WITH THE AP-6 AUTOMATIC SAMPLER AND ON-COLUMN INTRODUCTION OF PYROL
YSATES

Normalized percentages of the major peaks,

Pyrolysis Component (peak area, %)
chamber

Acrylonitrile 1,3-Butadiene Styrene a-Methylstyrene

1 15.92 3.48 34.40 46.20
2 16.01 3,52 34.61 45.86
3 15.85 3.41 34,38 46,36
4 16,12 3.54 34,31 46,03
5 16.23 3.44 34,53 45,80
6 15,74 3.40 34,29 46,57

Average (.~) 15,98 3.46 34.42 46,14

·~x 0.1795 0.0578 0,1259 0,2976
'~x.c (%) 1.12 1.67 0,37 0,64
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TABLE IV

COMPARISON OF RESULTS OBTAINED BY CPPy-GC OF PMMA AT 700°C WITH THE AP-6
AUTOMATIC SAMPLER BY CONVENTIONAL AND ON-COLUMN INTRODUCTION OF
PYROLYSATES

Normalized percentages of the major peaks.

Pyrolysis Conventional introdution of On-column introduction of
chamber pyrolysates pyrolysates

MA MMA MA MMA
(peak area, %) (peak area, %) (peak area, %) (peak area, %)

I 6.93 93.07 7.58 92.42
2 8.40 91.60 7.95 92.05
3 8.03 91.97 7.43 92.57
4 7.30 92.70 6.97 93.03
5 9.16 91.84 7.29 92.71
6 6.86 93.14 7.49 92.51

Average (x) 7.61 92.39 7.45 92.55
,"fx 0.6669 0.66669 0.3240 0.3240
,sx., (%) 8.76 0.72 4.35 0.35

Similar pyrograms for ABS-()(-MS copolymers and PMMA were obtained at
700°C with conventional introduction ofpyrolysates (through the injection port), but
the reproducibility of analysis was lower. The results obtained for the two methods of
analysis (conventional and on-column introduCtion of pyrolysates) with a statistical
assessment are given for ABS-()(-MS copolymer in Tables II and III and for PMMA in
Table IV. Tables III and IV show the very good reproducibility of the results obtained
by means of the automatic sampler and on-column introduction of pyrolysates. The
relative standard deviations (sx,n %) of the mean values of peak areas (%) obtained for
ABS-()(-MS copolymer and PMMA pyrolysis products are nearly 5%.

Fig. 6. Pyrogram of PMMA of MW 200 000 in mineral oil obtained at 700°C with the AP-6 automatic
sampler and on-column introduction of pyrolysates. Analytical conditions as in Experimental.
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Some other examples of the application of CPPy-GC with the AP-6 automatic
sampler and on-column introduction of pyrolysates are shown by the pyrograms
obtained for PMMA in mineral oil (Fig. 6), commercially available poly(ethylene)
(Fig. 7) and poly(propylene) (Fig. 8).
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ABSTRACT

Several methods for the extraction of nitroaromatic compounds from water were compared. High
recoveries were achieved with discontinuous or continuous extraction of water with dichloromethane and
by adsorption on Amberlite XAD-2, -4 and -8 resins (l:l:l) and elution with dichloromethane. The
recoveries obtained with solid-phase extraction using cyano-, phenyl- or octadecyl-bonded phases varied,
depending on the compounds studied, and were often low. Nitroaromatic compounds were determined by
gas chromatography using an electron-capture or a chemiluminescence detector (thermal energy analyser)
and by mass spectrometry using electron impact and positive- and negative-ion chemical ionization.

INTRODUCTION

Nitroaromatic compounds are widely used in the chemical industry, e.g., for the
production of explosives, dyes, pesticides and polyurethane foam, which may lead to
their partial release into the environment. Nitroaromatics are toxic. They are readily
adsorbed by skin contact and may lead to methemoglobinemia, anemia or liver dam
age [I]. Thus the LDso value (rat) for l-chloro-2-nitrobenzene is as low as 288 mg/kg
and the LCso value for goldorfe 5-10 mg/I [2].

Several nitroaromatic compounds are listed as priority pollutants by the U.S.
Environmental Protection Agency [3] (nitrobenzene, 2,4-dinitrotoluene, 2,6-dinitro
toluene, 2-nitrophenol, 4-nitrophenol, 2,4-dinitrophenol and 4,6-dinitro-2-methyl
phenol) and by the European Community [2] (l-chloro-2-nitrobenzene, l-chloro-3
nitrobenzene, l-chloro-4-nitrobenzene, 4-chloro-2-nitrotoluene, 4-chloro-2-nitroani
line and parathion ethyl). Nitrobenzene, nitrotoluene isomers and chloronitroben
zenes have been observed repeatedly in samples from the river Rhine [4]. Acute
pollution of the river Main led to concentrations of chloronitrobenzene isomers of ca.

" This paper is based on the Ph.D. Thesis of J. Feltes, University of Bonn, 1988.
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80 /lg/l [5], which led to cessation of the withdrawal of Rhine water for drinking water
supplies in The Netherlands.

In the past, relatively few studies have been exclusively directed towards the
determination of nitroaromatic compounds in water. Explosives and related com
pounds have attracted particular attention. These compounds are usually determined
by gas chromatography (GC) with flame ionization detection (FID) [6,7] or more
selectively and sensitively using electron-capture detection (ECD) [8-13]. The use of
chemiluminescence detection (thermal energy analysis, TEA) should be advanta
geous. This type of detection has been used for the selective GC determination of
nitroaromatics in biosludge [14]. GC methods for the determination of nitroaromat
ics in water (in particular munition plant wastewater) [6,7,12] and sea water [10,11]
have been published and the determination of nitrotoluidines (aminonitrotoluenes) in
water by GC has been described [13].

Alternatively, high-performance liquid chromatography (HPLC) can be em
ployed for the determination of nitroaromatics in water (mainly wastewater [15-18]).

In most instances the water samples were extracted by liquid-liquid extraction
(using mainly benzene or toluene) [6-11,13]. Alternatively, resin adsorption using
Porapack R, Porapack S or XAD-4 was used for sample extraction [12,18].

Nitrophenols represent a specific class of nitroaromatic compounds. They are
usually determined using methods optimized for phenols, as reviewed by Tesarova
and Pacakova [19]. Owing to their high polarity, the GC of these compounds may be
difficult and they are often first derivatized [19]. Nitropolycyclic aromatic hydrocar
bons represent another class of nitroaromatic compounds for which specific analyt
ical schemes have been developed, as reviewed by White [20].

The methods discussed above were usually based on a few compounds and in
general tested only with spiked water samples.

We report here the optimized determination of a large number of nitro com
pounds with a variety of functional groups. Analysis is performed by GC with ECD
and TEA or by combined GC-mass spectrometry (MS) using electron impact (EI),
positive-ion chemical ionization (PICI) or negative-ion chemical ionization (NICI).
Nitrophenols are discussed only briefly as they have been considered in detail else
where [21-23]. Nitropolycyclic aromatic hydrocarbons have also been dealt with else
where [24].

EXPERIMENTAL

Instrument
All GC measurements were carried out on a Varian Model 3700 instrumer.:

equipped with a Varian 63Ni electron-capture detector and a Model 543 chemilumi
nescence detector (TEA) from Thermedics (Woburn, MA, U.S.A.). Pyrolysis was
effected at 950°C. The pressure in the reaction chamber was 0.8 Torr. Separation was
achieved on both a DB-17 and an OV-225 column (30 m x 0.32 mm J.D., dr 0.25 /lm)
with a column temperature of 70°C for 1 min, then raised from 70 to 250°C at
3°C/min, using nitrogen (ECD) or helium (TEA) as the carrier gas.

Mass spectrometric measurements were carried out on a Finnigan Model 4500
and a Vacuum Generator Model VG70 SQ instrument using an electron energy of70
eV and a source temperatureof 120°C (Finnigan) or 200°C (VG). PICI was achieved
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with methane (0.5 Torr) or isobutane (0.05 Torr) as reagent gas and both methane
and argon were used for NICI (0.5 Torr). Samples were introduced via the GC system
using a D B-5 column with a temperature of 70°C for I min, then increased from 70 to
260°C at 3°Cjmin.

Extraction
Discontinuous extraction was carried out with a separation funnel using 1 I of

water spiked with the internal standards and shaking three times with 30 ml ofdichlo
romethane. The combined organic phases were dried over anhydrous sodium sul
phate and reduced in volume to ca. 1 ml in a rotary evaporator after exchange of the
solvent (methanol instead of dichloromethane). Concentration to 1 ml at 40°C and
reduced pressure does not lead to evaporation losses as determined by recovery stud
ies (recovery >96%).

Continuous extraction was carried out for 5 h in a rotary perforator using 0.5 I
of water and dichloromethane as solvent followed by concentration and solvent ex
change as described above.

Solid-phase extraction was performed using Amberlite (residue-free) XAD-2,
XAD-4, XAD-8 resins from Alltech and Rohm & Haas, C18 phases (500-mg car
tridges) from Baker (Baker 10 SPE), Analytichem (Bond-Elut) and Merck (Adsor
bex), phenyl phases (500-mg cartridges) from Baker (Baker 10 SPE) and Analytichem
(Bond-Elut) and cyano phases from Baker (Baker 10 SPE). XAD resin (2.5 g) was
filled into a 15 x I cm I.D. glass column plugged with silanized glass-wool and
flushed with methanol and water prior to use by forcing the solvent through the
column with nitrogen at enhanced pressure. After forcing 1 I of the sample through
the column at a flow-rate of 30 ml/min, the column was dried in a stream of nitrogen
for about 15 min and eluted twice with 15 and 10 ml of dichloromethane. The C 18 ,

phenyl and cyano cartridges were eluted with I ml of dichloromethane at reduced
pressure. Drying, concentration and solvent exchange were carried out as described
above.

Chemicals
Nitroaromatic reference compounds of 97-99% purity from Merck, Fluka,

Riedel-de Haen and Aldrich were used without further purification. Solvents were
purchased from Baker and Rathburn Chemicals.

RESULTS AND DISCUSSION

Gas chromatography
Nitroaromatic compounds were determined by GC with either ECD or TEA.

In the TEA detector nitro compounds are pyrolysed to form NO· radicals that react
with ozone to form triplet excited NO l , which relaxes to the ground state with emis
sion of light in the near-infrared region (> 0.6 ,urn), which is monitored. Slightly polar
(DB-17) to moderately polar columns (OV-225 or DB-225) are well suited for the
separation of nitroaromatics. Fig. I compares the chromatograms of 40 nitroaromat
ic compounds obtained on a DB-17 column with ECD (upper part) and TEA (lower
part), and in Fig. 2 the chromatogram (ECD) of a mixture of explosives and their
metabolites is presented. In Tables I and II retention times and capacity factors (k')
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Fig. I. Gas chromatograms of 40 nitroaromatic compounds on a DB-I? column (top, ECD; bottom,
TEA). For peak assignment, see Table I.

are summarized for the OB-17 and OV-225 columns. I-Chloro-2,4-dinitrobenzene
and 2,2'-dinitrobiphenyl were used as internal standards. With the TEA detector
substantial peak broadening is observed at high retention times, probably owing tc
adsorption within the transfer line.

Nitroaromatics can be determined by ECO as a result of their high electron
affinity. However, Fig. 1 reveals that the response for nitroaromatics depends strong
lyon the individual compound. Thus, for instance, the ECO response of 3,4-dinitro
toluene is 61 times that of 2-nitrotoluene. On the other hand, the TEA response is
more similar for all the compounds, as is evident from Fig. I (the response of 3,4
dinitrotoluene is 3.4 times that of 2-nitrotoluene). A low response is observed for the
nitrophenols. This is particularly true for the dinitrophenols, such as 2,4-dinitro-6
sec.-butylphenol (dinoseb), which is probably due to irreversible adsorption of the
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Fig. 2. Gas chromatogram of 21 nitroaromatic compounds used in ammunition production (including the
degradation products) (ECD). For peak assignment, see Table II.

phenol at the active centres of the column. Hence it is preferable to derivatize nitro
phenols [19].

The TEA detector responds specifically to nitro and nitroso compounds and is
therefore better suited for the analysis of complex environmental samples than ECD,
which is less selective. On the other hand, the selectivity of GC with ECD can be
enhanced if the samples are chromatographed on two columns with phases of differ
ent polarities. As stated above, DB-5 and OV-225 (DB-225) are well suited for this
purpose.

The linearity of the detectors for nitro compounds was studied using both ECD
and TEA for five compounds. The results in Fig. 3 show that the ECD response (top)
levels off at concentrations> 10 ng, whereas the TEA detector (bottom) shows good
linearity even at higher concentrations.

The detection limit of the detector (defined at three times the standard deviation
of the noise) is summarized for 15 compounds in Table III for both ECD and TEA.
With ECD the detection limit ranges from 0.8· 10- 14 to 109· 10- 14 g(s and that with
TEA from 6 . 10 -11 to 34 . 10 - 11 g(s. Hence ECD is about three orders of magnitude
more sensitive than TEA.

Gas chromatography-mass spectrometry
A mass spectrometer is a considerably more specific GC detector than either

electron-capture or TEA detectors. Nitroaromatic compounds were determined using
EI, PIC! and NICI. Mass spectrometry is partiCularly suitable for the analysis of this
class of compounds as their ionization leads to the formation of structure-specific
fragments, as summarized in Table IV for all three ionization methods. Under EI
conditions, nitroaromatic compounds fragment predominantly by loss of NO' or
NO z. In general, loss ofNOz prevails. An ortho effect may lead to an abundant loss of
OH' [25] if a methyl or amino group is in an ortho position to the nitro group. In
addition, dinitro and trinitro derivatives show in part the loss of two nitro groups. An
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TABLE II

ELUTION ORDER, RETENTION TIMES AND CAPACITY FACTORS OF NITROAROMATICS
USED IN AMMUNITION PRODUCTION (INCLUDING POSSIBLE METABOLITES)

Compound DB-17 OV-225

Elution tR k' Elution tR k'
order (min) order (min)

2-Nitrotoluene I 8.50 17.89 I 7.46 22.31
3-Nitrotoluene 2 9.42 19.93 2 8.71 26.22
4-Nitrotoluene 3 10.07 21.37 3 9.71 29.34
2-Nitroanisole 4 18.45 40.00 4 19.25 59.16
4-Nitroanisole 5 18.59 40.31 4 19.25 59.16
2,6-Dinitrotoluene 6 22.84 49.76 5 23.64 .72.88

2-Methyl-6-nitroaniline 7 23.51 51.24 6 25.63 79.09
4-Methyl-2-nitroaniline 8 24.33 53.07 7 27.25 84.16
2,4-Dinitrotoluene 9 24.61 53.69 7 27.25 84.16
5-Methyl-2-nitroaniline 10 25.28 55.18 8 28.32 87.50
2-Methyl-3-nitroaniline II 25.96 56.69 10 30.23 93.47
I-Chloro-2,4-dinitrobenzene" 12 26.44 57.76 9 29.28 90.50
3,4-Dinitrotoluene 13 27.94 61.09 II 32.23 99.72
2-Methyl-5-nitroaniline 14 28.65 62.67 12 32.94 101.94
4-Methoxy-2-nitroaniline 15 30.27 66.27 12 32.94 101.94
1,3,5-Trinitrobenzene 16 31.80 69.67 15 39.75 123.22
2,4,6.Trinitrotoluene 16 31.80 69.67 13 37.96 117.63
2-Methyl-4-nitroaniline 17 33.20 72.78 14 39.43 122.22
2,4,6-Trinitrophenol 18 38.40 84.33 17 49.50 153.69
2,4-Dinitroaniline 19 43.13 94.84 18 51.52 160.00
N,2,4,6-Tetranitro-
-N-methylaniline 20 45.93 101.07 19 51.89 161.16
2,2'-Dinitrobiphenyl" 21 46.24 101.76 16 47.25 146.66

" Internal standard.

abundant molecular ion is usually observed under EI conditions. As expected, this
ion is of low abundance with dinitrotoluenes and absent ( < 1% relative abundance)
with trinitrotoluene.

Only a few nitroaromatic compounds have been studied previously under PICI
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Fig. 3. Linearity of the detectors (left, ECD; right, TEA). 0, Nitrobenzene; 0, l-chloro-2-nitrobenzene;
., 1,4-dichloro-2-nitrobenzene; ., 2,6-dinitrotoluene; +, 2-nitroaniline.
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TABLE III

DETECTION LIMITS OF THE ELECTRON-CAPTURE AND TEA DETECTORS

J. FELTES et at.

Compound

Nitrobenzene
2-Nitrophenol
3-Nirotoluene
I-Chloro-3-nitrobenzene
1,4-Dichloro-2-nitrobenzene
6-Chloro-2-nitrotoluene
4-Nitroanisole
2-Nitroaniline
2,4-Dinitrotoluene
I-Nitronaphthalene
2-Methyl-6-nitroaniline
4-Chloro-2-nitroaniline
Parathion ethyl
2,4-Dinitroaniline
2,4,6-Trinitrotoluene

ECD TEA

Detection limit R.S.D. Detection limit R.S.D.
(g/s) (%) (g/s) (%)

2.33.10- 13 8.1 1.35.10- 11 7.8
1.09 . 10- 12 6.2 3.43 . 10- 11 6.5
5.44. 10- 13 3.9 1.09.10- 11 7.1
1.18.10- 14 4.9 1.42.10- 11 12.3
8.28.10- 15 7.6 1.12.10- 11 3.3
2.87 . 10- 14 5.2 2.50. 10- 11 9.2
1.15.10- 13 9.7 1.85.10- 11 4.7
9.92 . 10- 14 11.2 1.98 . 10- 11 8.8
3.80.10- 14 7.9 1.77.10- 11 4.9
2.32 . 10- 14 2.2 1.15.10- 11 6.6
6.08 . 10- 14 5.8 2.42 . 10- 11 7.5
1.44.10- 13 8.4 1.14.10- 11 9.2
2.25.10- 13 \0.8 1.62.\0- 11 13.1
4.85.10- 14 9.2 6.54. 10- 12 18.5
2.70.10- 14 5.6 9.89.10- 12 7.2

conditions [26,27]. In this study methane and isobutane were used as reactant gases.
Under PICI conditions with methane the protonated molecule is usually the most
abundant peak, as shown in Table IV. This is even the case for the very labile trinitro
toluene. An abundant loss of NO' from [M + H) + is observed in almost all instances
whereas the loss of N02 is less pronounced or often absent. Further fragments are
due to loss of 0' or H 20 from the protonated molecule. NO' loss allows a rapid
structure assignment.

Nitroaromatic compounds have a relatively high electron affinity and therefore
they can be readily ionized with electron-capture NICI. In this study both methane
and argon were used as buffer gases. Characteristic fragments are summarized in
Table IV. The NICI spectra of some of these compounds were reported previously
[28]. It is evident from Table IV that fragmentation under NICI conditions is low
except for dinitro compounds. Losses of OH', NO' and N02 lead to characteristic
fragments. Further fragmentation occurs by loss of H 20 or 0'. Unfortunately, not all
compounds ~how the structure-specific loss of NO', which makes a structure assign
ment of unknowns difficult. The fragmentation is further reduced if argon instead of
methane is used as a buffer gas. The response factors of nitroaromatic compounds
under NICI conditions vary substantially. As expected, dinitro compounds such as
dinitrobenzene and dinitrotoluenes in general have a higher response than the mono
nitro compounds, although exceptions are observed. Thus, 1,4-dinitrobenzene has a
five times higher response than 1,3-dinitrotoluene.

Mass spectrometric detection limits (signal-to-noise ratio = 3) were determined
for several compounds, as summarized in Table V. These detection limits were deter
mined on the Finnigan 4500 quadrupole instrument. It is conceivable that they would
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be one order of magnitude lower on modern sector field instuments. Whereas under
full scan E1 conditions an average detection limit of ca. 60 pg is achieved, the detec
tion limit is higher by a factor of 2-200 under PICI conditions (isobutane). On the
other hand, a substantial improvement in the detection limit is achieved under full
scan NICI conditions, ranging from 1 to 3 pg. Selective ion monitoring (SIM) using
time windows with ten masses lowers the detection limit to below 1 pg, and a single
mass can be monitored even at 0.05 pg.

If water samples are analysed for nitroaromatics by mass spectrometry, EI in
general will be the method of choice as under these conditions abundant structure
specific fragments are formed and library searches can be carried out. NICI has the
advantage of an at least ten times higher sensitivity and a substantially higher selec
tivity than EI and should be preferentially applied when traces of nitroaromatic
compounds are to be determined in a complex aqueous mixture.

Extraction
Four different methods for the extraction of nitroaromatics from water were

compared, viz., discontinuous liquid-liquid extraction with dichloromethane, contin
uous liquid-liquid extraction with dichloromethane, solid-phase extraction with
XAD resins and solid-phase extraction with octadecyl-, phenyl- and cyano-bonde:d
phases. Moreover, the influence of different pH values and salt additions (sodium
chloride) was studied. The most important results for the recovery of fifteen com
pounds are summarized in Table VI. The complete data are available on request.

The classical discontinuous extraction (separation funnel) with dichlorometh
ane leads to good recoveries [> 78%, relative standard deviation (R.S.D.) < 11%].
Lowering the pH to 2.5 or increasing the salt content to 10 gil NaCl does not influen
ce the recoveries significantly. If the compounds are present in the sample at concen
trations as low as 0.05 /lg/l, they can still be recovered to a large extent (> 70%)
although with higher R.S.D. Surprisingly, continuous extraction with dichlorometh
ane for 5 h leads to poorer recoveries. The recovery of 2-nitrophenol is poor with both
methods (46--49%). Poor recoveries were also observed for other ni trophenols.

Adsorption of nitroaromatic compounds on Amberlite XAD-2 and -4 resins
leads to good recoveries (>80%, R.S.D. <7%) except for 2-nitrophenol (36%) and
2,4-dinitroaniline (58%). The recovery can even be enhanced for some compounds by
using XAD-8. Solid-phase extraction (elution with dichloromethane) with phenyl- or
octadecyl-bonded phases leads to recoveries that vary strongly from compound to
compound. Although the recoveries are better with octadecyl- than phenyl-bonded
phases (leading also to lower R.S.D.s), there are several compounds with unaccept
ably low recoveries, such as nitrobenzene, 2-nitroaniline and 1,2-dinitrobenzene. The
recoveries are even poorer with cyano-bonded phases. Elution with other solvents
such as methanol or diethyl ether does not improve the recovery. The poor recoveries
observed for solid-phase extraction with phenyl- and octadecyl-bonded phases may
be at least partially due to irreversible adsorption on the phase. If, after use, the C I8

phase is extracted for 8 h with methanol in a Soxhlet the compounds with poor
recovery can be obtained, although not quantitatively.
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For the determination of the detection limit of the method, 1 I of water was
spiked with 5, 50 or 500 ng/I of seventeen nitroaromatic compounds, extracted by
adsorption with XAD-2 and -4 resins (l:l) and analysed by GC with ECD and TEA.
If ECD is employed nitroaromatics can be determined at a concentration of 50 ng/I
with recoveries comparable to those in Table VI and R.S.D. <9%. At 5 ng/I the
R.S.D. rises to 10-30%. Similarly, nitroaromatic compounds can be detected with
TEA with low R.S.D. « 10%) at a concentration of 500 ng/I, whereas 50 ng/l the
R.S.D. rises to 10-30%. In favourable cases, detection at a level of 10 ng/I is possible.
Thus, if the TEA detector is used the detection limit of the method is about one order
of magnitude higher than if ECD is used. The relatively poor detection limit of the
latter method is due to a substantial increase in the noise if a water sample is analysed.

Although TEA is less sensitive than ECD, compound assignment is more re
liable as TEA is much more specific for nitroaromatic compounds than ECD (see
below).

Analysis of surface water
A variety of surface waters were analysed for nitroaromatic compounds. Some

results are reported below and additional data are available on request. The nitroaro
matic compounds were extracted with Amberlite XAD-2, -4 and -8 resins (l: 1:1).
1-Chloro-2,4-dinitrobenzene and 2,2'-dinitrobiphenyl were added as internal stan
dards. The samples were chromatographed on both DB-17 and OV-225 columns. If

TABLE VI

RECOVERIES FOR THE EXTRACTION OF NlTROAROMATIC COMPOUNDS FROM WATER"

Compound

Nitrobenzenc
2-Nitrophcnol
3-Nitrotoluenc
I-Chloro-3-nitrobenzene
6-Chloro-2-nitrotoluene
1,4-Dichloro-2-nitrobenzene
4-Nitroanisole
2-Nitroaniline
1,2-Dinitrobenzene
1-Nitronaphthalene
4-Chloro-2-nitroaniline
Parathion ethyl
2,4-Dinitroaniline
2,4,6-Trinitrotoluene
I-Chloro-2,4-dinitrobenzene

Liquid-liquid Liquid~liquid

extraction (continuous)" extraction (discontinuous)'

Recovery (%) R.S.D. (%) Recovery (%) R.S.D. (%)

84 4 61 12
46 17 49 10
83 3 77 6

n.d! n.d.
78 6 66 II
97 5 86 5
94 9 82 3
91 7 74 8
93 5 78 4
92 5 78 6

105 6 89 3
104 6 91 4
94 II 55 9

n.d. n.d.
110 5 104 4

" Means of three determinations (relative to 2,2'-dinitrobiphenyl as internal standard, 2 j1g/1 per compound).
b pH 7.6 + 1 gil NaCI.
, pH 7.6 + 0.5 gil NaCI.
d pH 7.
e n.d. = not determined.
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Fig. 4. Gas chromatogram (TEA) of a water sample taken from a brook near Hirschhagen/Waldhof
(Hessia, F.R.G.). For peak assignment, see Table VII.

the retention times of unknown compounds coincide with those of reference com
pounds, the identification should be reliable, particularly if TEA is used.

Fig. 4 presents the chromatogram (obtained with TEA and a DB-5 column) ofa

XAD-2/4d XAD-8 d Phenyld C's
d

Recovery (%) R.S.D. (%) Recovery (%) R.S.D. (%) Recovery (%) R.S.D. (%) Recovery (%) R.S.D. (%)

93 3 97 5 7 30 18 15
36 10 <I <I <I
86 3 112 13 27 23 78 15
86 7 105 8 21 16 72 10

100 3 98 4 69 II 94 4
110 l 96 5 58 3 92 3
96 3 109 7 65 5 67 4
86 2 90 4 <I 16 3
80 5 89 5 13 18 23 7
85 4 99 3 100 5 104 4
97 3 91 6 25 14 74 9
96 5 109 8 80 II 103 7
58 20 88 4 <I 62 4
95 7 n.d. n.d. n.d.

102 4 99 107 104
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sample taken from a brook near Hirschagen/Waldhof (Hessia, F.R.G.) which rises in
an area where ammunition was produced in World War II. The chromatogram re
veals the presence of nitrotoluenes, dinitrotoluenes, trinitrotoluene and also several
methylnitroanilines. While the former compounds are the direct remains of the am
munition production which was terminated over 45 years ago, the latter compounds
are probably biodegradation products. The compound assignment was corroborated
by running the sample on an OV-225 column. As the brook is contaminated by
relatively few cOlppounds, analysis can be achieved reliably using ECD.

The brook is highly polluted by nitroaromatic compounds. Trinitrotoluene has
been observed at a concentration of 19 ltg/I. High concentrations of nitroaromatics
were also found in a second brook nearby and in the river Losse, into which these
brooks flow. The quantitative results are summarized in Table VII. Results obtained
with ECD and TEA usually agree to within ± 10%. As mentioned above, TEA leads
to substantial peak broadening at higher retention times, so that this part of the
chromatogram could not be used to identify compounds unequivocally. Thus, in
combination with GC-MS (both EI and NICI), 2,6-dinitro-4-aminotoluene and 2,6
diamino-4-nitrotoluene could be identified.

Nitroaromatic compounds were also detected in two ponds (1-10 m in depth)
(Pfauenteiche) near Clausthal-Zellerfeld (Lower Saxony, F.R.G.), which again are
located near a former ammunition plant closed after World War II. Fig. 5 shows the
chromatogram obtained with the TEA detector for one of these ponds (Unterer
Pfauenteich). In contrast to the sample in Fig. 4, where dinitrotoluenes and trinitro
toluene dominated, mononitrotoluenes were more abundant in this sample. 2-Nitro
toluene was found at a concentration of 22 pg/1. Again, several methylnitroanilines
were observed, which are probably biodegradation products. Small amounts of di
nitrotoluenes were also found in the river Oder near Bad Lauterbach. The concentra
tions were near the detection limit (TEA). Table VIII summarizes these results. In
addition, with GC-MS 2,6-diamino-4-nitrotoluene and 2,6-dinitro-4-aminotoluene
were identified.

TABLE VII

CONCENTRATIONS OF NITROAROMATIC COMPOUNDS IN TWO BROOKS AND THE RIV
ER LOSSE NEAR HIRSCHAGEN/WALDHOF

No. Compound Concentration (Ilg/I)

1
2
3
4
5
6
7
8
9

10
II

2-Nitrotoluene
3-Nitrotoluene
4-Nitrotoluene
2,6-Dinitrotoluene
2,4-Dinitrotoluene
5-Methyl-2-nitroaniline
2-Methyl-3-nitroaniline
3,4-Dinitrotoluene
2-Methyl-5-nitroaniline
2,4,6-Trinitrotoluene
2-Methyl-4-ni troanili ne

Brook I

7.4
0.9
4.5
7.6

13.0
6.7
2.5
0.8
1.2

19.0
0.4

Brook II

0.4
0.1
0.3
4.1
3.1
3.5
0.5
0.5
0.3

12.0
0.1

River Losse

1.2
0.1
0.4
0.1
0.5
0.2

<0.03
<0.03

0.3
0.7
0.1
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Fig. 5. Gas chromatogram (TEA) of a water sample taken form a pond near Clausthal-Zellerfeld (Lower
Saxony, F.R.G.). For peak assignment, see Table VII.

Samples from several rivers in F.R.G. were analysed for nitroaromatic com
pounds. Fig. 6 compares the chromatograms of a sample from the Elbe (near Lauen
burg) obtained using ECO (top) and TEA (bottom) on a 08-5 column. A variety of
nitroaromatic compounds can be identified. Table IX summerizes the quantitative
results. Compound assignment was again verified by running the sample on a second
column (OY-225). As the river Elbe is a highly polluted surface water which contains
many ECO-sensitive compounds, compound assignment and quantification based on
the ECO chromatogram alone is not reliable. With ECO, a five times higher concen
tration of 2-nitrotoluene (as compared with TEA) was determined in this sample. In

TABLE VIlI

CONCENTRATIONS OF NITROAROMATIC COMPOUNDS IN TWO PONDS AND THE RIVER
ODER (HARZ)

No. Compound Concentration (ltg/I)

I
2
3
4
5
6
7
8
9

10
JI

2-Nitrotoluene
3-Nitrotoluene
4-Nitrotoluene
2,6-Dinitrotoluene
2,4-Dinitrotoluene
5-Methyl-2-nitroaniline
2-Methyl-3-nitroaniline
3,4-DinitrotoJuene
2-Methyl-5-nitroaniJine
2,4,6-Trinitrotoluene
2-Methyl-4-nitroaniline

Unterer
Pfauenteich

22.0
1.5
4.8
0.3
1.2
0.8
0.7
0.1
0.2
0.5

<0.01

Mittlerer
pfauenteich

0.4
0.1
0.2
0.07
0.8
0.5
O.J
0.1
0.2
0.5

<0.01

River
Oder

<0.01
<0.01
<0.01

0.02
0.02

<0.01
<0.01
<0.01
<0.01
<O.OJ
<0.01
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contrast, the much higher selectivity of the TEA detector allows a safe assignment of
nitroaromatic compounds if reference compounds are available (The TEA chroma
togram in Fig. 6 reveals the presence of an additional major unknown compound for
which a reference compound was not available). With GC-MS the results in Table IX
could also be corroborated.

CONCLUSIONS

Nitroaromatic compounds can be extracted from aqueous samples with high
recoveries by liquid-liquid extraction with dichloromethane or by adsorption on
Amberlite resins, while lower and strongly varying recoveries are found if solid-phase
extraction with phenyl-, octadecyl- or cyano-bonded phases is employed. As a result
of their high electron affinities, nitroaromatic compounds can be determined with
high sensitivity by GC using ECD. If, however, highly polluted surface water is to be
investigated, ECD is not sufficiently selective for an unambiguous compound assign
ment. In contrast, a chemiluminescence detector (TEA) is much more selective for
nitro compounds, allowing a reliable peak assignment if reference compounds are
available. The major disadvantage of the chemiluminescence detector is its lower
sensitivity (compared with the electron capture detector), which precludes the analy
sis of weakly polluted water. Definite compound assignment can usually be achieved
with GC-MS, where NICI is more sensitive and selective than EI, but gives fewer
structure-specific fragments.

Some nitrophenols have also been studied. However, the analysis has not been
optimized for this specific class of compounds, for which poor recoveries were ob
served with extraction as described above.
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ABSTRACT

A highly sensitive and specific assay was developed for the determination of clenbuterol in bovine
plasma and tissues. Clenbuterol and the internal standard r>HgJclenbuterol were measured by gas chroma
tography-negative-ion chemical ionization mass spectrometry with methane as the reagent gas. Bovine
tissues including muscle, liver, heart, kidney, lung, suet, brain, spinal cord and thymus were ground in a
buffer of pH 7 and then extracted using ethyl acetate. After two subsequent purification steps, the cleaned
up organic extract was derivatized with pentafluoropropionic anhydride. The mass spectrometer was set to
monitor the abundant ions m/z 368 and 377 of the perfluoroacyl derivatives. This assay was performed with
I ml of plasma or 0.2 g of tissue. The feasibility of this method was demonstrated by the determination of
clenbuterol residues as the femtomole level in a variety of tissues.

INTRODUCTION

Many drugs (hormones, antibiotics, anabolic agents) including clenbuterol are
widely administered to farm animals for health reasons or to improve meat
production. Clenbuterol {4-amino-a-[(tert.-butylamino)methyl]-3,5-dichlorobenzyl
alcohol hydrochloride} is a broncholytic agent normally used in humans for the
treatment of asthma [1]. This potent sympathomimetic drug with selective activity on
adrenergic 1l2-receptors is also used in veterinary medecine as bronchorelaxant and
tocolytic agent. More recently, clenbuterol has been suggested as a bovine growth
promotant and is currently, but illegally, used in many countries. Because the active
dose is very low and the apparent distribution volume relatively high, the resulting
plasma and tissue concentrations of clenbuterol following oral administration of the
drug are in the parts per trillion (ppt) range.

The determination of a substance present at the femtomole level in complex
biological matrices is a tremendous challenge. In order to investigate correctly the
pharmacokinetic behaviour of clenbuterol involving absorption, distribution and
elimination of the drug, and to monitor the residue levels in tissues intended for human
use, a reliable and robust method is I:equired.

As far as law is concerned, the maximum residue level (MRL) allowed in animal

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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products is zero. Obviously, the MRL is based on the detection limit of the most
sensitive analytical method available. Hence the zero level is greatly dependent on the
procedure used to quantify, with sufficient specificity and sensitivity, the residue levels
ofcompounds which are most often present in the lower parts per billion (ppb) range in
complex matrices.

Most sympathomimetic drugs have been identified or measured in biological
fluids by techniques such as high-performance liquid chomatography (HPLC) [2-9],
gas chromatography-mass spectrometry (GC-MS) [10-24] or radioimmunoassay
(RIA) [25]. High-resolution capillary GC-MS remains the method of choice for the
determination ofclenbuterol. We have previously reported an isotope dilution method
using negative-ion chemical ionization (NICI) mass spectrometry with methane as the
reagent gas for the precise and accurate determination of small amounts ofclenbuterol
following oral administration of the drug to healthy volunteers [26-28]. This assay was
performed with 1 ml of plasma or 0.5 ml of urine. The extracts were reacted with
pentafluoropropionic anhydride at ambient temperature. The perfluoroacyl deriva
tives gave rise to characteristic ions ofmlz 368 (clenbuterol) and 377 ([2H 9]clenbuterol)
which were recorded by selected ion monitoring.

This assay has been successfully adapted to the determination of clenbuterol in
bovine plasma and tissues. A study protocol was designed in order to generate a range
of levels that illustrates the distribution of clenbuterol in a variety of bovine samples.
The feasibility of this highly sensitive and specific assay was demonstrated by
preliminary results on the determination of clenbuterol in bovine plasma and tissues
from 12 animals receiving oral treatment with clenbuterol.

EXPERIMENTAL

Chemicals
Chemical standards were kindly supplied by Chiesi Farmaceutici Laboratories

(Parma, Italy). All solvents and reagents were of analytical-reagent grade from Merck
(Darmstadt, F.R.G.) and were used without further purification. Pentafluoropro
pionic anhydride (PFPA) was obtained from Pierce (Rockford, IL, U.S.A.).

All glassware was cleaned with a mechanical scaling brush, then left overnight in
CrOr H 2S04 and finally rinsed with doubly distilled water. The PTFE caps of the
tubes were also carefully cleaned to avoid any subsequent sample contamination.

Calibration graphs
Stock solutions of clenbuterol and [2H 9]clenbuterol (internal standard) were

prepared by dissolving each of the pure reference compounds in methanol in order to
achieve a primary concentration of 0.1 mg ml-1

. Secondary standard solutions,
obtained by appropriate dilutions with distilled water, were protected from light by
aluminium foil and stored at 4°C until used.

Aliquots of 1 ml of drug-free human plasma were fortified with 50 ,ul of a lOng
ml-1 [2H9]clenbuterol solution in water and various amounts of clenbuterol ranging
from 5 to 250 pg ml-1

. For tissue samples (0.2 g) the added amount of internal standard
was the same as for the plasma specimens and a calibration graph was constructed
from 10 to 500 pg g-l. Blank samples were prepared in a similar way by spiking 1 ml of
control plasma (or 0.2 g of tissue) only with the internal standard solution.
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Extraction from plasma samples
Plasma samples (l ml), spiked as stated above with [2Hg]clenbuterol, were

placed in 20-ml screw-capped tubes with 1 ml of 2 M sodium hydroxide solution
buffered at pH 12 with sodium hydrogencarbonate. After brief mixing, 6 ml of ethyl
acetate were added to each tube. The extraction procedure was conducted over
a 10-min period using a reciprocating shaker and the tubes were then centrifuged at
1600 g for 5 min. The organic layer was transferred into a lO-ml screw-capped tube
containing 1 ml of 0.2 M sulphuric acid. After extraction and centrifugation as
described, the organic solvent was removed under vacuum. The remaining aqueous
phase was purified with 4 ml of ethyl acetate-hexane (2:1, v/v). Following a brief
extraction and centrifugation, the upper organic layer was discarded. The sulphuric
acid phase was made alkaline with 1 ml of 2 M sodium hydroxide solution and then
extracted with 5 ml of ethyl acetate. The organic solvent was decanted into a 10-ml
Quickfit glass tube and evaporated to dryness under nitrogen at 40°C.

Extraction from tissue samples
Tissue samples (0.2 g) were accurately weighed and placed in a 20-ml glas tube

with 3 ml ofa Sorensen buffer (pH 7) and 500 pg of [2Hg]clenbuterol. Each sample was
homogenized for 1min using a Polytron tissue grinder powered by an overhead stirrer.
The tubes were centrifuged for 15 min at 1800 g and the supernatant was decanted in
another 20-ml screw-capped tube. The aqueous phase was made alkaline with 1 ml of
2 M sodium hydroxide solution and then extracted for 10 min with 6 ml of ethyl
acetate. The samples were then purified as described above for plasma.

Derivatization procedure
In order to eliminate moisture, the inner sides of the vials were rinsed with 100,ul

of acetone, previously dried over anhydrous sodium sulphate. The acetone was
evaporated and 40,u1 ofPFPA were added to the residue in the vials, which were then
tightly capped and allowed to stand at room temperature until analysis. A l-,ul aliquot
of the derivatization mixture was injected into the gas chromatograph-mass spec
trometer.

Precision, accuracy and limit of detection
To assess. the precision and accuracy of the method for plasma samples,

repeatability assays were carried out at four concentrations (5, 20, 100 and 200 pg
ml- i

). The spiked plasma samples were analysed on the same day by the same person
and for each concentration level the relative standard deviation and mean percentage
error were calculated.

The limit ofdetection (LaD) was defined as the lowest detectable concentration
yielding a signal significantly higher than that of ]rlank control specimens [27-30].
First, to calculate the LaD of the method~ repeatability assay was performed with ten
blank plasma samples. The mean signal (Ybl ) eventually observed at the retention time
of clenbuterol and the associated standard deviation (Sbl) were used to calculate
a theoretical value of the detection limit. Then, a repeatability assay was carried out
with ten replicate plasma samples spiked a~ a concentration corresponding to this
theoretical dete~tion limit. The mean signal (YLOD) was statistically compared with the
mean signal (Yb1) obtained with the blank samples. After testing the variance



44 1. GlRAULT, 1. B. FOURTILLAN

homogeneity (p<0.001), a t-test or a Wel~h test was applied in order to demonstrate
that f LOD was significantly higher than Ybl (p < 0.05).

The precision and accuracy of the method for tissue samples were also
investigated at two concentrations, 20 and 200 pg g-l, of c1enbuterol. The tissue
samples were analysed as described above.

GC-MS analysis
The method was developed on an HP 5985 B gas chromatograph-mass

spectrometer operated under the SIDS operating system. GC was carried out on
a fused-silica capillary column (25 m x 0.35 mm 0.0.) wall-coated with OV-170 I. The
film thickness and J.D. of the column were 0.11 J1m and 0.22 mm, respectively.

Samples were injected with a falling needle injector with helium as the carrier gas
(inlet pressure 14 p.s.i.). The injection port was maintained at 290°C. The oven
temperature was raised from 180 to no°c at 8°C min- l and from 230 to 290°C at
20°C min-I.

One end of the capillary column was connected to the glass solid injector I mm
from the bottom of the moving needle. The other end was introduced directly near the
ion source of the mass spectrometer via a 1/16-in. stainless-steel transfer line, the
temperature of which was held at 280°C.

The GC-MS system was operated in the NICI mode with an electron energy of
100 eV, an emission current of300 J1A and an ion source temperature of 180°C. Prior to
the analysis, the instrument was tuned in the NICI mode using the fragments of m/z
414, 595 and 633 from the perfluorotributylamine calibrant gas. The reagent gas
methane was admitted via a gas-flow controller to an indicated ion source pressure of
about 0.8 Torr.

The NICI mass spectra of c1enbuterol and [2H 9]c1enbuterol perfluoroacyl
derivatives were recorded during a GC run by scanning the quadrupole mass filter
repetitively every 1.1 s from m/z 250 to 450. Determination of c1enbuterol was
performed by focusing the instrument in the single-ion monitoring mode in order to
measure the fragments of m/z 368 (c1enbuterol) and 377 (internal standard). The dwell
time was 100 ms for each mass range.

Quality controls
Throughout the study quality controls were supplied blind to the analyst by

spiking blank plasma and tissue samples with known amounts of c1enbuterol. The
experimenter in charge of the assay ignored the theoretical concentration of these
samples, prepared independently by a technician who did not participate in the study.
The standard solutions used to spike the control specimens were different from those
used to obtain the calibration graphs. The quality control samples were stored at
- 20°C until analysis. Two samples were assayed each day together with the real life
samples collected during the pharmacokinetic study. After calculating the results, the
absence of any systematic bias in the assay of c1enbuterol was controlled. For that
reason, a regression analysis was carried out by plotting the found versus the
theoretical values. The slope and intercept were then statistically compared with the
theoretical values of 1 and 0, respectively, using a Student's t-test.
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Drug administration
Twelve Holstein calves received an oral treatment with clenbuterol and during

the administration period plasma and urine samples were collected for pharmaco
kinetic analysis. The calves were subseq uently slaughtered and different tissues were
collected. All plasma and tissue samples were stored frozen ( - 20G C) until analysis.
Twelve other calves that did not receive c1enbuterol were used as control animals.

RESULTS AND DISCUSSION

Sample pretreatment and analysis
The samples must be carefully purified to remove endogenous substances that

could interfere during the selected ion monitoring determination of clenbuterol. The
multiple-step extraction process leads to a "clean" residue devoid of most impurities.
Owing to the use ofa glass solid injector and despite this long sample pretreatment, the
laboratory throughput can be up to 40 samples per day. The moving needle injection
techniq ue, which is very protective for the capillary column, allows an initial oven
temperature that is much higher than that required for other sample inlets such as
splitless or on-column injectors.

Under the analytical conditions adopted, the retention times of clenbuterol and
[2H g]clenbuterol were 5.22 and 5.16 min, respectively. The two chromatographic
peaks followed a Gaussian distribution and each derivative was totally eluted from the
column in less than 4 s. The peak width at half-height was ca. 1.3 s. A dwell time of0.1
s per mass unit led to a minimum of 18 measurements for each analyte.

Derivatization procedure
The determination of underivatized clenbuterol is unsuitable owing to the

presence of hydroxy and amino groups, which are mainly responsible for tailing peaks
in Gc. We have already proposed to derivatize clenbuterol and the internal standard
with hexamethyldisilazane (HMDS) [31,32]. This silylating reagent gave a low
chemical background with highly volatile by-products. The extracts were heated with
30 III of HMDS for I h at 80°C. A faster derivatization step yielded low sensitivity and
poor reproducibility, with the formation of small amounts of reaction products.
Moreover, the O-trimethylsilyl ether derivative ofclenbuterol was prone to hydrolysis:
glassware and solvents were carefully protected from moisture in order to hinder this
interfering reaction process.

We have now developed another derivatization procedure that offers a more
favourable starting point for a highly sensitive and specific assay ofclenbuterol. Under
the mild conditions applied, clenbuterol and [2H g]clenbuterol reacted completely with
PFPA. A subsequent study of this derivatization process has shown that, at ambient
temperature, the hydroxy and amino groups of the side-chain were acylated with
PFPA to give the dipentafluoropropionyl derivative. Because of the immediate loss of
one PFP substituent in the reaction medium followed by internal dehydration, the final
and highly stable reaction product was the monosubstituted derivative.

When the reaction temperature was raised, the 4-amino function also reacted
with PFPA, and another chromatographic peak corresponding to the disubstituted
derivative was observed. From a quantitative point of view, this reaction at higher
temperature was not reproducible and the relative proportions between the two
products differed day by day.
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The molecular ions of m/z 404 and 413 are present with a relative intensity of
about IS %. The two spectra are similar except for a mass shift of 9 u for most of the
ions. The loss of one 36 u fragment ([M - Hew) from the molecular ions could
proceed from internal cyclization and gave rise to the base peaks observed at m/z 368
and 377. These two ions successively undergo the elimination of tert.-butyl and amino
groups, leading to the formation of the ions of m/z 312, 313 and finally 297.

Calibration graphs
The seven-point plasma calibration graphs obtained each day of the assay by

plotting the peak-area ratios of m/z 368 and 377 versus known plasma concentrations
of clenbuterol were straight lines (r = 0.9998) over the concentration range 5-250 pg
ml- I

. The slopes of the plasma calibration curves were reproducible from day to day,
with a relative standard deviation of less than 4%. The least-squares regression
analysis passed near the origin, with a mean intercept value close to zero.

The corresponding tissue calibration graphs were linear over the concentration
range 10-500 pg g-l for each tissue tested.

Precision and accuracy
The yield of the extraction was ca. 80% and all sources of variability were

considerably reduced owing to the use of a stable isotopically labelled analogue as the
internal standard. The relative standard deviations were less than 4% and the mean
percentage error ranged from -1.9 to + 0.2% for clenbuterol plasma concentrations
between 20 and 200 pg ml-1 (Table I).

The precision and accuracy of the method were also tested with bovine tissue
samples at two different concentrations. The relative standard deviations were 9.0 and
7.3%. The mean percentage error ranged from -5.5% to +6.4% for tissue spiked
with 20 and 200 pg of clenbuterol (Table II).

Limit of detection
A signal-to-noise ratio ;;, 2.5 is commonly used as a criterion for a significant

response. Unfortunately, even if the low electronic noise is relatively constant day by
day, the same does not apply to the chemical background, which is sometimes very
different from one determination to another. This is principally due to the sample
itself, the solvents, the glassware and/or the chromatographic system. In order to take

TABLE I

PRECISION AND ACCURACY OF THE CLENBUTEROL ASSAY PROCEDURE FOR PLASMA
SAMPLES

Theoretical n Mean observed S.D. R.S.D. Error
concentration concentration (%) (%)
(pg ml-1) (pg ml-1)

200 10 196.27 5.89 3.0 ~ \.9

100 5 99.30 3.41 3.4 -0.7
20 5 20.03 0.74 3.7 +0.2

5 10 4.78 0.61 12.8 ~4:3
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TABLE II

PRECISION AND ACCURACY OF THE CLENBUTEROL ASSAY PROCEDURE FOR TISSUE
SAMPLES

Theoretical 11

concentration
(pg g-l)

200 10
20 10

Mean observed S.D. R.S.D. Error
concentration ('Yo) ('Yo)
(pg g-l)

212.7 15.6 7.3 +6.4
18.9 1.7 9.0 -5.5

into account all of these soures of vanatlOn, we have developed a statistical
determination of the detection limit based on the results obtained after GC-MS
analysis of ten different blank plasma extracts. The mean signal ± S.D. (1.3482
± 0.1114) calculated from the repeatability assay performed at 5 pg ml-1 was
significantly different (p < 0.001) from that observed with the ten blank specimens
(0.4320 ± 0.0602). Owing to the .relative standard deviation (12.8%) and mean
percentage error (-4.3%), a 5 pg ml-1 concentration level was validated as the
detection limit of the method for plasma samples.

For tissue samples the limit of detection was 10 pg g-l . A representative selected
ion chromatogram obtained after GC-MS analysis ofa blank tissue specimen (kidney)
is shown in Fig. 2. As examplified by this chromatogram, no interference from
endogenous compounds was observed in the single-ion monitoring of the fragment of
m/z 368.

DiIiD 6004

50

37

miNiR

2729

10 20 30 40 50 60 70 80 90 100 110 120

Fig. 2. Representative mass chromatogram obtained from a control kidney specimen (0.2 g) spiked with 500
pg of [2H glc1enbuterol.
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Results for control tissue samples (back muscle and spinal cord), spiked with 10
and 250 pg of c1enbuterol, respectively, are presented in Fig. 3.

Quality controls
Quality control analysis (n = 36).showed that the found concentrations were
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Fig. 3. Selected ion monitoring traces obtained from (a) a back musele fortified with to pg ofclenbuterol and
(b) a spinal cord specimen spiked with 250 pg of clenbuterol and 500 pg of [2H glclenbuterol.
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Fig. 4. Distribution of clenbuterol in different target tissues measured after oral administration orthe drug.

correlated with the theoretical values (r = 0.999). A Student's t-test was carried out in
order to demonstrate that the slope and intercept of the regression analysis were not
significantly different from the theoretical values of 1 and 0, respectively, at
a probability level of 95% for n - 2 degrees of freedom.

The values of tslope = 1.312 and tintercept = - 0.289, were lower than the limit
(1.960) of the !-table. Consequently, this assay was applied to the quantitative
measurement of clenbuterol without any constant of proportional systematic error.
The mean difference between the theoretical and actual values was 5.2% for
clenbuterol plasma concentrations ranging from 0 to 250 pg ml- 1

.

Distribution of clenbuterol in target tissues
The levels observed in different tissues are summarized in Fig. 4. The factor I was

arbitrarily assigned to plasma and the other tissues were calculated on this basis.
Clenbuterol is a f32-agonist drug initially used for the treatment of asthma in

human, which is why the lungs normally contained the highest levels of clenbuterol.
High concentrations of clenbuterol were also measured in liver, kidney and thymus,
where the affinity of the drug for the f31-adrenergic receptors of the heart was of minor
importance. The muscles and the suet contained the lowest levels of clenbuterol.
Clenbuterol is a lipophilic compound crossing the blood'---brain barrier; relatively high
levels of this drug were observed in the brain and spinal cord.

These results were in good agreement with those obtained previously when we
compared the distribution of clenbuterol and salbutamol after intravenous ad
ministrations of the two drugs to six dogs [31,32].

CONCLUSION

The correct pharmacokinetic behaviour and the distribution of clenbuterol in
target tissues can only be achieved if accurate and precise analytical data are obtained.
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The method used to determine clenbuterol in biological matrices should be carefully
optimized, so that the reliability of the analytical procedure depends greatly on the
criteria used to validate the assay. The isotope d~ution mass spectrometric assay
described here afforded a sensitive and specific technique for measuring clenbuterol at
the femtomole level in plasma and tissue. The monopentafluoropropionyl derivative
of clenbuterol gave an intense signal and when the fragment ofm/z 368 was monitored
under NICI conditions the detection limit of this assay was 5 pg ml- l

. The relative
standard deviations and mean percentage errors calculated during the different
repeatability assays demonstrated' that, even around this limit of detection, the
precision and accuracy of the method were suitable for routine analysis for
clenbuterol.

This method was successfully applied to the analysis of bovine tissues including
muscle, liver, heart, kidney, lung, suet, brain, spinal ,cord and thymus after the
administration of an oral dose of clenbuterol to twelve calves. This assay has been
routinely applied for 4 years in many pharmacokinetic and bioavailability studies
following oral or intravenous administration of clenbuterol to humans or animals.
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ABSTRACT

Values of the height equivalent to a theoretical plate (HETP) were determined for the adsorption of
several hydrocarbons by the petroleum pitch-based superactivated carbon AX21 over the temperature
range 90-120T. [t was found that the HETP values were independent of both the adsorptive and the
temperature of measurement. This surprising result is interpreted in terms of a very high degree of in
terconnectivity of the micropore structure ofAX21. It is also cone! uded that considerable caution is
required in interpreting micropore diffusivities determined from gas chromatographic measurements.

INTRODUCTION

Gas chromatography (GC) can provide a convenient and effective technique for
the study of the physical adsorption of gases by microporous solids [I], provided that
certain conditions are fulfilled. For instance, it is important to ensure that all
contributions to band spreading arising from sources other than adsorption itself are
minimized. As part of the (unpublished) preliminaries to our previous work [2-4], this
was checked by making use of the well known Van Deemter equation [5]:

h = A + Bju + Cu (I)

where h is the height equivalent to a theoretical plate (HETP), defined as the peak
variance per unit column length [6], and uis the linear velocity of the carrier gas. The
coefficients A, Band C account for eddy diffusion, molecular diffusion and resistance
to mass transfer, respectively [7]. Ideally, GC measurements at infinite dilution should
be made at flow-rates corresponding to the minimum in the Van Deemter plot.

For most of the adsorbents that we studied previously, the HETP values were
found to vary with flow-rate, column temperature a11d molecular weight of the
adsorptive in the expected manner [1,7,8]. The most notable exception was the

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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superactivated carbon AX21, for which the more detailed results given here were
subsequently obtained.

EXPERIMENTAL

GC measurements were made using a Perkin-Elmer Model 8310 gas chromato
graph fitted with a flame ionization detector. The carrier gas was helium at flow-rates
of 10-50 cm3 (STP) min -1. Measurements were made mainly over the temperature
range 90-210°C. More complete details of the experimental procedure were given
previously [3,4], Linear carrier gas velocities were calculated from [7]

(2)

where L is the column length and t m the gas hold-up time (determined using hydrogen).
The HETP was calculated from [7]

h = (L/5.545)/(d/z)2 (3)

where d is the peak width at half-height and z is the distance to the peak maximum.
The adsorbent AX21 is a petroleum pitch-based active carbon of exceptionally

high adsorption capacity manufactured by Anderson Development (Adrian, MI,
U.S.A.). Its micropore volume is 1.5 cm 3g- 1 contained in pores of width up to 2
nm [9,10]. For purposes of comparison, some results are also presented for
chromatographic measurements carried out using Carbosieve, which is a polymer
based molecular sieve carbon manufactured by Supelco (Bellefonte, PA, U.S.A.) and
supplied by Bioscan (Canvey Island, U.K.). Its micropore volume is 0.43 cm3g- 1

contained predominantly in pores of width < 0.8 nm [9,10].
The chromatographic columns were made from 2 mm 1.0. aluminium tubing of

length 30 cm for AX21 and 29 cm for Carbosieve. The particle size and weight of
adsorbent in the column were 210-360 pm and 0.6091 g for AX21 and 105-125 pm and
0.7769 g for Carbosieve.

RESULTS

Van Deemter plots for the adsorption ofeight saturated hydrocarbons by AX21
at column temperatures of 150 and 210°C are shown in Figs. 1 and 2. Also shown in
Fig. 1 are results obtained for the adsorption of methane by Carbosieve. The latter are
in accordance with the general form of eqn. 1: as ii is increased the HETP initially
decreases fairly rapidly, reaches a minimum and then begins to increase again at higher
flow-rates. On the other hand, it is evident that, under the conditions of the
experiments carried out using AX21, only part of the curve, corresponding to the terms
in A and B, was determined. The most remarkable feature of the Van Deemter plots for
AX21 shown in Figs. 1and 2, and also those obtained at other column temperatures, is
that they appear to be independent of both the adsorptive and the temperature of
measurement.

HETP values for AX21, averaged over all temperatures, are plotted as a function
of l/ii in Fig. 3. Also indicated is the spread of values obtained at different
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Fig. 3. Variation of HETP with reciprocal of linear carrier gas velocity, Iju, for AX21 at temperatures
between 90 and 210°C and for all adsorptives studied. The spread of HETP values at each temperature is
indicated.

temperatures. At I/u = 0.62 s em -1 (corresponding to u = 1.61 em s -1 and off-scale
on Figs. I and 2), the HETP value tends to decrease as the molecular weight of the
adsorptive increases, which would be expected if gas-phase diffusion was making
a significant contribution to band spreading [7,8]. At higher flow-rates, however, the
spread of HETP values at each value of I/u appears to arise solely as a result of
experimental uncertainty.

If the term in C in eqn. 1 is neglected, an estimate of the values of A and B can be
obtained from the intercept and slope of the straight line drawn in Fig. 3. The results
obtained are A = 0.32 mm and B = 0.35 cm 2 s-1. Typical values for A reported in the

TABLE I

LIMITING ISOSTERIC HEATS OF ADSORPTION, q~, OF HYDROCARBONS BY AX21

Adsorptive q~ Adsorptive q~
(kJ mol-I) (kJ mol-I)

Ethane 28 Isobutane 49
Propane 39 Neopentane 57
Butane 52 Cyclohexane 66
Pentane 63
Hexane 75
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literature [1,7,8, 11,12] are 1-2 mm. The lower value obtained here is consistent with the
very low HETP values observed at al1 flow-rates.

Specific retention volumes were calculated from the data in the manner
described previously [2--4] and were found to be independent of the flow-rate and the
amount of adsorptive injected. The plots of In Vg VS. liT were found to be linear and,
from the slopes of the plots, the limiting isosteric heats of adsorption given in Table
I were determined.

DISCUSSION

The most remarkable feature of the results is that the HETP values for AX21
appear to be independent of both the adsorptive and the temperature. This indicates
that the adsorptive molecules cannot have spent much time in the gas phase and that
adsorption must therefore have occurred extremely rapidly. It might be thought that
the results also indicate that molecular diffusion through the micropore structure was
very rapid. However, in view of the magnitude of the heats ofadsorption given in Table
I, it is likely that this interpretation is oversimplified.

Previous work [3,9,10] has shown that although a high proportion of the
micropores of AX21 are of width between 1 and 2 nm, there are also present
a significant number of narrower micropores. Little, if any, enhancement in the heat of
adsorption would be expected in the wider micropores [13] and it therefore seems
reasonable to assume that diffusion of molecules through these pores could occur
rapidly. In narrow micropores, on the other hand, it is wel1 known that the heat of
adsorption will be enhanced [3,4, 11,13,14] and, further, that elevated temperatures will
generally be required to bring about complete desorption of higher molecular weight
adsorptives such as neopentane or nonane [15]. Hence, even at the comparatively high
temperatures used here, some restriction on the mobility of the adsorbed molecules
might have been expected. It is not possible to state with certainty the reason why this
effect was not detected by our GC measurements. However, it is possible that the
absence of this effect may arise, in part, as a result of a very high degree of
interconnectivity of the micropore structure of AX21.

Results obtained using, for example, porous silicas [1], have shown that
a decrease in particle size affects the Van Deemter plot in the following ways: HETP
values decrease; curves for different adsorptives come closer together; the minimum
shifts to higher u; and the plot tends to become flat, or nearly so, at high u.
Complementary results have also been obtained with, for example, steam-activated
coconut shell charcoals [11]. The origin of these changes lies in an increase in the
accessibility of the internal pore structure as the particles become smal1er [1]. Our
results for AX21 may represent a limiting case in which the combination of small
particle size and a high intrinsic degree of interconnectivity result in the whole of the
pore structure being freely accessible.

If this is so, then adsorption ought to occur readily in those micropores which
give the highest isostetic heat of adsorption, q~. Bearing in mind that the enhancement
in q~, in comparison with that obtained on a non-porous surface, depends on the ratio
of micropore width to molecular diameter [13], it fol1ows that adsorptive molecules of
different size wil1 tend to adsorb preferential1y in slightly different parts of the
micropore structure. This argument supports previous conclusions [3] that the results
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ofGC measurements carried out at infinite dilution are not representative of the entire
micropore structure, but are weighted in favour ofcertain groups of pores (or possibly
certain active sites, in the case ofspecific physisorption [4]). One corollary of this is that
considerable caution is required in interpreting diffusivities obtained from, for
example, the coefficients of the Van Deemter equation.
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ABSTRACT

Two gas chromatographic procedures for the determination of a variety of substituted phenols in
water samples are described. The phenols were extracted or extracted-derivatized by using a continuous
liquid-liquid extraction-derivatizaton system and quantified with flame ionization detection. Ethyl acetate
was found to be the most efficient solvent for phenols whereas II-hexane yielded essentially the same
recoveries for derivatized phenols. Between 0.1 and 300 mg/l of the different phenols can be detected with a
relative standard deviation 1.1 and 3.7%. The acetate esters of six phenols were formed by the direct
addition of acetic anhydride to the organic extractant. The stable acetate esters thus formed were isolated
by using a standard dimethyl polysiloxane gas chromatographic column.

INTRODUCTION

Phenol compounds enter the environment in various ways: directly, as industrial
effluents, and indirectly, as conversion products from natural and synthetic chemicals,
including pesticides. These compounds, and particularly chlorophenols, possess odour
and taste-spoiling properties [1--4] which makes it desirable to establish their
concentration levels in the environment. Methods for the determination of trace
phenol pollutants in aqueous samples generally include an extraction and/or
concentration step prior to their separation and quantification by gas chromato
graphy. The concentration step in most commonly accomplished by direct solvent
extraction [5-13] or by adsorption and subsequent elution [14-16]. Because of the high
polarity and low vapour pressure of phenols, a derivatization step is often used in their
analysis to improve the chromatographic performance and, occassionally, more
efficient extraction from aqueous samples. Reagents such as 1-fluoro-2,4-dinitro
benzene [17,18], heptafluorobutyrylimidazo1e [19], diazomethane [20], silanizing
agents [21-24], pentafluorobenzoyl derivatives [25,26] and acetic anhydride [26,27-33]
have been employed for this purpose. However, derivatization has some drawbacks
such as the additional errors that it introduces. Sterically hindered phenols may react
incompletely and partial decomposition of derivatives may occur during their storage.
Moreover, many reagents used for derivatization are toxic, carcinogenic or explosive
[34,35].

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



60 E. BALLESTEROS, M. GALLEGO, M. VALCARCEL

Flow-injection techniques have also been employed for the determination of
phenols. Thus, phenol was analysed for in waters by using liquid dialysis for isolation
prior to its photometric detection [36]. The standard photometric 4-aminoantipyrine
method has been automated for the determination of pentachlorophenol from
conventional and stopped-flow measurements [37]. Electrochemical techniques have
also frequently been used with flow systems for the determination of phenolic
compounds [38-40].

The only method using a modified steam-distillation extraction device for the
continuous extraction and preconcentration of phenol, 0-, m- and p-cresols and 2,6-,
2,5-,3,5-,2,3- and 3,4-xylenols was reported by Curvers et al. [41]. Subsequent analysis
was carried out by gas chromatography on a instrument equipped with a glass
capillary column coated with OV-1 with helium as carrier gas. The relative standard
deviation was 3% for ethyl acetate extractant.

The aim of this study was to overcome the drawbacks posed by operations
preceding sample introduction in gas chromatography (GC) (e.g., decrease sample
manipulations, prevent solvents and derivatizing reagents from coming into contact
with air and the operator). This was accomplished by using a continuous liquid-liquid
extractor allowing the simultaneous extraction and derivatization of various phenolic
compounds. By optimizing all the experimental variables involved in the system
a method was developed that combines the efficiency of extraction and the sensitivity
and selectivity of Gc. The performance of the continuous extraction-derivatization
system was studied by using phenols, cresols and chlorophenols. The acetate esters of
six phenol compounds were obtained by adding acetic anhydride to the n-hexane
extractant used.

EXPERIMENTAL

Apparatus
A Hewlett-Packard 5890 A gas chromatograph furnished with a flame

ionization detector was used. Chromatographic assays were performed on a 10 m x
0.53 mm J.D. dimethyl polysiloxane (film thickness 2.65 /lm) coated fused-silica
column obtained from Hewlett-Packard (HP-I). Nitrogen was used as the carrier gas
(44 mljmin). The temperature of the injector was 150°C and the detector was kept at
250°C. The oven was kept at either 60°C for 2 min and then increased at 10°C/min to
150°C (2 min), or at 45°C for 5 min and then increased at 5°C/min to 150°C (2 min) for
separation ofphenols or acetate phenols, respectively. The injected sample volume was
2 /ll and peak areas were measured by using a Hewlett-Packard 3392 A integrator. The
flow extraction-derivatization system consisted of a peristaltic pump (Gilson Mini
puls-2), an A-lOT solvent segmenter (Tecator) and a custom-made phase separator
with a Fluoropore membrane (1.0 /lm pore size, FALP; Millipore) as described
elsewhere [42]. Poly(vinylchloride) and Solvaflex pumping tubes for aqueous and
organic'solutions, respectively, and Teflon tubing for the coils were used. A thermo
stated water-bath was also used.

Standards and reagents
Phenol, 3,4-dimethylphenol, 2-tert.-butylphenol, 2-tert.-butyl-4-methylphenol

and naphthalene (internal standard) were obtained from Aldrich. All other phenols
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and reagents used (o-cresol, m-cresol, 2-chlorophenol, 4-chlorophenol, acetic an
hydride, ethyl acetate, toluene, n-hexane, sodium hydrogencarbonate and sodium
sulphate) were obtained from Merck.

Preparation of samples and reagents solutions
Stock standard solutions of phenol, 3,4-dimethylphenol, 2-tert.-butylphenol,

2-tert.-butyl-4-methylphenol, 0- and m-cresol and 2- and 4-chlorophenol were
prepared at a concentration of I gil in 95% ethanol and stored in glass-stoppered
bottles at 4°C.

For extraction, appropriate amounts of each stock solution were further diluted
with distilled water to prepare 25 ml of solutions containing between 0.1 and 300 mg/l
of each phenol (phenol, 3,4-dimethylphenol, 2-tert.-butylphenol and 2-tert.-butyl-4
methylpheno\); the extractant consisted ethyl acetate containing 300 mg/l of naph
thalene as internal standard.

For extraction and derivatization, appropriate amounts of each stock solution
(phenol, 3,4-dimethylphenol, o-cresol, m-cresol, 2-chlorophenol and 4-chlorophenol)
and 0.5 ml2 M sodium hydrogencarbonate were added to 25-ml calibrated flasks and
diluted with distilled water to prepare solutions containing 0.2-300 mg/l of each
phenol compound in 0.04 M sodium hydrogencarbonate (pH 8.5). The extractant was
n-hexane containing 300 mg/l of naphthalene (internal standard) and 6% (v/v) acetic
anhydride (derivatization reagent).

Procedure
The manifold employed in depicted in Fig. 1. The sample solution was pumped

continuously into the system and merged with a stream of ethyl acetate (for extraction
only) or n-hexane (for simultaneous extraction and derivatization). The extraction
(and derivatization) process took place in the extraction coil and the organic phase was
isolated in the membrane phase separator. The ethyl acetate or n-hexane extracts of
underivatized phenols or acetate derivatives, respectively, was collected in a 4-ml glass
vial, containing anhydrous sodium sulphate as a desiccant, from which 2-,u1 portions
were extracted with syringes and introduced into the chromatograph. Although the
acetate esters were volatile, nothing was lost in their transfer to the chromatograph.

2jJ I
PUMP

EXTRACTANT

SAMPLE

150 em
oJ -JV'v-'

EC

60°C
b) ,----,

, I

~
L.3~O_e~J

EC

Fig. 1. Manifold for the chromatographic determination of underivatized or derivatized phenols. All tubes
are made of Teflon (0.5 mm 1.0.). S, solvent segmenter; EC, extraction coil, (a) for extraction and (b) for
extraction and derivatization; PS, phase separator; W, waste. Flow-rates are given in mljmin.
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TABLE]

RECOVERY (%) OF PHENOLS

Extractant: (A) for underivatized phenols; (B) extractant containing 6% (v/v) acetic anhydride for
derivatization.

Compound Ethyl acetate Toluene n-Hexane

A B A B A B

Phenol 65.1 60.4 39.4 40.1 8.1 70.2
3,4-Dimethylphenol 76.2 70.2 80.1 75.1 18.3 75.4
2-tert.-Butylphenol 78.0 80.0 75.0
2-tert. -Butyl-4-methylphenol 56.9 55.6

,
61.2

a-Cresol 66.2 70.2 80.1
m-Cresol 58.4 76.4 78.9
2-Chlorophenol 65.1 66.2 69.5
4-Chlorophenol 55.8 70.5 77.8

RESULTS AND DISCUSSION

Ethyl acetate was found to be the most efficient extraction solvent for
underivatized phenols, followed by toluene and n-hexane. Simultaneous acylation
with acetic anhydride and extraction with n-hexane was comparable to the use of ethyl
acetate alone in efficiency (Table I). The recoveries of phenol compounds was never
higher than 80% because the extraction efficiencies in continuous extraction systems
usually range between 70 and 80%, as chemical equilibrium is never reached; however,
the recoveries were always reproducible. The recoveries listed in Table I were
calculated by dividing the peak areas obtained in the continuous extraction mode into
the corresponding peak area obtained by dissolving each phenol in its respective
solvent at the same concentration. The conversion of the phenols to their corre
sponding esters yielded better GC peak symmetry than underivatized compounds and
also allowed phenols, cresols and chlorophenols to be sequentially isolated (the bands
of the underivatized phenols are usually overlapped).

Continuous extraction of underivatized phenols
Optimization ofthe method. For this study, a sample solution containing 30 mg/l

of each phenol compound (phenol, 3,4-dimethylphenol, 2-tert.-butylphenol and
2-tert.-butyl-4-methylphenol) was prepared in distilled water. The extractant was ethyl
acetate containing 300 mg/l of naphthalene as internal standard.

The effect of the sample pH was studied in the range 2-10; it was found to have
no effect on the signals in the range 2-8. Above pH 8, the signals decreased owing to the
formation of the corresponding phenolates, which decreased the phenol concentra
tion. The ionic strength, adjusted with potassium nitrate, did not affect the signal up to
1 M.

The flow-rates of the aqueous and organic phases were also optimized. Fig. 2A
shows the effect of the sample flow-rate at a constant flow-rate ofethyl acetate. Higher
sample flow-rates resulted in greater peak areas owing to the increased preconcentra-
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Fig. 2. Effect of (A) sample flow-rate (organic phase flow-rate = 0.84 ml(min) and (B) organic flow-rate
(sample flow-rate = 3.1 ml(min). I = Phenol; 2 = 2-tert.-butylphenol; 3 = 2-tert.-butyl-4-methylphenol;
4 = 3,4-dimethylphenol. For GC conditions, see text.

tion ratio. The phenol signals remained virtually constant because of a potential
mutual compensation of factors: increased signal from an increased preconcentration
factor and decreased signal from decreased contact time between phases resulting from
a decreased residence time of the analyte arising from increased flow-rates. Fig. 2B
shows the variation of the signals as a function of the flow-rate of the organic phase. As
expected, the peak area increased with decreasing organic phase flow-rate. Again, the
phenol was the compound least affected by this variable. A sample flow-rate of
3.1 ml/min and an ethyl acetate flow-rate of 0.74 ml/min were chosen, taking into
account the mutual influence of reproducibility, concentration ratio and sampling
frequency. The influence of the residence time was also studied by varying the length of
the extraction coil between 50 and 300 cm; the peak area was not affected by this
variable. A length of 150 cm was therefore selected, which yielded a residence time
of 5 s.

Calibration graphsfor the underivatizedphenols. The calibration graphs obtained
by plotting the ratio of analyte peak area/internal standard peak area versus the
analyte concentration in the aqueous medium were reproducible and linear over the
range tested (0.1-300 mg/I). The features of these graphs and those of the analytical
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TABLE II

FEATURES OF THE CALIBRATION GRAPHS AND DETERMINATION OF UNDERIVATIZED PHENOLS

Compound Regression equation" r" Linear Detection Relative
range limit standard
(mg/I) (mg/I) deviation

(%)

Phenol A = 7.80' 10- 3 X + 2.23 . 10- 4 0.9992 0.2-3 0.15 2.81
3,4-Dimethylphenol A = 8.66' 1O- 3 X+ 1.19' 10- 3 0.9993 0.3-3 0.20 3.56
2-tert.-Butylphenol A = 9.16 . 10- 3 X + 1.21 . 10- 3 0.9994 0.1-3 0.10 3.53
2-tert.-Butyl-4-methylphenol A = 6.82' 10- 3 X - 1.90' 10- 4 0.9994 0.1-3 0.10 3.32

Phenol A = 6.58 . 10- 3 X + 2.20' 10- 3 0.9996 1.82
3,4-Dimethylphenol A = 6.81 . 1O- 3 X+5.46· 10- 3 0.9996

3 -30
2.24

2-tert.-Butylphenol A = 4.96' 10- 3 X + 1.11 . 10- 2 0.9995 2.44
2-tert.-Butyl-4-methylphenol A = 5.42 . 10- 3 X + 5.06' 10- 3 0.9995 2.62

Phenol A = 7.93 . 10- 3 X - 1.18' 10- 2 0.9997 1.11
3,4-Dimethylphenol A = 8.92' 10- 3 X - 2.52 . 10- 4 0.9997

30 -300
1.55

2-tert.-Butylphenol A = 7.53 . 10- 3 X - 8.63 . 10- 4 0.9997 1.75
2-tert.-Butyl-4-methylphenol A = 7.44 . 10- 3 X - 7.88 . 10- 3 0.9996 2.05

" A = analyte peak area/internal standard peak area ratio; X = concentration in mg/1.
" r= Correlation coefficient.

procedure are summarized in Table 11 at three integrator sensitivities. The practical
detection limit was calculated as the concentration yielding the minimum detectable
signal in the chromatogram. The relative standard deviation was checked on eleven
samples containing 1, 15 or 35 mg/I of each phenolic compound in the linear range
assayed, 0.2-3, 3-30 and 30-300 mg/I, respectively.

Simultaneous extraction and derivatization ofphenol compounds
The proposed method for the continuous extraction and GC determination of

phenolic compounds allows the isolation and identification of the four phenols
assayed; however, if the samples also contain cresols and/or chlorophenols, their
separation is not sequential and the chromatogram contains overlapped peaks. The
conversion of the phenols, cresols and chlorophenols to their corresponding esters
simultaneously with extraction into n-hexane ostensibly improved the chromato
graphic resolution.

Optimization of the method. First we studied the optimum pH for the
derivatization reaction. For this purpose, two aqueous phenolic solutions of30 mg/l of
each phenol (phenol, 3,4-dimethylphenol, o-cresol, m-cresol, 2-chlorophenol and
4-chlorophenol) at a final pH of 3 or 8.5 were prepared. The extractant was n-hexane
containing 300 mg/I of naphthalene and 6% acetic anhydride.

The yields of the acetate derivatives of the phenols obtained from an acidified
water sample (pH 3) was lower than those obtained with an alkaline water sample
(pH 8.5), thus indicating that acylation with acetic anhydride proceeded far more
rapidly on the phenolate ions than on the undissociated compounds. The acetylation
yields were not influenced by the hydrogencarbonate concentration over the range
0.03-0.05 M. For continuous derivatization--extraction, the aqueous samples were
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prepared in 0.04 M sodium hydrogencarbonate solution (pH 8.5). The influence of the
ionic strength on the aqueous samples (adjusted with potassium nitrate) was also
tested; it had no effect up to a concentration of 1 M (similarly to the extraction of the
underivatized phenols).

To study the influence of the concentration of acetic anhydride on the yield of
acetate derivatives, several solutions in the range 0.2-7% in n-hexane were prepared.
A 4% solution of the organic reagent was found to be sufficient for maximum
response; lower concentrations resulted in incomplete derivatization and thus in the
co-occurrence of peaks from the underivatized and derivatized phenols in the
chromatogram. The relative response (sample/naphthalene) remained constant at
higher concentrations. A 6% content of acetic anhydride in n-hexane was selected as
extractant for routine analyses.

In manual procedures, the derivatization of phenolic compounds is favoured by
heating [30] as it is in the continuous mode. The effect of temperature was studied in the
range 20-75°C; the yield of the derivatization reaction was optimum above 40°C,
below which the chromatogram obtained showed peaks corresponding to the
underivatized phenols and esters. Fig. 3 shows the influence of temperature on the
derivatization process for four phenolic compounds; the cresols assayed behaved
similarly. The extraction coil was kept at 60°C by using a thermostated water-bath.

The influence of the extraction-derivatization coil length was investigated in the
range 50-500 em. Above 150 em the signal remained virtually constant. There is
a difference with the continuous method with extraction only (where this variable has
no effect) as it requires some time for the esters to be formed. A thermostated (60°C)
reaction coil of length 300 em, which resulted in a residence time of 9 s, was chosen.

Determination ofphenols, cresoL~ and chlorophenols. The GC separation of the
underivatized and acetylated phenols is illustrated in Fig. 4A and B, respectively. As
can be seen, the peaks of the underivatized phenols and chIorophenols extracted into
n-hexane are completely overlapped. In the manual preparation of esters of phenols,
several workers have claimed [43] that the excess of anhydride must be removed prior
to Gc. As shown in Fig. 4B, excess of acetic anhydride did not interfere with the
quantification of the derivatives, and thus need not be removed.

The calibration graphs for the acetic anhydride derivatives of phenol, 3,4-di-
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Fig. 3. Influence of temperature on the derivatization reaction. 1 = 2-Chlorophenyl acetate; 2 = 3,4-di
methylphenyl acetate; 3 = phenyl acetate; 4 = 4-chlorophenyl acetate. Extractant: n-hexane containing 6%
acetic anhydride.
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Fig. 4. (A) Gas chromatogram of underivatized phenols. Peaks: 1 = phenol + a-cresol; 2 = m-cresol;
3 = 2-chlorophenol; 4 = naphthalene; S = 3,4-dimethylphenol + 4-chlorophenol. (B) Gas chromatogram
of acetate derivatives. Peaks: I = acetic anhydride; 2 = phenyl acetate; 3 = a-cresyl acetate; 4 = m-cresyl
acetate; S = naphthalene; 6 = 2-chlorophenyl acetate; 7 = 4-chlorophenyl acetate; 8 = 3,4-dimethylphenyl
acetate. The extractant was n-hexane and the column temperature was 4SOC for S min, increased to ISO°C at
SOC/min and held at ISO°C for 2 min.

methylphenol, a-cresol, m-cresol, 2-chlorophenol and 4-chlorophenol were linear at
concentrations between 5 and 7500 f1.g in 25 ml ofdistilled water at pH 8.5. The relative
standard deviation ranged between 1.5 and 3.5%.

CONCLUSIONS

Phenols are usually derivatized in order to improve their GC features or enhance
their extractability from aqueous solutions. However, the manual procedures used for
this purpose are lengthy and require several steps, which gives rise to losses and low
reproducibility; on the other hand, the method proposed here permits the direct
acetylation of the aqueous test solution simultaneously with the extraction in a single
step.

The two continuous methods proposed here for the extraction and extraction
derivatization of phenols ieature all the inherent advantages of automatic methods
(viz., low sample and reagent consumption, minimal manipulation and contact with
the reagents, accurate and reproducible results, high sampling frequencies, etc.). These
automatic methods aIlow the derivatization and extraction of phenol compounds with
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a sampling frequency of 35 ± 5 h -1. Such a high rate, however, is limited by the oven
temperature programming.
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ABSTRACT

Triacylglycerols (TAGs) were separated using capillary supercritical fluid chromatography at various
carbon dioxide densities and flow-rates at 150°C. The flow-rate was controlled with integral restrictors
made directly at the end of the column. With a 50 Ilm I.D., d, 0.20 tIm, DB-5 [(95%)dimethyl(5%)
diphenylpolysiloxane] column, separation numbers (Tz) of up to one per one triacylglycerol carbon num
ber difference per metre were achieved at a practical optimum carrier flow-rate at 0.3-0.4 cm/s. Height
equivalent to an effective theoretical plate-average linear carrier velocity-triacylglycerol carbon number
three-dimensional plots at different pressures are presented.

INTRODUCTION

Capillary supercritical fluid chromatography (SFC) is a method that is often
compared with capillary gas-liquid chromatography (GLC) with regard to efficiency.
In practice, GLC always gives a better resolution per unit time than does SFC. In
many laboratories the slowness of the latter method has led to the use of high carrier
flow-rates in order to increase the speed of the analyses [I]. However, this approach
brings about a reduced number of effective chromatographic plates.

Capillary SFC is applied to the analysis of sensitive and labile natural com
pounds in order to avoid thermal decomposition. As a tool in bioscience fields such as
food and clinical chemistry, all the resolution and selectivity that an optimized capil
lary SFC analysis can provide are usually required. This is the case even at the
expense of an increased duration of the analyses. Another limitation to increasing the
flow-rate is a reduction in sensitivity and ionization accuracy in mass spectrometric
analyses. For this reason, high carrier flow-rates cannot be recommended.

Most calculations concerning the number of theoretical plates (n) and the
height equivalent to a theoretical plate (HETP) in SFC follow the Golay equation for
non-adjusted retention times [2,3]. The height equivalent to a plate is the length of the
column occupied by one theoretical plate (HETP) or by one effective theoretical plate
(HEETP). This definition is always of primary importance when comparing experi
mental results with those reported in the literature.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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The number of theoretical plates and the relative retentions of analyte mixtures
in SFC are more difficult to predict according to theoretical definitions than in GLC.
This is due in part to the solubility factor, which changes in relation to the density of
the carrier fluid. The term "solubility" includes all the factors that affect the interac
tions between a solute and the mobile phase and is difficult to define accurately with a
universal equation.

Increasing the carrier pressure at constant temperature results in a decrease in
the k' values and resolution [4-6], even though the correlation is in practice never
really smooth and regular, as was shown, e.g., by Klesper [7] with naphthalene,
anthracene, pyrene and chrysene with n-pentane as the mobile phase. At a constant
pressure, k' has a maximum at a certain temperature. The shape of this curve can be
explained on thermodynamic principles [8] and is independent of the mobile and
stationary phases [9].

This optimization work was done to improve the mass spectrometric analysis of
butter fat and fish oil triacylglycerols (TAGs). Electron impact mass spectrometry
(EI-MS) in the single-ion monitoring (SIM) mode has been used in order to determine
the level of unsaturation of TAGs having the same carbon numbers [10]. The main
goal, however, was the determination of the positional isomers of the fatty acids in
individual TAGs of natural origin. Flow-rates far above the optimum are not recom
mended because of the distinct decrease in sensitivity in the EI-MS analyses. For
positional isomer analyses, sufficiently large a-values between the TAGs eluting close
to each other are needed, although complete resolution is unnecessary. The minimum
requirement is the possibility of discriminating the SIM signals of adjacent com
pounds from each other according to their different retentions.

The aim of this research was to optimize the size of the integral restrictor and
the linear flow-rate of the supercritical carbon dioxide carrier at a constant temper
ature for the separation of triacylglycerols by capillary SFC using a flame ionization
detector.

EXPERIMENTAL

Saturated monoacid triacylglycerols of even-numbered fatty acids from triocta
noylglycerol (3 x 8:0) to trioctadecanoylglycerol (3 x 18:0) were subjected to capil
lary SFC. The chromatographic system was as described previously [10]. The only
difference was the 100-nlloop injector with a pneumatic helium actuator. The mobile
phase was SFC-grade carbon dioxide. The column temperature was kept at 150°C
and that of the detector at 320°C. The TAG samples dissolved in tricholoromethane
were introduced into the fused-silica capillary column (DB-5, 3.8 m x 50 11m J.D., de
0.20 11m) (J&W Scientific) and a linear capillary split with a flow ratio of ca. 1:15
measured at a 24.I-MPa inlet pressure was used.

The carbon dioxide flow-rate was regulated with integral restrictors [II] at
tached directly to the end of the column. The mixture of the homologous series of
TAGs was analysed at carrier inlet pressures of 24.1, 26.2, 28.3, 30.3, 32.4 and 34.4
MPa at least three times at each pressure. The analyses were carried out with seven
restrictors of various sizes at each pressure. The restrictors resulted in average linear
flow-rates of carbon dioxide varying from 0.34 to 1.70 cm/sat the highest column
inlet pressure of 34.4 MPa.
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The column hold-up time (to) was measured at the front slope of the solvent,
trichloromethane. Overloading of the column with the solvent resulted in a to value
very close to the theoretical hold-up time.

RESULTS AND DISCUSSION

Optimization of the carrier flow-rate in order to reach the minimum height
equivalent to a chromatographic plate was achieved by selecting the size and con
struction of the restrictor. The integral restrictors were attached directly to the end of
the fused-silica capillary column, thus the evident dead volumes caused by the capil
lary-capillary connectors could be avoided. The extremely rapid pressure drop in the
short restriction area also prevented the solutes from precipitating prior to the detec
tor flame. Some clogging problems occurred, however, with very narrow pinholes
yielding linear flow-rates less than the optimum on the van Deemter curve. The
results presented in this paper concern conditions at and slightly above the optimum
flow-rate.

All the analyses were performed isothermally at ISaac. This fairly low temper
ature was chosen as preliminary studies showed only a slight increase in resolution at
temperatures above ISaac. The conditions were safe for TAGs, as was also shown by
Proot et al. [1].

The splitting ratio of the carrier flow between the column and the exit was on
average only 1: IS. The injector device was located outside the oven and the super
critical conditions chosen for the analyses were only reached after the splitting point.
The injection system with the subsequent splitting area was responsible, at least in
part, for a reduced separation efficiency in comparison with the theoretical column
efficiency [12].

When starting up a "cold" chromatographic system, which had been at ambi
ent pressure and temperature with the pumps depressurized, it could take as long as 1
h before acceptable analyses were obtained. During the first runes) the k' values of the
TAG solutes were higher than those wi th continuously repeated, reproducible analy
ses.

With tight restrictors the pressure drop along the column is minimized. In this
work the widest hole used generated an average linear flow-rate of 1.57 cmls at 24.1
MPa pressure and 1.70 cm/s at 34.4 MPa. The correlation between the inlet pressure
and the average linear flow-rate (measured at six pressures) was highly linear (r =

0.989) and the increase in the flow-rate was only 7.8% when the pressure was in
creased from 24.1 to 34.4 MPa. The observed strong influence of the fluid density on
linear velocity [13,14] can, in practice, be reduced by optimizing the flow-rate of the
capillary column with a tight restrictor.

Height equivalent to an effective theoretical plate (HEETP)-average linear car
rier velocity (,u)-triacylglycerol carbon number (eN) three-dimensional plots at dif
ferent pressures are presented in Fig. 1. When the TAG size increased, the HEETP
values decreased at constant pressure. The same phenomenon was clearly shown, e.g.
by Leyendecker et al. [9] with polyaromatic hydrocarbons by using n-pentane as the
mobile phase. On the other hand, the HETP values increased with increasing tri
acylglycerol carbon number in isobaric runs (Fig. 2). The increase in plate height with
increasing fluid velocity can be seen clearly in Figs. 1 and 2. The same effect was
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Fig. 2. Isothermal (150T), isobaric (34.4 MPa) plot of the height equivalent to a theoretical plate (HETP)
versus linear CO2 carrier flow-rate (ji) for monoacid TAGs. Curves: 1=3 x 8:0; 2 = 3 x 10:0; 3= 3 x 12:0;
4=3 x 14:0; 5=3x 16:0; 6=3 x 18:0.

previously shown in practice by Sie and Rijnders in 1967 [15]. By increasing the
average linear flow-rate of the supercritical carbon dioxide from 0.5 to 1.5 cm/s by
changing the restrictor, increases in plate height of up to 3-5-fold were achieved.
Losses in plate numbers were greater for the compounds having the lowest capacity
factors (k'). An even steeper decline in the plate numbers per unit time was observed
at flow-rate higher than 1.5 cm/s. In practice, this shows that when faster analyses are
needed, shorter columns with optimized flow-rates are useful alternatives to longer
columns run, e.g., at ten times the optimum flow-rate. With packed fused-silica mi
crocolumns the effect of flow-rate on efficiency is much less [5].

The approximated curves presented in Figs. 1 and 2 show reasonable symmetry
and the coefficient of variation of the number of theoretical plates achieved with one
restrictor was typically of the order of 5%. The HETPmin values (Fig. 2) increased at
constant pressure with increasing capacity factors (k'), whereas the HEETPmin values
(Fig. 1) showed the opposite behaviour.

Isothermal (150°C) plots of HEETPmin of TAGs as a function of the capacity
factor k' and average linear velocity p are shown in Fig. 3. The experimental
HEETPmin values are compared with theoretical values calculated according to the
equations

HEETPmin = HETPmin [(k' + 1) / k'F
and

HETPmin = r [(1 + 6k' + llk'2) / 3(1 + k')2F/ 2

where r is the radius of the column (25 ,urn).
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The plate heights obtained with the smallest TAG studied (trioctanoylglycerol)
were 1.3-2 times the theoretical values, and this difference did not clearly depend on
the pressure or k' value.

The plate numbers, or plate heights as such, do not yield sufficient information
about the resolving power and usefulness of the column for TAG analysis. The sep
aration number (Tz), which defines the numb'er of average TAG peaks that can be
placed between the adjacent compounds, is plotted against k' in Fig. 4. With high
carbon dioxide density (pressure 34.4 MPa, k' < 1), the Tz between the smallest
TAGs (CN = 24-30) was only 43% of the Tz of the largest compounds (CN =

48-54). With decreasing carbon dioxide density the relative difference between the Tz
values of various TAG pairs decreased. At a pressure of 24.1 MPa, when the large
molecules could no longer be analysed, the Tz of TAGs with CN = 30-36 exceeded
20.

Fig. 4 clearly shows that the smaller the compounds in a homologous series, the
higher are the Tz values that can be generated. When increasing the capacity factor of
each compound by decreasing the carbon dioxide density, one practical limitation
will be the shape of the peak and the detection sensitivity lost when the peaks become
broader. All the molecules are present but the misshaped peaks and the inaccuracy of
the integration raise the standard deviations to unacceptable levels. At the same time,
the improvement in the separation power by decreasing the fluid density becomes less

.and less in unit time. There are no empirical definitions to be followed when selecting
the density or density programming of carbon dioxide for TAG analysis. According
to our experience with the method used in this work, k' values higher than 3 cannot be
recommended with the DB-5 column. .
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ABSTRACT

An equation describing two-step adsorption was used for computation in overload elution chroma
tography of compounds with S-shaped isotherms. An equilibrium mixed cells model permits the study of
the separation of multi-component mixtures. The band profiles of compounds with S-shaped isotherms
exhibit two local maxima under certain conditions. Minor components may be dragged within the band of
a major component.

INTRODUCTION

The preparative chromatography of compounds from biotechnological pro
cesses has been gaining in importance recently. Usually the starting point for this
separation is analytical chromatography, but with increasing load the mechanism of
separation becomes more and more complicated, as the non-linear part of the isotherm
and the mutual influence of compounds playa greater role.

The first approach to gain an insight into these complicated mechanisms was the
introduction of a simple model based on Langmuir isotherms [1]. No matter what
computation method was used, either based on the study of solutions of systems of
partial differential equations [2] or the use of a multi-cell equilibrium model [1], this
approach may provide results that are in qualitative agreement with those of everyday
practical preparative chromatography. On the other hand, there are some results that
are impossible to explain by using this simple model, such as peaks with two maxima,
the reversal of peak expansion under overload conditions and the dragging of one
compound within the band of another.

A theoretical study of band profiles of compounds with S-shaped isotherms was
published recently [3], but was limited to isolated bands of compounds without any
extension toward the mutual influence of separated compounds. In that paper no

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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indication was given of the possible mechanism by which the S-shaped isotherm is
formed.

In principle, the deformation of the Langmuir isotherm to an isotherm with an
inflection point may be caused by some secondary processes in the mobile or solid
phase, e.g., limited solubility of a solute in the mobile phase, two-stage adsorption on
homogeneous adsorption sites or two or more kinds of adsorption sites in the solid
phase, or by a combination of these influences.

There are only a few published experimental studies ofS-shaped isotherms [4-6].
On the other hand, many unusual peak shapes resembling those predicted for S-shaped
isotherms can be explained by the interaction of two compounds with Langmuir
isotherms [7].

In this paper we postulate two-stage adsorption and extend this approach to
solutes with limited solubility. Only elution chromatography will be considered;
studies of the displacement chromatography of compounds with S-shaped isotherms
and chromatography on solid phases with two or more kinds of adsorption sites will be
reported later.

BASIC RELATIONSHIPS

The equilibrium distribution of a compound i between a mobile and a solid
phase in a two-step process may be described by a set of equations similar to those used
previously for the simple one-step system [1,8]. The first-step equation is identical:

CiF
-=Ki
CiCF

(1)

where Ci, CiF and CF are concentrations ofcompound i in the mobile and solid phase and
the concentration of sorption sites, respectively, and K i is the equilibrium constant.

In the next step, compound i is sorbed on the already covered sorption site:

CZiF
-- = L;
CiCiF

(2)

where CZiF is concentration of sites in the solid phase binding two molecules of
compound i. The amount of this compound in one cell, Gi , is therefore

(3)

where VM and Vs are volumes of the mobile and solid phase, respectively, in one
equilibrium mixed cell.

The capacity of the sorbent in one cell is the sum of all free sorption sites,
sorption sites covered by one molecule and sorption sites covered by two molecules:

(4)
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where Ri is the blocking factor for the first-step sorption and Ti that for the second
step. The blocking factor R; may be understood as the average number of sorption sites
covered by one molecule of compound bound to one adsorption site.

For the concentration of a compound) in the mobile phase (in one equilibrium
mixed cell) one obtains

Gj

Cj = ---------------.[~-----------=;J

VM + GD (Kj + 2LjKjcj)/ I + ;t
1

C;Ki(Ri + CiLiTi)

The isotherm for one compound is simply

2 GD [ Kic;(I +2Lic;) J
CiA = C;F + CZiF = -

Vs 1 + c;K;(Ri+c;L;T;)

Recently a similar equation for S-shaped isotherms was published [3]:

25c (I +Ac)
Q = 1+2Bc+ABc2

(5)

(6)

Obviously, these equations are equivalent with simple relationships between
coefficients.

IfL i = 0, then eqn. 6 is reduced to the simple Langmuir-type isotherms (see eqn.
5 in ref. 1). For small values of C;:

(7)

(linear part of isotherms), and for very high values of Ci:

(8)

The shape of the isotherm is governed by the values of the constants R;, K;, L;
and Ti• If all are positive, then the isotherm is defined for all positive values of C;. If Ri is
negative, then the isotherm is defined for all positive values of C; only if

Rr K;
T>--, 4L

i
(9)

If Ti is lower than this limiting value or if Ti is negative (all other constants being
positive), then the isotherm is defined only in range from zero to the critical
concentration, which is equal to the lower positive root of

(10)
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Near this critical solute concentration the adsorbed concentration increases
above all limits. This obviously does not correspond to any real system. Therefore,
isotherms that do not obey condition 9 may introduce severe errors in model
computation, as has been shown previously [1], and these results have to be examined
very carefully.

If Lc is negligibly small in comparison with 1 and LTis negative, we obtain an
equation that is similar to that used for the description of the adsorption ofliquids with
limited solubility [5,6]. The critical concentration then corresponds to the concen
tration of a saturated solution.

On isotherms with positive R, Land K a maximum of Ci.A is observed in range of
positive Ci if

(11)

Isotherms conforming to condition 9 always show a maximum. The maximum
occurs at a concentration

Ci,max =
1 + Jl+Ki (Ti -2R;)/4Li

Ki(T;f2-R;)
(12)

In this instance the isotherm has two inflection points. No simple equation for their
localization was found.

It should be pointed out that the binding of two different compounds to one site
probably occurs in real systems (i.e., CijF)' This mechanism was not considered here. It
is believed that the approach presented is flexible enough to describe most observed
cases with satisfactory precision.

Table I and Fig. 1 demonstrate typical shapes of isotherms, all with the
distribution coefficient K 1 = 1.5. Isotherm I is just a simple linear isotherm. The next
isotherm (2) is the Langmuir isotherm (single-step adsorption). Isotherms 3, 4 and
5 differ only in the value of T (second-step blocking factor). When T = 0.3 (less than
the critical value of 0.375 according to eqn. 9), then the isotherm is hyperbolic (curve

TABLE I

INFLUENCE OF CONSTANTS IN EQN. 6 ON ISOTHERM SHAPES

Curve No." K R L T Shape of isoth.erm

I 1.5 0.0 0.0 0.0 Linear
2 1.5 1.0 0.0 0.0 Langmuir
3 1.5 -1.0 1.0 0.3 Hyperbolic (convex)
4 1.5 -1.0 1.0 0.5 S-shaped, with maximum
5 1.5 -1.0 2.0 2.0 S-shaped, with maximum
6 1.5 1.0 1.0 1.0 S-shaped, no maximum
7 1.5 1.0 1.0 5.0 S-shaped, with maximum
8 1.5 1.0 0.01 -10.666 S-shaped, hyperbolic

a See Fig. I.
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3). When T increases (above 0.375), then the isotherms exhibit a maximum (curves
4 and 5). With increasing value of T, the asymptotic value of the concentration
adsorbed decreases according to eqn. 8. Isotherm 6 has all four constants positive; it
has an inflection point on the ascending part, but no maximum. If its T value is
increased above the critical value of 4.666 (eqn. 11), then a maximum appears (curve
7).

The isotherm with L = 0.01 and T = -10.666 (critical concentration = 10) is
plotted as curve 8. This S-shaped isotherm has the first part concave, as in the
Langmuir isotherm, and the second hyperbolic part convex toward the mobile phase
concentration axis.

A set of parallel S-shaped isothems is depicted in Fig. 2. Compare curves
1 (S-shaped) and 6 (Langmuir).

The multi-component isotherm is an extension of eqn. 6:

(13)

+ L CjKiRj + cjLjTj )

j= 1

The equilibrium model described by eqns. 1-4 neglects the volumes of solutes; in
most instances this omission will not introduce severe errors.

As in the previous paper [1], the equilibrium mixed cells model is considered to

'"d
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a

1200 1400 1600 1800
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2000 2200 2400 2600

Fig. 3. Peak shapes ofa compound with a Langmuir isotherm (K = 1.5, R = 1, L = T = 0); various amounts
injected (3, 10, 30, 100, 300). Number of equilibrium cells: 1000. Amounts are measured in sorption capacity
of one equilibrium cell. Injected volume (in volumes of sample solution divided by volume of one
equilibrium cell): 1. Both sample amount and volume (in examples) are therefore dimensionless.
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Fig. 4. Peak shapes of a compound with a hyperbolic isotherm (K = 1.5, R = - I, L = T = 0); injected
amounts and column length (number of equilibrium cells) as in Fig. 3.

represent the number of theoretical plates in the chromatographic column. As has been
pointed out earlier, the relationship between the number of cells and the number of
theoretical plates holds exactly only for high enough numbers of these elements and for
high values of K. The comparison between the equilibrium mixed cells model [I] and
the description of chromatographic separation by a differential equation with
a constant axial dispersion coefficient [8] will be published elsewhere.

Fig. 5. Peak section positions for compound from Fig. 3 (Langmuir isotherm). Dashed line: median. For
further explanation see text.
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COMPUTATION
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The course of computation follows the procedure described previously [1]. The
key equation for computation is eqn. 5. The coverage of binding sites in the solid phase
is estimated (from the previous step or set equal to zero) and then the concentration of
all components is computed. If the coverage corresponding to these concentrations
differs from the previously estimated value by less than I . 10-5

, then the computation
is finished; if not, the iterative computation proceeds until the desired precision is
attained. The amount of injected sample is expressed as sample amount divided by
sorption capacity of one equilibrium cell (GD), sample volume in multiples of VM .

Other details were described previously [I].

RESULTS AND DISCUSSION

Single compounds
Typical peak shapes for simple Langmuir-type isotherms are displayed in Figs.

3 and 4. Similar band profiles have been published for overload column chromato
graphy when a solution based on the difference method was used as the method of
computation. For a quantitative description of peak shapes we divided the peak area
into seven sections, whose normalized areas (0.00135, 0.02140, 0.13591, 0.34134,
0.34134,0.13591, ...) were selected so that for an ideal Gaussian peak the distances
between section borders are equal to integral multiples of sigma (standard deviation)
from the peak centre. When we plot these positions for our two peak families, we
obtain for the Langmuir isotherm monotonously descending curves (Fig. 5) and for
the hyperbolic (convex) isotherm curves which increase monotonously (Fig. 6).

The band profies of compounds with S-shaped isotherms change their shape

4 700

4 300

) 9 0 0

L ) 50 0

:J
~

0
>

) I 0 0

2 70 0

2 ) 0 0

------~-----~~

0.5 1.5
LO GAM 0 UN T

Fig. 6. Peak section positions for compound from Fig. 4 (hyperbolic isotherm). Dashed line: median. For
further explanation, see text.
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Fig. 7. Peak shapes of a compound with an S-shaped isotherm without a maximum (K = 1.5, R = l, L = 3,
T = 2). Isotherm is plotted in Fig. 2 (curve 3). Injected amounts: 3, 10,30,100,300. Number of cells: 1000.

with increasing amount in a more complicated manner. At first, when the convex part
of the isotherm predominates the peak extends its rear edge toward higher elution
volumes (see Fig. 7) and its front edge remains diffuse. At higher overloadings, when
the main role is played by the concave part of isotherm, similarly to the Langmuir
isotherm, the front edge of the peak starts to extend to lower el\ltion volumes and

310 0

2900

270 0

I: 2500
::J

0
>

2 3 00

2 100

1 9 00

0.5 1 1.5

LOG AMOUNi

2.5

Fig. 8. Peak section positions for a compound with an S-shaped isotherm without a maximum (see Fig. 7).
Dashed line: median. For further explanation, see text.
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Fig. 9. Peak shapes of a compound with an S-shaped isotherm with a maximum (K = 1.5, R = -1, L = 2,
T = 2). Isotherm is plotted in Fig. 1, curve 5. Injected amounts: 3, 10, 30, 100,300, 1000. Number of cells:
1000.

becomes sharper, whereas the rear becomes diffuse and its posItion remains
unchanged. This two-fold character of band profile dynamics is reflected in the plot of
peak section positions by the at first ascending and descending shape of the plotted
curves (Fig. 8). If the peak shapes of a compound with Langmuir and S-shaped
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J J 0 0

o 2900
>

2 500

2 1 0 0

0.5 1.5 2.5

LOG AMOUNT

Fig. 10. Peak section positions for a compound with an S-shaped isotherm with a maximum; for parameters,
see Fig. 9. Dashed line: median. For further explanation, see text.
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isotherms are compared, then the heavily overloaded peak of the former is much
broader and its maximum concentration is therefore lower (Figs. 3 and 7).

In the preceding example we examined isolated peaks corresponding' to an
S-shaped isotherm without a maximum (Fig. 2). The peaks corresponding to the
S-shaped isotherm with a maximum (Fig. 1, curve 5) change their forms in a similar
manner (Fig. 9). The overloading occurs at higher amounts owing to the higher
concentrations at which isotherm maximum occurs; this is also reflected in the plot of
peak section positions (Fig. 10). The stabilization of the rear edge position occurs at
higher volumes than in the preceding example.

The influence ofcolumn efficiency and capacity on the band profile is illustrated
in Fig. 11. With increasing column length, and hence with increasing column capacity,
the peak form is transformed similarly to when the injected amount is decreased at
a constant column length. At the same time, with increasing column efficiency, the
relative effect of dispersion decreases.

The band profiles ofcompounds with limited solubility with isotherms similar to
that depicted as curve 8' in Fig. 1 change their shape with increasing overloading in
a different manner. At first they behave like bands corresponding to a normal
Langmuir isotherm: the front edge is steep and the desorption part of the profile is
long. When the load is increased, the profile becomes steeper also at the rear and finally
we obtain a peak shape (Fig. 12) that is similar to the peak corresponding to an
isotherm with the first part convex (Figs. 7 and 9). The computed shape resembles that
published in an experimentai study [6}.

Comparison of the band profiles of four compounds with moderate (Fig. 13) and
heavy overloading (Fig. 14) demonstrates how drastically may be the change in the
elution volumes of bands which in linear region all elute as Gaussian profiles at 2500
volume units.

"'d
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/-------

500 1000 1500

VOLUME
2000 2500 3000

Fig. ll. Peak shapes at various column lengths. Isotherm as in Fig. 9, injected amount: lOO (volume, lO;
concentration, 10). Number of cells: 1000, 600, 450, 300, lOO.
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Fig. 12. Peak shapes of a compound with limited solubility (isotherm 8 in Fig. 1). Injected amounts: 3000,
2000, 1000, 300, 100, 30. Number of cells: 1000. Concentration of injected sample (all cases): 9.8.
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Fig. 13. Four band profiles at moderate overloading. In all instances K = I.S.Injected amount: 10. Number
of cells: 1000. Curve I, Langmuir isotherm, R = I; curve 2, hyperbolic (quasi-Langmuir), R = -I; curve 3,
S-shaped, R = - I, L = 2, T = 2; curve 4, R = I, L = 3, T = 2.
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Fig. 14. Same as Fig. 13 but amount = 100.
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Interaction of two compounds
Interaction of two bands with normal Langmuir isotherms in the overload

region has been described previously [1,7,9] and similar interactions are observed when
two compounds with hyperbolic isotherms are eluted (Fig. 15). In the region of

~-.o

2000 2400 2800 3200 3600

VOLUME
4000 4400 4800 5200

Fig. 15. Band profiles of two compounds with hyperbolic (quasi-Langmuir) isotherms, heavy overloading.
Both bands: amount = 100, R = - 1. Full line, K = 1.5; dashed line, K = 2. Number of cells: 1000.
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Fig. 16. Two compounds with different types of isotherms. Full line, K = 1.5, R = -I (hyperbolic,
quasi-Langmuir); dashed line, K = 2, R = I (Langmuir). Injected amount: 3. Injection volume: 10. Number
of cells: 1000.

overlap, the compounds seemingly displace each other and the tendency to form bands
of pure compounds manifests itself by the formation ofan indentation in the front part
of the second peak and of a hump in the front part of the first peak. A different
situation occurs if one compound has a Langmuir isotherm and the second
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Fig. 17. Same as Fig. 16 but injected amount = 10.
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Fig. 18. Same as Fig. 16 but injected amount = 30.

a hyperbolic isotherm. Then at higher overloadings the band profiles do not overlap,
but form a region with increased concentration (Figs. 16-18). This tendency for
a decreasing width and increasing concentration finally leads to extremely narrow twin
band profiles [I].
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Fig. 19. Two compounds with different types of isotherms. Full line, S-shaped isotherm, K = 1.5, R = - 1.0,
L = 2.0, T = 2.0; dashed line, Langmuir isotherm, K = 2.0, R = 1.0, L = T = O. Number of cells: 1000,
Injected amount: 10.
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Fig. 20. Same as Fig. 19 but injected amount = 30.

When, instead of a compound with a hyperbolic isotherm together with
a compound with a Langmuir isotherm, a compound with an S-shaped isotherm
having the first two constants identical is eluted, at low concentrations the band profile
is identical with that in Fig. 16. When the injected amount is increased, a narrow twin
peak is formed (Fig. 19), similarly to the previous case (Fig. 17) with larger injected
amounts, but then the peaks start to overlap (Fig. 20) and at still higher amounts the
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Fig. 21. Same as Fig. 19 but injected amount = 100.
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Fig. 22. Band profiles of compounds with S-shaped and Langmuir isotherms. Full line, K = 1.5, R = 1.0,
L = 3.0, T = 2.0; dashed line, K = 2.0, R = 1.0, L = T = 0; dotted line, same as full line, but compound
eluted alone, without interaction. Number of cells: 1000. Injected amount: 10.

band profiles are quite similar to those for pure compounds. The only indication of this
inflection point on the isotherm of the compound with a lower distribution coefficient
is the formation of a spike on the ascending part of the peak profile. This spike is also
reflected on the front edge of the compound with a regular Langmuir isotherm (Fig.
21 ).
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Fig. 23. Same as Fig. 22 but injected amount = 100.
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Fig. 24. Separation of five-component mixture. Three components with Langmuir isotherms, K = 0.5, 1.5
and 2.5; for all three R = 1.0, L = T = O. Two component with S-shaped isotherms: K = 1.0, R = - 1.0,
L = 1.0 and T = OJ and K = 2.0, R = -I, L = 1.0 and T = 1.2. Injected amount (all components): 30.
Number of cells: 1000.
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Fig. 25. Separation of five-component mixture. All components: S-shaped isotherms as in Fig. 2. Injected
amount (all components): 30. Number of cells: 1000.
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TABLE II

RECOVERY OF COMPOUNDS WITH S-SHAPED ISOTHERMS (AS IN FIG. 2) AS PERCENTAGE
OF AMOUNT INJECTED

The general character of the interaction between compound bands with
S-shaped and Langmuir isotherms is preserved even when the isotherm contains only
positive constants and does not exhibit a maximum. If small amounts are injected,
Gaussian peaks at 2500 and 3000 volume units are eluted. At higher concentrations,
the band profile of the first compound is extended towards higher elution volumes and
vice versa. At the same time, the peak of the first compound is pushed backwards by
interaction with the band of the second compound and a secondary peak is formed
(Fig. 22). At higher loads the bands change their mutual position, and the band of the
compound with an S-shaped isotherm shows a secondary spike at the elution volume
of the sharp front of the compound with a Langmuir isotherm (Fig. 23).

Multi-component separations
The five-component mixture of compounds with regular Langmuir and with

N

<5

z
o
r
<00

§~
uz
o
u

...
o
ci

480042003600240018001200 3000

VOLUME

Fig. 26. Separation of five components as in Fig. 25. Injected amounts: component with K = 2.5, 100; other
four, 1. Number of cells: 1000.
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Fig. 27. Separation offive components as in Fig. 26. Injected amounts: component with K = 0.5: J00; other
four, 1. Number of cells: 1000.

S-shaped isotherms reveals (Fig. 24) similar band profiles to those found for the
two-component mixture (Fig. 20). The loading is relatively low in comparison with
similar separations of compounds with Langmuir isotherms [1], but the overlap of
bands is so severe that the recoveries (with the exception of the first compound) are
only a few percent.

Another example is presented by compounds with S-shaped isotherms without
a maximum and with all four constants positive (Fig. 2).

Injection of the same amount of compounds as in preceding example leads to
severe interferences between all components (Fig. 25). Only after the load has been
decreased 3-fold maya small percentage of all components be recovered with the
desired purity (99%). As in similar instances, when severe interactions between
chromatographic bands exist, dilution of the injected mixture may lead to an
improvement in separation. In our case, even when the injected amount is double that
in the preceding case the recovery increases (see Table II).

The recovery of trace components from compounds with S-shaped isotherms
does not seem to present special problems if the major component is eluted in the last
position. All four minor components are then eluted in isolated bands, only their
elution volumes are shifted to lower values compared with elution of pure components
(Fig. 26). In contrast, when the major compound is eluted first, the first minor
component is completely overlapped by the major band and even a substantial part of
the second minor component is lost in the first peak (Fig. 27). The shift of elution
volumes to lower values is more pronounced than in the previous instance.
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Two-step adsorption has been postulated as the mechanism for the formation of
isotherms with inflection points. The band profiles of isolated peaks can then be
computed using the equilibrium mixed cells model. This model permits the compu
tation of multi-component separations and interesting features, not observed when
compounds with simple Langmuir isotherms are separated, may be discerned.

However, it must be stressed that similarity of computed and experiment<;tl
chromatograms may be only circumstantial. Only a thorough study of multi-com
ponent isotherms may establish that the hypothetical chromatograms presented in this
paper describe real systems. On the other hand, the simplicity of the original postulate
increases the validity of the results presented.

SYMBOLS

Ci concentration of ith compound in mobile phase (mol 1-1
)

CiA concentration of ith compound (all adsorbed forms) in solid phase (mol 1-1
)

CiF concentration of sorption sites with one adsorbed molecule of ith compound (mol
1-1)

CF concentration of free sorption sites in solid phase (mol 1-1
)

CZ;F concentration of sorption sites with two adsorbed molecules of ith compound
(mol 1-1)

GD sorption capacity of sorbent in one equilibrium cell (mol) (see eqn. 4)
G; amount of ith compound in one equilibrium cell (mol)
K; equilibrium constant in single-step adsorption (I mol-1

) (see eqn. 1)
L i equilibrium constant of the second adsorption step (I mol-1

) (see eqn. 2)
R; blocking factor for the first adsorption step (dimensionless)
T i blocking factor for the second adsorption step (dimensionless)
VM volume of mobile phase in one equilibrium cell (I)
Vs volume of solid phase in one equilibrium cell (I)
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ABSTRACT

Addition of 3-[(3-cholamidopropyl)dimethylammonio]-I-propanesulphonate (CHAPS) to mobile
phases in gradient elution hydrophobic interaction chromatography (HIC) on SynChropak Propyl causes
changes in observed elution times for nine globular proteins. The nine proteins showed different percentage
reductions in capacity factor, k', demonstrating the ability of CHAPS to change the selectivity of the
separations. Three basic types of gradient experiments have been explored for surfactant-mediated gra
dient elution HIC. Type I gradients are conducted with constant salt and variable surfactant concentration.
Type II gradients with variable salt and constant surfactant concentration, and Type III gradients with
variable salt and surfactant concentrations. By the criterion of a linear relationship between gradient time
and retention time the linear solvent strength condition applies to Type II and Type III gradients. Type III
gradients, with the fastest re-equilibration time, are preferable for repetitive analyses. Type I gradients are
relatively ineffective in making use of the solvent strength of CHAPS, and Types I and II gradients require
long equilibration times due to large changes in surface concentration of CHAPS which occur during
elution. The presence of CHAPS had a negligible effect on peak shapes of the proteins examined, except for
bovine serum albumin which yielded a narrower, less distorted peak in the presence of CHAPS.

INTRODUCTION

High-performance hydrophobic interaction chromatography (HIC) is growing
in prominence for separation of proteins [1-5]. In this technique proteins are eluted
from weakly hydrophobic stationary phases using decreasing salt gradients. These
relatively mild conditions favor the recovery of proteins in their native condition (i.e.
with retention of biological activity) [6]. This contrasts with reversed-phase (RP)
HPLC separations of proteins where the use of acidic conditions, organic solvents
and more hydrophobic stationary phases commonly induces protein denaturation
[8-11].

Surfactants, due to fact that they may interact both with proteins [12] and
stationary phase surfaces [13-18], are expected to have potential as eluting agents in
HIC. Recent studies from this laboratory have shown some of the potential of surfac
tants in HIC as eluting agents [19,20]. It is suggested that non-ionic or zero net charge
surfactants will have the highest potential for practical non-denaturing protein sep
arations. This is due to the fact that these materials are known to be gentler in their
action towards proteins, with less tendency to cause denaturation [21].

Recent isocratic HIC elution studies in this laboratory [20] with the zero net
charge surfactant 3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulphonate

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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(CHAPS), have shown that this surfactant can act as an eluting agent for proteins and
can also provide increased selectivity in protein separations.

However, most practical protein separations employ gradient elution to obtain
maximum peak capacity and resolution. Since most proteins exhibit steep elution
isotherms on RP-HPLC (and to a lesser degree on HIC stationary phases), they
generally elute over a narrow range of solvent strength, making development of
suitable conditions for isocratic elution of a protein mixture more difficult. For these
and other well-known advantages of gradient elution, it was necessary to examine
surfactant-mediated HIC in the gradient mode.

Recent studies of protein retention characteristics in both gradient elution HIC
and RP-HPLC have shown them to be predictable in terms of the linear solvent
strength formalism [22-26]. Linear relationships have been observed between log k'
(where k' is the capacity factor) and salt concentration for proteins in isocratic HIC
[27-29]. As a consequence, protein retention in gradient elution HIC can also be
modeled in terms of the linear solvent-strength formalism [24]. Thus standard HPLC
optimization techniques can be applied to gradient elution protein separations by
HIe.

Results from this laboratory [20] have shown that the linear relationships be
tween the log k' and salt concentration in HIC are also observed in the presence of the
surfactant CHAPS. Thus addition of a surfactant to HIC mobile phases does not
affect the chromatographic predictability of the system, although changes in the elut
ing power and selectivity of the mobile phase are introduced. We therefore decided to
determine whether chromatographically useful modifications of protein retention and
selectivity can be obtained with CHAPS under various gradient conditions.

EXPERIMENTAL

Carbonic anhydrase B (human erythrocyte), ribonuclease A (bovine pancreat
ic), bovine pancreatic trypsin inhibitor (BPTI), enolase (Yeast Type III), a-amylase
(from Bacillus, Type IIA), a-chymotrypsinogen A, aldolase (rabbit muscle, Type III)
and bovine serum albumin (BSA) were obtained from Sigma (St. Louis, MO,
U.S.A.). Lysozyme (hen eggwhite) was obtained from Miles Labs. (Elkhart, IN,
U.S.A.). The proteins were used without further purification. Ammonium sulfate
(ultra pure) was obtained from Schwarz Mann (Cambridge, MA, U.S.A.) and potas
sium phosphate (A.e.S. reagent) was obtained from Fisher (Fair Lawn, NJ, U.S.A.).
HPLC-grade water was produced with a Milli-Q purification system. CHAPS was
synthesized according to the procedure of Hjelmeland [26] and twice recrystallized
from methanol.

The chromatographic system consisted of a Perkin-Elmer Model Series 3B
pumping system (Norwalk, CT, U.S.A.), Perkin-Elmer Model LC75 variable-wave
length UV detector and a Waters WISP automatic sample injector (Milford, MA,
U.S.A.). The chromatograms were integrated with a Spectra-Physics Model 4270
computing integrator and stored on a Spectra-Physics Chromstation AT. The chro
matographic stationary phase used was 6.5-,um SynChropak Propyl HIC packing
obtained from SynChrom (Linden, IN, U.S.A.). This material was packed into a 10
cm x 4.6 mm J.D. HPLC column. The column was thermostatted with a circulating
water bath at 30.0 ± O.l°e.
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TABLE I

CLASSIFICATION OF GRADIENTS

All these gradients were linear, both in salt and in CHAPS.
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Initial concentration

Ammonium sulfate CHAPS
(M) (mM)

Final concentration

Ammonium sulfate CHAPS
(M) (mM)

Gradient
type

1.7 0.0 1.7 0.6 I
1.7 0.6 0.0 0.6 II
1.7 0.1 0.0 3.0 1lI
1.7 0.6 0.0 3.0 1lI

Chromatographic mobile phases were prepared according to standard methods
and filtered through 0.5-).lm filters prior to use. All mobile phases contained 0.02 M
potassium phosphate buffer at pH 6.1. All gradients contained an initial ammonium
sulfate concentration of 1.7 M, with CHAPS concentrations ranging from 0 to 0.6
mM. The final buffer was in all cases 0.02 M potassium phosphate buffer with
CHAPS concentrations ranging from 0 to 3 mM. CHAPS concentrations were cho
sen to be below the critical micelle concentrations [20]. All gradients were linear, with
gradient times ranging from 10 to 60 min. The elution of proteins was routinely
accomplished at a flow-rate of 1 ml/min, and monitored at a detector wavelength of
280 nm. Column equilibration experiments were conducted with a detector wave
length of 215 nm for the amide chromophore of CHAPS. Protein solutions were
prepared at a concentration of ca. 1 mg/ml in 0.02 M phosphate buffer, pH 6.1
without CHAPS, and filtered through a 0.5-).lm filter prior to injection. The injection
volume was 25 Jil for all the proteins.

Three basic combinations of surfactant and salt gradient are possible and were
investigated in this study. They are as follows:

Type I: hold salt concentration constant while varying surfactant concentra-
tion.

Type II: vary salt concentration while holding surfactant concentration con
stant.

Type III: vary salt and surfactant concentrations simultaneously.
Description of the specific gradients used in this study is summarized in Table I;

all gradients employed were linear. In the plots of retention time liS. gradient time
(Figs. 1,2,4 and 5), lines were fit to the data with a linear least-squares program.

RESULTS AND DISCUSSION

Linear solvent strength theory
Since a linear relationship between log k' and salt concentration is observed in

HIC, the linearly decreasing salt concentration gradients commonly employed for
elution will yield a linear relationship between log k' and time [24]. Therefore, under
these conditions the linear solvent strength (LSS) theory may be employed. This
theory has been successfully employed in describing small-molecule gradient sep-
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arations [22,25], and for a general description of large-molecule separations [23]. We
also find an example of its application to HIC gradient separations of proteins [24].
The basic retention relation for linear solvent-strength conditions is as follows:

log k j = log k o - bet/to) (1)

Where k j is the value of k' at the column inlet during the gradient at time t, to is the
column dead time and ko is the value of k' at t = O. The implication of eqn. 1 is that a
linear relationship between the log of the instantaneous k' at the column head and
time must apply during the gradient. The gradient steepness parameter may be de
scribed as:

(2)

Here Ll<p is the change in volume fraction of strong solvent in the gradient (i.e. for a
0-100% gradient Ll<p is 1.0), S is the slope of log k' vs. <p, VITI is the column dead
volume, F the flow-rate, and tG the gradient time. It can be shown that retention in
gradient elution then may be expressed as:

t g = (to/b)log(2.3k ob + 1) + to + to (3)

Here, to is the correction for instrumental dwell time. In order to simplify this rela
tionship we make the approximation 2.3bko » 1. Thus eqn. 3 simplifies to the follow
ing relationship:

(4)

According to eqn. 4, we expect that retention time, tg , will be linearly related to the
gradient time, tG. Since we previously observed that linear relationships are observed
for log k' vs. salt concentration in the presence of the surfactant CHAPS in HIC [20],
we would like to know if gradients containing CHAPS can be run under LSS condi
tions. To test this hypothesis tg was plotted vs. tG for the nine proteins in this study
under Type TIT gradient conditions. Linear relationships were observed for all nine

o
co

Fig. I. Dependence of retention time (min) on gradient time (min) for the proteins carbonic anhydrase B
(D), (X-chymotrypsinogen A (+ ) and aldolase (0). Linear gradient without CHAPS, 100% 1.7 M ammo
nium sulfate + 0.02 M potassium phosphate, pH 6.1 to 100% 0.02 M potassium phosphate, pH 6.1.
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Fig. 2. Dependence of retention time (min) on gradient time (min) for the proteins a-amylase (0), BPTI
(+) and enolase (0). LSS gradient analysis, Type III bilinear gradient elution with CHA PS, 100% 1.7 M
ammonium sulfate + 0.1 mM CHAPS + 0.02 AI potassium phosphate, pH 6.1 to 100% 3.0 mM CHAPS
+ 0.02 M potassium phosphate, pH 6.1.

proteins. In Fig. I, tg vs. tG is plotted for three representative proteins under gradient
elution conditions without CHAPS in the mobile phase. In Fig. 2, t g vs. tG is plotted
for representative data collected under Type III gradient conditions (with CHAPS
present). As can easily be seen in Fig. 2, linear relationships between tg and tG are also
observed for CHAPS-containing mobile phases in gradient elution HIC of proteins.
Similarly, linear plots are obtained for Type II gradients and for the other six proteins
under Type III conditions. Therefore we find that HIC separations with CHAPS can
be modeled in terms of the LSS theory.

Selectivity
In order to examine the effects of CHAPS on selectivity, tg was determined as

f(tG) for the nine proteins with CHAPS (Type III gradients) and without CHAPS.
Linear relationships for t g vs. tG were found in all cases, consistent with the LSS
model. As shown in Table II, the effect of CHAPS varied greatly, depending on the

TABLE II

CHANGES IN I g DUE TO CHAPS

Gradients of 60 min. Type III gradients were employed, with salt decreasing linearly from 1.70 M to 0 M
ammonium sulfate, and [CHAPS] increasing linearly from 0.6 mM to 3.0 mM. With values of IG ranging
from 10 to 60 min, plots of Ig vs. IG were fit with a linear least-squares program. Least-squares values of I

with and without CHAPS were used to obtain Lllg = I
g

(with CHAPS) - Ig (withollt CHAPS). g

Protein

a-Amylase
Aldolase
BPT!
BSA
Carbonic anhydrase
a-Chymotrypsinogen
Enolase
Lysozyme
Ribonuclease A

I g (without CHAPS)

45.9
43.1
31.1
60.6
29.8
53.3
28.0
29.9
16.7

Lllg (min)

- 3.7
- 0.8
- 6.9
-17.5
- 9.5
- 7.9
-13.7
- 7.1
- 4.9
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protein. With tg 60 min the decrease in tg due to CHAPS ranged from 0.8 min
(aldolase) to 17.5 min (BSA). These reductions in tg correspond to 1.8% and 30%
respectively. It is therefore evident that the CHAPS shows strong selectivity in the
gradient mode, consistent with what we have already shown for isocratic HIC [20].

Operational characteristics
Selectivity effects in Type I gradient elution were not investigated, as this mode

of chromatogiaphy is more difficult to carry out. This is because of the difficulty of
finding a suitable retention window of salt and surfactant concentrations such that
proteins are retained strongly without CHAPS and weakly retained with CHAPS in
the mobile phase. However, one such window was found for the protein carbonic
anhydrase B. Fig. 3 shows the elution of this protein under Type I gradient condi
tions. The Type I gradient experiment was carried out using an initial CHAPS step
gradient of 0-0.6 mM at a constant ammonium sulfate concentration of 1.7 M. The
large peak observed in the chromatogram at about 5-10 min is caused by the break
through of a small amount of solvent impurity in the CHAPS (identified by gas
chromatography as dimethylformamide). The detector was re-zeroed at about 10 min
to keep the entire chromatogram on scale. Breakthrough of CHAPS ocurred at ap
proximately 60 min, followed by the carbonic anhydrase B peak at approximately 70
min, as [CHAPS] in the mobile phase continued ro rise, approaching equilibrium.

CA

a 20 40

Time, min

60 80

Fig. 3. Type 1 gradient elution of carbonic anhydrase B (CA). At to a step gradient of 0 to 0.6 mM CHAPS
in 1.70 M ammonium sulfate + 0.02 M potassium phosphate was introduced. The apparent peak at 5-10
min is an artifact caused by the breakthrough of a small amount of solvent impurity, followed by re-zeroing
the detector at a time corresponding to the apparent peak maximum. Re-zeroing was necessary to keep the
entire chromatogram on scale.

The extent of change of retention time for Type III gradient elution is affected
by the initial CHAPS concentration. Fig. 4 shows the effect of increasing the initial
surfactant concentration from 0.1 to 0.6 mM on the retention time of BPTl. As this
example shows, the magnitude of the change in retention time increases with the
initial CHAPS concentration. The protein BPTI shows a small decrease in retention
with an initial mobile phase concentration of 0.1 mM CHAPS in Type III gradient
elution. When the initial CHAPS concentration is increased to 0.6 mM, a significantly



SURFACTANT-MEDIATED HIC OF PROTEINS 105

Fig. 4. Effect of initial CHAPS concentration on the retention of the protein BPTl in Type III gradient
elution. Type III bilinear gradient elution with CHAPS (0), 100°Ic, 1.7 M ammonium sulfate + 0.1 mM
CHAPS (top) or 0.6 mM CHAPS (bottom) to 100% 3 mM CHAPS + 0.02 M potassium phosphate, pH
6.1. Gradient elution without CHAPS (0), 100% l.7 M ammonium sulfate + 0.02 M potassium phos
phate, pH 6.1 to 100% 0.02 M potassium phosphate, pH 6.1. Retention and gradient times in min.

larger decrease in retention time is seen for BPTI. A similar pattern was observed for
lysozyme.

Protein retentions in Type II and Type III gradient elution modes were also
compared. Fig. 5 shows the effect of the two gradient modes on IX-chymotrypsinogen
A. Contrary to our expectation of shorter retention times with Type III gradients
(compared to Type II), the data show no significant differences. We believe that this is
the result of the appreciable lag time between to and the time required to load the
stationary phase with surfactant. Substantial lag times are evident in both Fig. 3
(0-60 min) and Fig. 6 (50-85 min). This is discussed further in the following section.

Equilibration
In order to study equilibration requirements of the HIC column after execution

of a surfactant gradient, blank elution profiles were recorded, using a detector wave
length where CHAPS exhibits significant UV absorbance, i.e. 215 nm. The resulting
blank elution profiles are shown in Fig. 6 (Type II) and Fig. 7 (Type III). For Type II
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Fig. 5. Type II I'S. Type III gradient elution for a-chymotrypsinogen A. (Top) Type II linear gradient
elution with CHAPS (0): 100% 1.7 M ammonium sulfate + 0.6 mM CHAPS + 0.02 M potassium
phosphate, pH 6. I to 100% 0.6 mM CHAPS + 0.02 M potassium phosphate, pH 6.1. (Bottom) Type III
bilinear gradient elution with CHAPS (0): 100% 1.7 M ammonium sulfate + 0.6 mM CHAPS + 0.02 M
potassium phosphate, pH 6.1 to 100% 3 mM CHAPS + 0.,02 M potassium phosphate, pH 6.1. Gradient
elution without CHAPS, 100% J.7 M ammonium sulfate + 0.02 M potassium phosphate, pH 6.1 to 100%
0.02 M potassium phosphate, pH 6.1. 0 = Retention times without CHAPS. Retention and gradient
times in min.

gradients a number of features are observable. First, at a point near the end of the
gradient (approximately 22 min), a large peak is observed. This is believed to be due
to the elution of CHAPS from the stationary phase. Shortly after returning to initial
conditions at the end of the gradient, a large negative deflection is observed at ap
proximately 48 min. This corresponds to removal of CHAPS from the mobile phase
by adsorption onto the stationary phase for reequilibration of the stationary phase
surface. This is expected, since with a decrease in mobile phase salt concentration, the
equilibrium amount of CHAPS adsorbed on the SynChropak propyl stationary
phase surface decreases [20]. Thus, CHAPS adsorbed on the stationary phase at the
initially high salt concentration at the start of the gradient would be expected to be
eluted from the column as the salt concentration decreases in the gradient. After
reequilibration of the stationary phase surface, breakthrough of the CHAPS-contain
ing mobile phase is seen at 80-90 min followed by a return to the original baseline at
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Fig. 6. Type [[ gradient equilibration with 0.2 mM CHAPS. Blank gradient on SynChropak propyl, 10 em
x 4.6 mm 1.0.,100% 1.7 M ammonium sulfate + 0.2 mM CHAPS + 0:02 M potassium phosphate, pH

6.1 to 100% 0.2 mM CHAPS + 0.02 M potassium phosphate, pH 6.1. A.uJ.s. = 0.5.

100 min. In these studies reequilibration times of 60-90 min were employed, depend
ing on column volume and surfactant concentration. Increase in the mobile phase
concentrations of CHAPS or ammonium sulfate leads to increased adsorption of
CHAPS on the stationary phase and a longer time for equilibration. Longer equili-

1.0.,.------------------------,
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o 20 40 60 80 100
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Fig. 7. Type III gradient equilibration. Blank bilinear gradient on SynChropak propyl, 10 em x 4.6 mm
1.0., 100% 1.7 M ammonium sulfate + 0.6 mM CHAPS + 0.02 M potassium phosphate, pH 6.1 to 100%
3 mM CHAPS + 0.02 M potassium phosphate, pH 6.1. A.uJ.s. = 1.0.
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bration times result from atypical adsorption isotherms and the marked depletion of
surfactant from the mobile phase [20,31,32] while the stationary phase is being load
ed. The effect is seen clearly in the determination of adsorption isotherms by frontal
analysis [20,31,32].

Type III gradients (Fig. 7), exhibit some significant differences from Types I
and U. (Note: comparison of Figs. 6 and 7 should allow for the difference in absor
bance scales.) First, the magnitude of the peak observed near the end of the gradient
(i.e. the "CHAPS peak") is larger than for Type II. This is probably due to the
combined effects of increasing [CHAPS] and decreasing [(NH4hS04] in the Type III
gradient as compared with only decreasing [(NH4hS04] in the Type III gradient.
Furthermore, the negative deflection observed in Type II gradient elution is not pre
sent in Type III. The breakthrough of CHAPS-containing mobile phase after reequil
ibration of the column is also missing. No negative peak is observed at the return to
initial conditions at 40 min, and the detector signal returns immediately to the origi
nal baseline value. Also no breakthrough of CHAPS was noted at the end of the
equilibration period. Therefore the required equilibrations for our Type III gradients
are much shorter than for Type II gradients. Typically, equilibration times of 15-20
min were used in this study. These equilibration requirements are comparable to
those required in conventional high-performance HIC separations without surfac
tant. Since we have not carried out an extensive survey of different Type III gradients,
we cannot be sure that rapid equilibration will always be obtained. Nonetheless it
appears likely that Type III gradient will be preferred for repetitive analyses.

o
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Without CHAPS
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Fig. 8. The effect of CHAPS on the peak shape of bovine serum albumin in gradient elution. Lowcr curve:
100% 1.7 M ammonium sulfate + 0.02 M potassium phosphate, pH 6.1 to 100% 0.02 M potassium
phosphate, pH 6.1. Linear gradient of 30 min with a IS-min hold 'at final conditions. Gradient elution with
CHAPS (upper curve) is Type III: 0.6 mM CHAPS linearly increasing to 3.0 mM CHAPS at 30 min,
superimposed on the salt gradient for the lower curve.
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Peak shapes
Almost all the proteins examined in this study produced chromatographic

peaks of normal shape with or without the presence of CHAPS. However, the protein
bovine serum albumin (BSA) has been reported to yield distorted peak shapes in HIC
[4]. We therefore decided to examine the effect of CHAPS on the peak shape of this
protein in gradient elution HIe. When BSA is eluted from a SynChropak propyl HIC
column it elutes as a broad distorted peak with a much larger bandwidth than the
other proteins in this study (Fig. 8). When CHAPS is added to the mobile phase, the
retention time is considerably reduced and a narrowed, less distorted peak results.
The presence of CHAPS had negligible effects on peak shapes of the eight other
proteins in this study. We assume that distortion of the BSA peak in the absence of
CHAPS is the result of sluggish conformational equilibria in the protein [27]. On this
assumption it appears that CHAPS has the effect of either shifting the equilibrium or
of speeding rate-limiting conformation interconversions. Another possibility is bind
ing of BSA to the stationary phase surface followed by a conformational change
induced by the stationary phase. This mechanism has been reported for the reversed
phase chromatography of proteins [9]. In the presence of CHAPS we know that BSA
is bound less tightly to the stationary phase surface, possibly reducing conforma
tional instability induced by contact with the stationary phase.
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ABSTRACT

It is well known that the non-ionic detergent octyl glucoside (l-O-n-octyl-P-D-glucopyranoside) solu
bilizes biological membrane components. It forms complexes with membrane-spanning proteins by hydro
phobic interactions and it forms mixed micelles with membrane lipids. In contrast, non-ionic detergents
usually do not bind to water-soluble proteins. According to a recent report, substantial and cooperative
binding of octyl glucoside to several water-soluble proteins does occur near the critical micelle concentra
tion. However, data have been obtained that contradict this report. No decrease was found in the elution
volumes of five water-soluble proteins on molecular sieve chromatography on two Superose columns in
tandem when 35 mM octyl glucoside was included in the eluent. No binding of the detergent to these
proteins was observed at 20 or 22.5 mM octyl glucoside on molecular sieve chromatography on a TSK SW
guard column as determined by differential refractometry and UV spectrophotometry of the proteins in the
absence or presence of octyl glucoside. The experiments were done with the same buffer system and with six
of the proteins used in the reported study. It is concluded that, as expected, there is no binding of octyl
glucoside to water-soluble proteins above the detection limit (0.1 g detergent/g protein) of the refracto
metric method. The binding of, on average, 1.3 ± 0.2 g of detergent per gram of water-soluble protein that
was observed at 20 mM octyl glucoside in the reported study is not consistent with the present results.

INTRODUCTION

Octyl glucoside (l-O-n-octyl-P-D-glucopyranoside) has a high solubilizing ca
pacity for some membrane proteins [1-7] and does not usually affect the biological
acitivity of membrane proteins and water-soluble enzymes [8-11]. However, the re
constituted activity of monosaccharide transporters may decrease if essential lipids
are displaced from the protein on solubilization or fractionation [9,10,12]. The rela
tive micellar mass of octyl glucoside at room temperature and near the critical micelle
concentration is 21 000-25000 [13-15]. The value of 8000 reported earlier [16] is an
underestimate. The micelle size seems to become heterogeneous as the octyl glucoside
concentration is increased [14], In water, at 22°C, the micellar hydrodynamic radius is
2.35 nm [15], The high critical micelle concentration of 23-25 mM [15-17] makes

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



112 P. LUNDAHL et al.

octyl glucoside easy to remove by molecular sieve chromatography or dialysis, for the
preparation of proteoliposomes in reconstitution experiments [10,18]. The critical
micelle concentration of octyl glucoside decreases with increasing ionic strength [17]
and increases as the temperature is decreased from 2YC [15]. Some membrane pro
teins have been crystallized in the presence of octyl glucoside [13,19-21]. Results from
X-ray crystallographic studies of the octyl glucoside-bacteriorhodopsin complex [20]
were interpreted as an interaction of the detergent only with the hydrophobic parts of
the protein, whereas the hydrophilic ends of the protein molecules bind to each other
and thus build up the crystal lattice [21,22]. Octyl glucoside has also been reported to
show effects on the crystallization of water-soluble proteins [23].

A knowledge of the structures of the complexes between amphiphilic proteins and
octyl glucoside, in addition to other non-ionic or zwitterionic detergents, is important
in membrane biochemistry. Essential aspects are the state of association of the solu
bilized proteins and the sizes of their monomeric complexes with the detergent, which
can be determined by molecular sieve chromatography [10,24]. Quantitative determi
nations can be made by low-angle laser light-scattering (LALLS) photometry, differ
ential refractometry and UV absorbance photometry of eluates from high-perform
ance gel chromatographic columns [25,26].

Non-ionic detergents do not bind to water-soluble proteins according to the few
reports that we have found [27-30]. This is not surprising as the hydrophobic hydro
carbon moieties of the detergent molecules probably do not interact with the mainly
hydrophilic surfaces of water-soluble proteins, at moderate ionic strengths. However,
results suggesting substantial binding of octyl glucoside to several water-soluble pro
teins, at low ionic strength, below the critical micelle concentration and in proportion
to the molecular weights of the proteins, have recently been reported [II]. Enzymes
nevertheless had the same activities in the absence as in the presence of octyl glucoside
[11]. The results were interpreted as indicating incorporation of each protein molecule
into an octyl glucoside micelle. This seems unlikely as no denaturation occurred and
as the protein surfaces are mainly hydrophilic, whereas the interior of an octyl gluco
side micelle is hydrophobic.

To verify or disprove these data, we have now studied the effect of octyl glucoside
on the elution volumes of some water-soluble proteins on molecular sieve chromato
graphy on Superose columns. If a globular protein binds a large amount of octyl
glucoside (as reported by Cordoba et al. [liD, the corresponding decrease in elution
volume can easily be detected [31]. We have also attempted to detect octyl glucoside
binding to some water-soluble proteins by differential refractometry combined with
UV spectrophotometry for monitoring the proteins on high-performance molecular
sieve chromatography, in the absence and presence of octyl glucoside, on a TSK SW
guard column. This procedure allows the determination of binding by use of the
ratios between the refractometer and spectrophotometer signals [26]. The results of
the above two methods are internally consistent but they contradict the results of
Cordoba et al. [11]. By use of equilibrium dialysis and infrared spectrometry, about
fifteen binding sites for octyl glucoside monomers per bovine serum albumin mole
cule have also been found [32]. However, this value is below our detection limit of 0.1
g detergentjg protein, or about 20 octyl glucoside monomers per albumin molecule.
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Materials
For elution volume determinations, octyl glucoside (No. 0-8001), ribonuclease

A (Type I-A; No. R 4875), ovalbumin (Grade V; No. A 5503), bovine serum albumin
("essentially fatty acid free"; No. A 7030), fibrinogen from human plasma (Type 1;
No. F 3879), bovine catalase (No. C 100) and Aspergillus niger catalase (No. C 3515)
were bought from Sigma (St. Louis, MO, U.S.A.). All chemicals were of analytical
reagent grade. Solutions were passed through 0.2-llm filters (SM 11107; Sartorius,
G6ttingen, F.R.G.) and simultaneously degassed.

For binding measurements, octyl glucoside was bought from Dojin Chemicals
(Kumamoto, Japan) and bovine serum albumin preparations (No. 001, "fatty acid
free" and No. 002, "reagent grade") from Chiba Chikusan Kogyo (Chiba, Japan).
Other proteins were from the same source as above. Solutions were filtered through
0.3-llm filters (PHWP 04700; Nihon Millipore Kogyo, Yonezawa, Japan).

Methods
Molecular sieve chromatographic experiments. These experiments, for compari

son of protein elution volumes in the absence or presence of octyl glucoside, were
done on prepacked 23-ml (28 x 1 cm tD.) columns of Superose-12 and Superose-6
cross-linked agarose gels connected in tandem, unless stated otherwise. A mixture
containing all of the six proteins studied was usually applied. For peak identifications
the proteins were also applied separately. In a series of experiments on the possible
time dependence of binding of octyl glucoside, only the Superose-6 column was used.
In these latter experiments bovine serum albumin and bovine catalase were studied.
The proteins were fractionated separately on the Superose-6 column. All experiments
were done at room temperature (23 ± 1QC).

The columns were equilibrated with 25 mM sodium phosphate buffer (pH 6.4)
containing 0.1 M NaCI (as used in ref. 11) in the presence or absence of 35 mM octyl
glucoside, with at least five column volumes of the solution to be used. The sample
volume was 500 Il\. The flow-rate was 0.3 ml/min. The chromatographic equipment
[31] used for the above experiments was provided by Pharmacia LKB Biotechnology
(Uppsala, Sweden).

Differential refractometric measurements. The proteins were applied, one by
one, to a 3.3-ml (7.5 x 0.75 cm to.) TSK SW guard column, at room temperature
(25 ± 1QC). The column was connected to a high-speed liquid chromatograph (Type
CCPO) equipped with a degasser (ERC-3522). The eluate was monitored by a UV
spectrophotometer (UV-8010) and by the LALLS instrument LS-8000, which con
tains a light-scattering detector and a differential refractometer (RI-80ll). All the
above pieces of equipment were obtained from Tosoh (Tokyo, Japan), except the
degasser, which was from Erma Optical Works (Kawaguchi, Japan).

The solutions used were the same as for molecular sieve chromatography except
that 3 mM sodium azide and 0, 20 or 22.5 mM octylglucoside were included. The
sample volume was 100 III and the flow-rate was 0.2 ml/min.

The TSK SW guard column was chosen as it affords a resolution high enough
for the present purpose, and as its small volume gives short run times. The amount of
the expensive octyl glucoside consumed is also minimized.
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A procedure similar to that described above has recently been developed for the
determination of sodium dodecyl sulphate (SDS) binding to proteins above the crit
ical micelle concentration [33]. This procedure is based on the decrease in the refrac
tometer signal from the micelles in samples with known amounts ofSDS when part of
the micellar detergent binds to protein molecules. It gave higher binding ratios than
those obtained by earlier methods.

Sample preparation
Experiments with Superose columns. The proteins were dissolved together in 25

mM sodium phosphate buffer, (pH 6.4), prepared from Na2HP04 and NaH2P04,
containing 100 mM NaCI, unless stated otherwise. The protein concentrations were
ribonuclease A 3, ovalbumin 3, bovine serum albumin 3.2, fibrinogen 1.4, bovine
catalase 1.6 and Aspergillus niger catalase 1.6 mg/m!. The protein solutions were
passed through 0.2-pm Acrodisc-13 filters (Gelman, Ann Arbor, MI, U.S.A.).

The protein stability and octyl glucoside binding to bovine catalase and bovine
serum albumin during incubations with octyl glucoside for several days were also
tested. Separate samples of the proteins (concentrations as above) were incubated at
2YC in the absence or presence of 50 mM octyl glucoside in the above solution. This
detergent concentration is sufficient to obtain the binding levels reported in ref. 11.
After 20, 90 and 120 h, 500-pl aliquots of the samples were applied separately to a
Superose-6 column.

Binding measurements. The proteins were dissolved separately at a concentra
tion of 1.0 mg/ml in 25 mM sodium phosphate buffer (pH 6.4) containing 100 mM
NaCI and 3 mM NaN3 or, for experiments in the presence of octyl glucoside, in the
above solution containing 22.5 mM octyl glucoside. The samples for runs at 20.0 or
22.5 mM octyl glucoside were dialysed overnight against buffer solution containing
22.5 mM octyl glucoside (the dialysis volume was ten times the sample volume). All
samples were filtered through 0.22-pm filters (Type SLGV025LS; Nihon Millipore
Kogyo).

Evaluation
Elution volumes. A difference in the elution volume (Ll Ve) of 30 pI can be detect

ed in the Superose chromatographic experiments. According to a graph of Ve vs. log
M r for the proteins studied (not shown), Ll Ve = 30 pI corresponds to an increase in
molecular weight of 1% and an increase in radius for a globular protein of 0.3%.
Massive binding of octyl glucoside, as reported by Cordoba et al. [11], can thus easily
be detected as a decrease in Ve in the molecular sieve chromatographic experiments.

Binding. The refractometer signal, (Output)R" can be expressed as

(Output)RI = kt(dn/dc)c (I)

where k t is a constant, dn/dc is the specific refractive index increment and c is the
weight concentration of the protein. The UV absorbance signal, (Output)UY, can be
expressed as

(Output)UY (2)
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where k 2 is a constant and A is the absorption coefficient, based on weight concentra
tion. This gives

dn/dc = k 3{(Output)Rd [(Output)uv/A]) (3)

where k 3 is a constant.
The refractive index increment for a solution of the complex between detergent

(D) and protein (P) with respect to the protein concentration, at constant chemical
potential of diffusible components, (on/ocp) ,can be expressed as [34]

J1

(4)

where ~ is the binding ratio (w/w), (OCD/OCp) ,of detergent to protein, assuming that
the system can be regarded as a three-compd"Aent system (protein, detergent, aqueous
solution). Thus,

where R = (on/ocp)/,.!(on/ocp)c, (on/ocp)c = 0.187 ml/g [26] and (on/ocD)c 0.138
ml/g, as determined for octyl glucoside micelles [15]. According to eqn. 3,

R = [(Output)Rd(Output)UV]DP / [(Output)RI/(Output)uv]p (6)

where DP denoting values in the presence of octyl glucoside and P values in the
absence of detergent. The peak heights were measured. R was calculated according to
eqn. 6 and finally the binding values ~ (g octyl glucoside/g protein) were calculated
according to eqn. 5, which, with the above numerical values, can be written as

~= 1.355 (R-I)

The limits of error (see Table I) are based on the sums of the standard deviations
(0"11_1) for the peak-height ratios in eqn. 6.

For a complete description of this methodology, see ref. 26.

RESULTS

Elution volumes
Fractionation on the tandem Superose-12 and Superose-6 columns (see Meth

ods) showed that the presence of 35 mM octyl glucoside (i.e., well above the critical
micelle concentration) did not detectably affect the elution volumes of five of the six
proteins studied, compared with fractionation in the absence of the detergent. The
elution volumes were constant (Fig. I). The only exception was fibrinogen, which was
eluted earlier in the presence of 35 mM octyl glucoside than in the absence of de
tergent. The decrease in elution volume was small, about 300 J1l (cf, Fig. I). This
corresponds to an increase in M r of ca. 17000 for a globular protein or to about 60
octyl glucoside molecules to one protein molecule. However, as no binding to fibrino
gen was detected by the refractometric method (see below), a plausible explanation
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Fig. I. Fractionation of six water-soluble proteins on a Superose-12 and a Superose-6 column in tandem,
equilibrated with 25 mM sodium phosphate buffer (pH 6.4), containing 0.1 M NaCI, without detergent
(solid line) or with 35 mM octyl glucoside (dashed line). Flow-rate, 0.3 ml/min; sample volume, 500 Ill. The
columns were equilibrated with at least five column volumes of the solution to be used. After equilibration
in the detergent-free solution, ten 500-111 aliquots of the protein sample were applied one by one. No change
in the elution pattern was observed. After equilibration with at least five column volumes of solution
containing 35 mM octyl glucoside, six 500-111 aliquots of the protein sample were chromatographed as
above with about two column volumes of eluent for each run. The elution patterns were identical in all six
runs, within the narrow limits set technically by the sample application device, the monitor and the
recorder. Finally, the columns were again equilibrated with detergent-free solution and four 500-liI aliquots
of the protein sample were fractionated. The elution patterns were identical with the ten previous patterns
in the absence of detergent. The studied proteins were (a) fibrinogen, (b) Aspergillus niger catalase, (c)
bovine catalase, (d) bovine serum albumin, (e) chicken ovalbumin and (I) ribonuclease A. The elution
peaks of these proteins are indicated. The decrease in elution volume for fibrinogen (a) with octyl glucoside
may reflect decreased retardation rather than detergent binding (cr, Results, Elution volumes). The reason
for the increase in peak height for bovine catalase (c) in the presence of octyl glucoside is not known.

may be that fibrinogen was slightly retarded, by weak adsorption effects, in the Super
ose columns, in the absence of octyl glucoside.

Chromatography on Superose-6 of bovine catalase and bovine serum albumin
after long incubation times in the presence of 50 mM octyl glucoside showed no
differences in the elution volumes of these proteins compared with chromatography
after incubations in the absence of detergent (not illustrated). The elution volumes
were also the same whether the fractionations were done in the presence of octyl
glucoside or not.

Binding
A series of high-performance gel chromatographic experiments with differential

refractometric and UV spectrophotometric monitoring failed to detect any binding of
octyl glucoside to any of the water-soluble proteins studied (Table J). The high resolu
tion of the TSK SW guard column is illustrated in Fig. 2. Only with ribonuclease A
was the refractometric peak sometimes slightly disturbed by minor total-volume val
leys or peaks. A binding of, on the average, 1.3 g of octyl glucoside per gram of
protein at an equilibrium concentration of20 mM octyl glucoside (as calculated from
the Ii values in Table I in ref. 11) is more than ten times higher than our detection limit
of 0.1 g detergent/g protein.

DISCUSSION

Binding of detergents to proteins can be divided into two main categories, (I)
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TABLE I

ATTEMPT TO DETECT OCTYL GLUCOSIDE BINDING TO WATER-SOLUBLE PROTEINS BY
HIGH-PERFORMANCE GEL CHROMATOGRAPHY" MONITORED BY DIFFERENTIAL RE
FRACTOMETRY AND UV SPECTROPHOTOMETRyb

Protein' Bound octyl glucoside (gig protein)

-0.04±0.02
0.02±0.02
0.00±0.03

-O.OHO.Ol
0.01±0.02

-0.01 ±0.02
-0.04±0.02

0.00±0.02
0.00±0.02

-0.OHO.02
0.00±0.01

Ribonuclease A
Ovalbumin
Bovine serum albuminee

Bovine serum albuminf

Bovine catalase
Fibrinogeng

Average: - O.oI ± 0.02 (n = II)

" Three to five runs for each protein on a TSK SW guard column for each of the octyl glucoside
concentrations 0, 20 and 22.5 mM.

b Details in Methods.
, See Materia/s.
d Equilibrium concentration in the chromatographic column. For runs in 20 and 22.5 mM octyl

glucoside the samples were dialysed against 22.5 mM octyl glu'coside (in buffer).
e "Fatty-acid free".
f "Reagent grade".
g Fibrinogen was partly adsorbed on the prefilter or column in the first two runs in the absence of

octyl glucoside. Only the two following runs were used for the calculations.

non-denaturing binding of non-ionic or zwitterionic detergents to amphiphilic pro
teins, by hydrophobic interaction, and (II) denaturing binding of ionic detergents to
amphiphilic and hydrophilic proteins.

Examples of the Type-I binding are complexes between octyl glucoside and the
human red cell glucose transporter [10,24] and the octaethylene glycol n-dodecyl ether
complex with canine renal Na + /K + -ATPase [35]. Both of these proteins are integral
membrane proteins.

Type-II binding is found in SDS complexes of water-soluble and membrane
proteins. It is still not clear why SDS and other ionic detergents bind not only hydro
phobically to amphiphilic proteins but also to water-soluble proteins. Binding ofSDS
dramatically affects the protein structure. A hypothesis on the course of events during
interactions between SDS and water-soluble proteins is outlined in ref. 31.

N on-ionic detergents, on the other hand, can presumably not generally bind to
the surfaces of water-soluble, hydrophilic proteins. The hydrophobic interactions
that may occur with some grooves or patches of the surface of a hydrophilic protein
are probably insufficient to allow cooperative binding of detergent.

The glucose moiety of octyl glucoside is large (Mr = 179) compared with the the
alkyl chain (Mr = 113). The number of monomers in a micelle is also large (87 accord
ing to ref. 15). This indicates a compact structure in the hydrophilic shells of the octyl
glucoside micelle, as illustrated in Fig. 3A. In reality the alkyl chains are probably
staggered [15]. Octyl glucoside micelles may interact with surfaces of water-soluble
proteins, mainly by hydrogen bonding (Fig. 3A). Such interactions can hardly lead to
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Fig. 2. Chromatography of bovine catalase on a TSK SW guard column (see Methods). These elution
profiles were obtained at an equilibrium concentration of 22.5 mM octyl glucoside in the column. Essen
tially identical profiles were found at 0 and 20 mM octyl glucoside. UV, UV absorption (at 280 nm; I cm
path length); LS, low-angle laser light-scattering; RI, differential refractive index. The UV curve indicates a
high protein purity as regards low-molecular-weight proteins or protein fragments. Small amounts of
high-molecular-weight proteins or protein aggregates are separated, as shown by the light-scattering curve.
The main refractive index peak is well separated from the small valley approximately at the total volume of
the column. The valley derives from a slight deviation of the salt and detergent concentrations of the
sample from those of the eluent. The detectors were connected to the column in the order UV, LS and RI.
The distances between the horizontal lines is 10% of full-scale. Similar elution profiles as in this example
were obtained for the other proteins that were analysed. For a homogenous material (such as, in this
instance, a pure protein) the peak positions along the time axis would coincide if the three parameters were
monitored in a single cell and if the signals were recorded with a common starting point. Note that the
baseline levels for the light-scattering signal and for the differential refractometric signal are the same
before as after the peaks. This shows that equilibrium prevails.

the formation of micelles below the critical micelle concentration or to binding of
micelles. The micellar structure probably prevents denaturation of proteins by octyl
glucoside, as a polypeptide cannot easily distribute its hydrophilic and hydrophobic
groups between (a) the aqueous phase outside the micelle or the glucose shell of the
micelle and (b) the apolar micelle core, without severely disrupting the micelle struc
ture. The type of octyl glucoside interaction with water-soluble proteins that was
suggested in ref. 11 (Fig. 3B) seems to us thermodynamically unstable, as hydrogen
bonding to serine or threonine (inward-facing monomers in Fig. 3B) will be weak
and as most of the surface of a water-soluble protein is hydrophilic. The latter dis
favours an outward-facing mode of binding whether the alkyl chains of octyl gluco
side are staggered or not. Hence octyl glucoside can probably neither denature nor
bind to non-denatured water-soluble proteins.

The sulphate groups of the ionic detergent SDS are small (Mr = 96) and repel
each other owing to their negative charge, whereas the alkyl chains of SDS are rela
tively long (Mr = 169). The micelles of SDS allow denaturation, possibly as they give
space enough for hydrophilic side-groups of an interacting polypeptide to face the
aqueous medium and also space enough for hydrophobic side groups to be inserted
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Fig. 3. Detergent-protein complexes. (A) Hypothetical interaction between an octyl glucoside micelle and
the surface of a water-soluble protein (see Discussion). (8) Interpretation of the structure proposed tenta
tively in ref. I I for monolayers of octyl glucoside on the surfaces of water-soluble proteins below the
critical micelle concentration. These types of octyl glucoside binding to water-soluble proteins were not
found in our experiments. (C) Model of a complex between SDS and the denatured polypeptide of a
water-soluble protein lacking disulphide bonds, partly based on neutron-scattering data [37] (see Dis
cussion). The length of the bars corresponds to I nm.

individually or in stretches (probably as a-helices) into the micelle core(s). The back
bone of the polypeptide may even be hydrogen bonded to sulphate groups [36]. Most
of the polypeptide of a non-disulphide-bonded protein in a complex with SDS is
probably situated at the surface of SDS micelles [37]. The repulsion between the
sulphate head groups keeps the polypeptide segments apart and prevents refolding.
This type of complex is illustrated schematically in Fig. 3C. The properties of SDS
contribute to a spacious and stable structure of the micelles in a complex with a
polypeptide, a type of structure which cannot be attained by octyl glucoside.

We therefore consider it unlikely that octyl glucoside can bind, at moderate
ionic strengths, to water-soluble proteins, except possibly at a few sites where stable
binding on the protein surface is possible. Our results show that octyl glucoside does
not bind to water-soluble proteins, at least not in amounts exceeding 0.1 g per gram of
protein. However, hydrophobic interactions between water-soluble proteins and hy
drophobic groups do occur at high concentrations of salts, as evidenced by hydro
phobic interaction chromatography, where water-soluble proteins are adsorbed on
hydrophobic ligands at 2-5 M salt concentrations.

Interestingly, SDS analogues with six or eight oxyethylene (-CH 2CH 20-)
groups inserted between the sulphate group and the dodecyl chain do not denature
bovine serum albumin [38]. The reason for this is presumably that the hydrophilic
moiety becomes much larger (M, = 360 or 448), which leads to steric effects similar to
those proposed for octyl glucoside (above). The weight proportion between the hy
drophilic and hydrophobic moieties is 0.6 for dodecyl sulphate, 2.1 for the dodecyl
sulphate analogue with six oxyethylene groups and 1.6 for octyl glucoside.

We cannot exclude that some subtle differences in conditions cause the dis
crepancy between our results and those of Cordoba et al. [11]. However, as the octyl
glucoside concentrations were determined only in the protein-free compartment of
the dialysis cell and as we do not find the proposed micellar binding of octyl glucoside
around the proteins convincing, there are reasons to suspect that some unknown
factor in the experimental procedures used by Cordoba et al. [11] may be the cause of
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the inconsistency. One possibility is that the binding observed was not to the native
proteins but to amphiphilic contaminants such as polypeptide fragments (formed on
proteolysis). Even small fragments would remain in the protein compartment if they
formed complexes with octyl glucoside and induced formation of micelles, as the
relative micellar mass is 21 000-25 000 [13-15] and the exclusion limit of the dialysis
membrane used in ref. 11 was 6 000-8 000. Small proteolytic fragments and octyl
glucoside binding to such fragments will not easily be detected on molecular sieve
chromatography.

A method suitable for studying this aspect further may be small-angle neutron
scattering [22,36].

CONCLUSION

The non-ionic detergent octyl glucoside does not bind in micellar form to the
water-soluble proteins ribonuclease A, ovalbumin, bovine serum albumin, fibrinogen
and bovine catalase or Aspergillus niger catalase at an ionic strength of 0.14 M and at
equilibrium concentrations of 20-35 mM octyl glucoside. This is contrary to the
model used by Cordoba et at. [II] for the analysis of binding data. The binding of
octyl glucoside to the studied water-soluble proteins fell below the detection limit of
0.1 g detergentjg protein in refractometrically monitored chromatography at 20 mM
octyl glucoside. The substantial binding at 20 mM octyl glucoside reported by Cordo
ba et at. [II] is thus not consistent with our results.
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ABSTRACT

Immobilized metal affinity chromatography was investigated for the fractionation of basic nuclear
proteins of human sperm. Human sperm nuclei essentially contain two classes of protamines: a protamine
of type PI (HP I), rich in cysteine but with only one histidine, and three protamines of type P2 (HP2, HP3,
HP4), rich in cysteine and histidine (nine in protamine HP2), potential ligands for transition metal ions.
The critical conditions for metal affinity chromatography were defined: choice of metal, protein material
and buffer, type of elution and sample loading. Chromatography of nuclear proteins, without histones and
with cysteine residues alkylated by iodoacetamide, was optimum on zinc Chelating Sepharose in a Tris
acetate buffer and elution with an increasing concentration gradient of imidazole. Under these conditions,
the two classes of protamines were completely separated. The intermediate basic proteins were further
purified by reversed-phase high-performance liquid chromatography. Heterogeneity of binding to zinc of
protamine HPI was demonstrated. The proposed method is simple and reproducible and the recovery of
proteins is high. It may be applied to study the expression and function of PI and P2 protamines, e.g., in the
case of infertile men.

INTRODUCTION

Metal chelate affinity chromatography of proteins was first described by Porath
et at. [I]. This method allows the separation of proteins on the basis of their different
affinities to chelated metal ions. The principles of the binding have been presented in
detail by Porath's group [1-4]: exposed histidine, cysteine and tryptophan residues
coordinate to many transition metals such as zinc, copper, nickel and cobalt etc. Of
these amino acids, histidine seems to be the predominant ligand for zinc and copper
[4]. The topography of histidine residues at the surface of the molecule is a critical
factor for metal chelate affinity chromatography [4-6].

The nucleus of human sperm contains four different protamines, together with
a small proportion of histones and of minor intermediate basic proteins [7]. The
protamines may be divided into two groups: HPI (PI protamine), rich in cysteine but
with only one histidine [8], and HP2, HP3 and HP4 (P2 protamines), which are
structurally related and very rich in histidine (e.g., nine in HP2 and eight in HP3), and
containing also cysteine (five in HP2 and HP3) [9,10]. The intermediate basic proteins
HPIl, HPI2, HPSI, HPS2 are now known as precursors ofprotamines HP2 and HP3
[II], and these proteins are also rich in histidine and cysteine. On the basis of these

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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structural differences, metal chelate affinity chromatography could be expected to
effect a fractionation of human protamines. In this paper, a procedure using chroma
tography on zinc Chelating Sepharose is described as a simple and convenient method
for the separation ofHPI (a PI protamine) from HP2, HP3 and HP4 (P2 protamines)
together with their precursors.

EXPERIMENTAL

Isolation of nuclei and extraction of basic nuclear proteins
Sperm from human healthy, fertile donors was obtained from the CECOS

(Lille, France). Nuclei were purified as described by Ammer et al. [10]. Extraction of
the basic nuclear proteins was performed according to Gusse et al. [7], with slight
modifications. Briefly, a pellet of nuclei was incubated for 1 h at 4°C under nitrogen in
0.05 M Tris-HCI-0.002 M EOTA-O.OI M dithiothreitol (pH 8.8). Alkylation of the
thiols was effected with iodoacetamide (final concentration 0.03 M) for I h at 4OC.
Reduced and alkylated proteins were extracted with 0.25 M hydrochloric acid, then
precipitated with 20% trichloroacetic acid, washed with acidified acetone and ace
tone, dissolved in water and freeze-dried. A variation of this procedure was used in
which nuclei were reduced with dithiothreitol as described above, but the alkylation
step with iodoacetamide was omitted.

Metal chelate affinity chromatography
Chelating Sepharose 6B (Pharmacia) was thoroughly washed with water and

the suspension (in water) was poured in a 3 x I cm 1.0. column (volume of the gel =

0.5 ml). The gel was charged with 0.6 ml of 3 mg/ml zinc chloride solution, (i.e., ca.
13.5 /lmol of ZnClz).

The following buffers were used for equilibration: (A) 0.05 M sodium ace
tate-0.5 M NaCl (pH 7.0) and (B) 0.05 M Tris-acetate-0.5 M NaCl (pH 7.0). The
column was equilibrated overnight with either buffer A or buffer B at a flow-rate 6
ml/h.

The elution procedures were as follows: (1) stepwise elution with buffer A or B
of pH 7.0, 6.0, 5.0,4.0 and 3.0 (14 ml of each buffer); (2) washing of the column with
buffer A or B (pH 7.0) (14 ml), then stepwise elution with buffer A or B (pH 6.0)
containing 0.1 M histidine (14 ml), then 0.5 M histidine (14 ml); (3) washing with
buffer A or B (pH 7.0) (14 ml), then elution with a gradient of imidazole produced by
mixing two identical cylindrical chambers containing for the first 40 ml of buffer A or
B and for the second 40 ml of buffer A or B containing 0.25 M imidazole-HCI. The
actual profile of the imidazole gradient was established by monitoring the absorbance
at 220 nm (buffer B) or 240 nm (buffer A) of the effluent in several separate runs where
no sample was applied to the column. Stepwise elution with imidazole in buffer B was
also used as follows: washing with buffer B (14 ml) and elution with 0.05, 0.1 and 0.2
M imidazole in buffer B (14 ml of each solution).

In all the experiments, fractions of 2 ml were collected and the protein concen
tration in each fraction determined by the Coomassie blue method (see below). Frac
tions containing proteins were precipitated three times with 20% trichloroacetic acid
and washed with acidified acetone and acetone. The pellet was stored dried at - 20°C
or dissolved at a final concentration 1 mg/ml in 0.01 M hydrochloric acid-8 M
urea-Q.5 M mercaptoethanol prior to polyacrylamide gel electrophoresis.
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After chromatography, elution was performed with 0.05 M EDTA (pH 8)-0.05
M NH4HC03 (pH 1O.5)-water (50 ml of each) [12]. Fractions of 2 ml were again
collected and the protein contents were determined. The column was then recharged
with zinc chloride as described above.

The various elution procedures were also performed with Chelating Sepharose
Fast Flow (Pharmacia). The experimental conditions for the preparation of the col
umn and for elution were identical with those described above except that a flow-rate
of 30 ml/h was used.

Reversed-phase high-pelformance liquid chromatography
Fractions containing P2 protamines together with precursors .were loaded on a

Deltapak C t8 HPLC column (Millipore-Waters) (300 mm x 3.6 mm LD.) equili
brated in 0.1 % trifluoroacetic acid (TFA)~10% acetonitrile (flow-rate 1.5 ml/min).
About 0.1 mg of protein material in 0.1 ml of 0.1 % TFA was loaded on the column.
A linear gradient from 10 to 35% acetonitrile in 0.1 % TFA was developed in 60 min.
Fractions of I ml were collected.

Protein determination
The protein concentrations in the solution loaded onto the zinc Sepharose col

umn and in the fractions from chromatography were determined by Coomassie Blue
protein dye-binding assay according to Read and Northcote [13] with an adaptation
to a microtitration plate, and reading on a enzyme immunoassay (EIA) reader. A
1O-,u1 volume of the protein solution was mixed in a well of a microtitration plate
(96-well flat bottomed, microtitration plate, Falcon) with 40 ,ul of distilled water and
150 ,ul of Coomassie Brilliant Blue solution prepared as described [13]. The mixture
was stirred to effect homogenization on a stir plate. The plate was read on an EIA
reader (Dynatech MR 610) equipped with an interference filter at 600 nm. A standard
of salmon protamine (Sigma, grade IV) was used at concentrations ranging from 5 to
100,ug/m!.

Electrophoretic controls
Proteins were analysed by electrophoresis in 17% acrylamide-6.25 M urea (pH

3.2) [14] on slab gels as described previously [7].

RESULTS

Protein material
The first experiments were performed with proteins extracted from human

sperm nuclei according to Gusse et al. [7]. The material contains histones, together
with protamines and intermediate basic proteins. Histones from sperm nuclei could
not be resolved from one of the protamines, HP I, on a zinc Sepharose column what
ever the procedure used. Further, this separation also could not be achieved on a
copper Sepharose column (data not shown). Therefore, the simple preparation proce
dure of Ammer et al. [10] was used. This gives a protein material devoid of histones
but containing all the protamines and intermediate basic proteins.

All the experiments reported below were performed with proteins extracted
after reduction of nuclei with dithiothreitol and alkylation of the thiols with iodoacet
amide. In order to determine the contribution ofthiols to interaction with zinc Sepha-
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rose, an extraction of nuclear proteins was performed without alkylation of the thiols
with iodoacetamide. However, such a protein material, either in sodium acetate buf
fer (buffer A) or in Tris-acetate buffer (buffer B), yielded a substantial precipitate.
The precipitate was analysed by polyacrylamide gel electrophoresis in 6.25 M urea
2-mercaptoethanol-0.9 M acetic acid (pH 3.2). All the protamines (together with
minor intermediate basic proteins) were observed (data not shown). It was concluded
that at neutral pH, reduced thiol groups are reoxidized with the formation of in
termolecular bridges. Such a material was unsuitable for metal chelate affinity chro
matography.

Buffers
Metal chelate affinity chromatography was first expected to be performed in a

buffer with no chelating properties and a good buffering capacity at neutral pH, i.e.,
phosphate buffer. Nevertheless, basic nuclear proteins of human sperm precipitate in
0.05 M sodium phosphate-0.5 M NaCI buffer (pH 7.0), probably because of the
neutralization of guanidinium groups of arginine residues by phosphate ions. Protein
determination in the supernatant indicated that less than 10% was soluble in phos
phate buffer.

In order to study the effects on zinc affinity chromatography of buffers with or
without chelating properties, two buffers were selected: 0.05 M sodium acetate-0.5 M
NaCI buffer (buffer A) with no chelating activity and 0.05 M Tris-acetate-0.5 M
NaCI (buffer B), where Tris is known to have low chelating properties [2,15,16]. The
disadvantage of buffer A is its low buffering capacity at pH 7.0. In addition, sperm
basic nuclear proteins are poorly soluble in buffer A (about 40-50%), whereas their
solubility in buffer B is good (about 80-90%).

Elution by a pH gradient
Fig. I shows the elution profile with (a) buffer A and (b) buffer B at pH 7.0,6.0,

5.0,4.0 and 3.0. No protein is eluted with equilibration buffer of pH 7.0. With buffer
A, two peaks are observed, at pH 5.0 (about 19%) and pH 4.0. The total yield of
proteins recovered by chromatography is about 45%, starting with 0.5 mg of materi
al. This low recovery is probably due to the poor solubility of sperm nuclear proteins
in sodium acetate buffer (pH 7.0). Elution with buffer B also shows two peaks, one at
pH 6.0 (12%) and the other at pH 4.0. The yield of protein is about 90%. With both
buffers, no additional material is recovered by sequential treatment of the column
with EDTA, ammonium carbonate and water. The first peak (eluted at pH 5.0 with
buffer A and pH 6.0 with buffer B) represents protamine HPI (Fig. 2); HPla is the
monophosphorylated form and HPI b the dephosphorylated protamine [7]. The sec
ond peak contains several proteins: the minor intermediate basic proteins, mainly
HPS2, and the P2 protamines HP2, HP3 and HP4, but also a significant amount of
protamine HPl, fraction HPI b being predominant (Fig. 2).

Elution with competitor ligand
Histidine. Fig. 3 shows the elution profile of a stepwise gradient with 0.1 and 0.5

M histidine in buffer B. The same results were obtained with buffer A (not shown).
Also a gradient from 0 to 0.5 M histidine (2 x 40 ml) gave a similar profile. Prot
amine HPI is recovered in the first peak (Fig. 4), and represents 25% of the total
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Fig. I. Elution profile of human sperm basic nuclear proteins (0.5 mg) on a zinc Chelating Sepharose
column (3 x I cm I.D.), equilibrated either in (a) buffer A (0.05 M sodium acetate-O.5 M NaCl, pH 7.0) or
(b) in buffer B (0.05 M Tris-acetate-O.5 M NaCI, pH 7.0). Elution with equilibration buffer, then with
buffer of pH (1) 6.0, (2) 5.0, (3) 4.0 and (4) 3.0, followed by (5) 0.05 M EDTA (pH 8.0) [Elutions with 0.05
M NH.HC03 (pH 10.5) and water are not shown). Volume of gel, 0.5 ml; flow-rate, 6 ml/h; volume of
fractions, 2 mt. Protein concentration was determined by the Coomassie Brilliant Blue protein dye assay
(13).

protein eluted from the column. The fraction eluted with 0.5 M histidine contains P2
protamines together with intermediate basic proteins and a small amount of prot
amine HPlb (Fig. 4). No protein was eluted either with the washing buffer or, at the
end of chromatography, with EDTA, ammonium carbonate and water applied se
quentially.

Imidazole. Fig. 5 shows the elution profile obtained with a gradient of imidazole
from 0 to 0.25 M in buffer B. Two main peaks are obtained, but the second is
preceded by a shoulder. It may be noted that the first fraction is eluted in a part of the
gradient where the concentration of imidazole in the effluent increases weakly (from 0
to 0.02 M). This can be interpreted as binding of imidazole to available zinc ions. In
the second part of the gradient, the concentration of imidazole increases sharply,
from 0.02 to 0.1 M, corresponding to elution of the shoulder (fraction 2); thereafter,
the gradient is linear from 0.1 to 0.25 M (elution of fraction 3). Electrophoretic
controls (Fig. 6) showed that fraction 1 (about 29% of the total) contains HPla and
HP1b, fraction 2 (8 % of the total) corresponds to HP1b and fraction 3 (63 % of the
total) contains P2 protamines, HP2, HP3 and HP4, together with intermediate basic
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Fig. 2. Controls of fractions I and 2 from Fig. Ib by polyacrylamide slab gel electrophoresis (17% acryla
mide) in 0.9 M acetic acid-6.25 M urea (pH 3.2). SBNP = sperm basic nuclear proteins loaded onto to the
zinc Chelating Sepharose column.

E
-; 90
:>.

z
o
;:::« 60
oc...
~
u
z
8 30

Z...
o
oc...

10 20

FRACTION NUMBER

3
~

Fig. 3. Elution profile of human sperm basic nuclear proteins (0.4 mg) on zinc Chelating Sepharose (0.5 ml
ofgel) equilibrated in buffer B (0.05 MTris-acetate-O.5 M NaCI, pH 7.0). Elution with (I) 0.1 Mhistidine,
(2) 0.5 M histidine in buffer B (pH 6.0) followed by (3) 0.05 M EDTA (pH 8.0). Flow-rate, volume of
fractions and protein determination as in Fig. I.
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Fig. 4. Polyacrylamide slab gel electrophoresis of fractions I and 2 from Fig. 3. Experimental conditions as
in Fig. 2. SBNP = Sperm basic nuclear proteins used as starting material.

proteins, mainly HPS2. The P2 protamines and the main minor protein HPS2 were
resolved by reversed-phase high-performance liquid chromatography (HPLC) (Fig.
5b) with a linear gradient from 10 to 35% acetonitrile. Fraction 3a corresponds to P2
protamines and fraction 3b to protein HPS2 (Fig. 6). The other minor proteins were
present in too small amounts to be detected.

It is important to note that a gradient of imidazole in sodium acetate buffer
(buffer A) gave similar results, and that no protein material was detected either by
elution with the washing buffer or with subsequent treatments for regeneration of the
column. In addition, we observed that stepwise elution with buffer B and buffer B
with 0.05, 0.1 and 0.2 M imidazole was able to separate PI protamine (elution with
0.05 M imidazole) from P2 protamines and intermediate basic proteins (elution with
0.2 M imidazole). In all the experiments, the yield of protein recovered from the
column was between 80 and 90%.

Effect ofprotein load
This effect was only studied in the case of stepwise elution with imidazole in

buffer B. A column of 0.5 ml was loaded, in separate runs, with 0.25, 0.5, I or 2 mg of
protein. The results were reproducible when the loading of the column was from 0.25
to I mg of protein (Table I). With 2 mg, part of the protein material was eluted with
the washing buffer and corresponded to protamine HPI (the remaining HPI was
eluted with 0.05 M imidazole). P2 protamines together with intermediate basic pro
teins were eluted with both 0.1 and 0.2 M imidazole (Table I).
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Fig. 5. (a) Fractionation of human sperm basic nuclear proteins (0.5 mg) on zinc Chelating Sepharose (0.5
ml of gel) equilibrated in buffer B (0.05 M Tris-acetate-0.5 M NaCl, pH 7.0). After washing the column
with 15 ml of buffer B (not shown), an increasing concentration gradient of imidazole was applied to the
column (0 to 0.25 M, produced by mixing two cylindrical chambers containing in the first 40 ml of buffer B
and in the second 40 ml of 0.25 M imidazole in buffer B). The actual profile of the imidazole gradient was
monitored by measuring the absorbance at 220 nm of the effluent in separate runs where no sample was
applied to the column. Flow-rate, volume of fractions and protein determination as in Fig. I. (b) Re
versed-phase HPLC separation of fraction 3 from Fig. Sa. Column: Deltapak C I8 (300 x 3.6 mm 1.0.).
Elution with 10% acetonitrile in 0.1 % trifluoroacetic acid (TFA) for 10 min, followed by a linear gradient
from 10 to 35% acetonitrile in 0.1% TFA for 60 min at room temperature and flow-rate 1.5 mljmin.
Sample load, 0.12 mg. The elution profile was monitored by determination of the absorbance at 206 nm
(A 206 nm)'

DISCUSSION

The purpose of this work was to evaluate metal chelate affinity chromatogra
phy as a method for the separation of human sperm basic nuclear proteins. Sperm
chromatin contains essentially two classes of protamines: one PI protamine (HPI)
containing six cysteine residues but only one histidine, and three P2 protamines (HP2,
HP3 and HP4) with five cysteine residues, but also very rich in histidine (e.g., nine in
HP2). Cysteine residues are present in the nucleus essentially as disulphide bridges.
Hence extraction of the protamines (and intermediate basic proteins) requires the
reduction of cystine by dithiothreitol and blocking of the thiols by an alkylating
agent, such as iodoacetamide. We have tried to evaluate the role of cysteine in metal
chelate affinity chromatography by performing a reduction of nuclear proteins with
dithiothreitol without alkylation with iodoacetamide. However, the proteins extract-
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Fig. 6. Electrophoretic controls of fractions I, 2 and 3 from Fig. 5a and fractions 3a and 3b from Fig. 5b by
polyacrylamide gel electrophoresis. Experimental conditions as in Fig. 2. SBNP = sperm basic nuclear
proteins used as starting material.

TABLE I

EFFECT OF PROTEIN LOAD ON ZINC CHELATING SEPHAROSE CHROMATOGRAPHY

A column (0.5 ml of gel) equilibrated in 0.05 M Tris-acetate--O.5 M NaCI (pH 7.0) (buffer B) was used.
Results are recoveries of total protein (%).

Eluent Amount of protein applied (mg)

0.25 0.5 2

Buffer B 0 0 0 10
Buffer B with 38 37 36 28
0.05 M imidazole
Buffer B with 0 2 2 27
0.1 M imidazole
Buffer B with 62 61 62 35
0.2 M imidazole
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ed by 0.25 M hydrochloric acid probably make, at neutral pH, intermolecular disul
phide bridges. Hence the role of the cysteine of protamines in metal chelate affinity
chromatography could not be evaluated.

Zinc ion was chosen as a ligand for the following reasons. First, it has been
demonstrated that zinc is abundant in human sperm nuclei and probably plays a role
in stabilization of sperm chromatin; a reversible binding to thiols has been suggested
by Kvist and co-workers [17,18]. Nevertheless, it is important to note that the prep
arations of sperm nuclear proteins used in this study are devoid of protein-bound
zinc. This is due to the protocol of isolation, which involves several steps, such as
reduction with dithiothreitol, alkylation of the thiols, extraction with 0.25 M hydro
chloric acid and precipitation of proteins with trichloroacetic acid; all these steps
clearly remove zinc ions which could be linked to protamines. The second reason for
the choice of zinc was that initial experiments with copper ion led to a strong reten
tion of sperm nuclear proteins (including histones), so no separation could be ob
tained. Experiments with zinc showed that a resolution of nuclear proteins could be
possible and the critical factors for an optimum separation were studied.

The first condition for zinc chelate affinity chromatography was to use a protein
material depleted of sperm histones. This fraction has a weak affinity to the zinc
chelate affinity column and coelutes with protamine HPJ. This result was unexpected
as somatic histones (such as calf thymus histones) do not bind to the column. It may
be related to the presence of the testis specific variant TH2B [19]. Elimination of
histones was easily obtained with the procedure described by Ammer et al. [10]. A
second critical factor was the choice of buffer. Phosphate buffer, commonly used
because of its absence of chelating properties, was unsuitable; protamines precipitate
almost completely in this buffer. The comparison between sodium acetate buffer (no
chelating properties) and Tris-acetate buffer (weak chelating properties) did not show
significant differences. More especial1y, al1 the protein material was retained on the
column at neutral pH. Hence Tris-acetate (buffer B) is to be preferred as protamines
are almost completely soluble in this buffer, whereas this is not the case with sodium
acetate.

The optimum separation of sperm nuclear proteins was obtained by the use of a
competitor ligand. Imidazole gave the best resolution: the two classes of protamines
PI and P2 (the intermediate basic proteins being related to P2 protamines) are well
separated, either by a gradient from 0 to 0.25 M imidazole or by stepwise elution. The
latter method is simpler and is now routinely used in our laboratory.

Chelating Sepharose Fast Flow is preferred to Chelating Sepharose, as the
separation is fast (2 h). The weak affinity of protamine HPI and the high affinity ofP2
protamines (together with their precursors HPSI, HPS2, HPII and HPI2) seems to be
clearly related to their different contents of histidine residues. Nevertheless, two
points deserve comment. First, the affinity of P2 protamines is very high (in compari
son with other proteins or large peptides previously described). This may be due to
the large number of histidine residues and also to the good accessibility of this poten
tial ligand; protamines are smal1 and very hydrophilic molecules. A second point
observed in chromatographic elution was unexpected, namely the presence of two
fractions related to HPI. The second minor fraction has the electrophoretic mobility
of protamine HPI b (dephosphorylated HPI). The origin of such heterogeneity is
unknown. It may be due to the exjstence of protamine variants. Gusse et al. [7] also
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observed different fractions corresponding to HPI when purification was achieved by
reversed-phase HPLC after chromatography on CM-cellulose.

Zinc chelate affinity chromatography of human sperm nuclear proteins is a
simple and efficient method for the purification of PI and P2 protamines. The minor
intermediate basic proteins may be recovered (essentially protein HPS2) by a second
step of reversed-phase HPLC. The method is reproducible if the protein loading is
correctly adjusted to the size of the column. A ratio of 1 mg of protein to 0.5 ml of gel
seems optimum. Larger amounts probably induce a displacement of PI protamine by
P2 protamines, which have higher affinity for zinc ions. Such a result has been report
ed previously for serum proteins by Porath and Olin [2].

Other procedures for the isolation of human sperm nuclear proteins have been
described previously. Reversed-phase HPLC was proposed by Ammer et al. [10]. This
technique can only be applied to small amounts of material (a few hundred micro
grams). Ion-exchange chromatography on CM-cellulose has the advantage of very
good resolution [7,9]. All the protamines may be separated by this method [7], but it is
difficult to use CM-cellulose chromatography for small amounts of material such as a
few milligrams, and the recovery is low (about 30-40%).

Zinc chelate affinity chromatography has the advantage of a very good recovery
of protein material (about 80-90%). Hence this method will be very useful for study
ing the expression and function ofPl and P2 protamines. For example, Balhorn et al.
[20] have suggested that expression ofP2 protamines is reduced in some infertile men.
Zinc chelate affinity chromatography could be applied to the isolation of protamines
from small amounts of material, such as individual ejaculates from infertile patients.
In addition, the procedure may also be applied to study the expression of nuclear
proteins during spermatogenesis, or toother species which possess PI and P2 prot
amines such as the mouse and hamster [21].
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ABSTRACT

A simple model for the determination of the absolute number of moles of an analyte in high
performance liquid chromatography with UV-VIS detectors was tested on five commercial instruments.
The data show that three gave results in agreement with theory and the other two gave systematic errors of
ca. 18 and 20%. The possibility of presenting the experimental results of a chromatographic analysis
directly as the number of moles instead of peak area is briefly discussed.

INTRODUCTION

In a previous paper [1], a simple equation was derived for the absolute mea
surement of the number of moles of an analyte from peak-area data. The equation
applies to measurements with flow-through non-destructive detectors. The experi
mental validation of the proposed model from which the above-mentioned equation
was derived is particularly easy for UV-VIS detectors in high-performance liquid
chromatography (HPLC) as all the quantities involved can be obtained in a straight
forward way. A test with a Varian 2550 UV-VIS detector showed that there is a
positive systematic error in the number of moles measured of ca. 18% independent of
volume of sample injected, wavelength and type of analyte. The flow-rate had only a
neglibible effect in the range investigated (0.5-5 cm3 min -1).

The error, even if significant, is not very high and, as fairly drastic assumptions
were introduced in the model, it is possible that, with different optics and cell design,
experimental conditions could be found with which the systematic error encountered
is less severe than that obtained with the tested apparatus.

One of the assumptions made was parallelism of the light beam rays. However,
it has been demonstrated experimentally that with concentration gradients, which are
naturally present when an analyte is eluted, with a UV-VIS chromatographic cell the
rays can be deflected out of the light sensor [2], simulating an absorbance in agree
ment with the positive error found. An attempt to take into account in the model the
variation of the refractive index in a specific cell failed, owing to difficulties in deriving
mathematical equations describing the concentration gradients in time and space.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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For these reasons we considered it more convenient to test the simple model
proposed previously [I] on different detectors to see if, at least for some of them, the
systematic error is eliminated or reduced to such a level that only random errors are
detected. This paper presents the experimental results obtained with five commercial
UV-VIS detectors.

EXPERIMENTAL

The detectors used and their major characteristics are summarized in Table I.
The preparation of the samples, the calibration procedures and the measuring se
quence have already been described [I]. It was difficult, however, to follow the same
procedure when measuring the numerical factor for transforming the area given by
the Hewlett Packard and Waters Assoc. chromatographs to A min (where A is the
absorbance) as required in our calculations, because in these instruments there is an
integrated data acquisition and treatment system with no direct access to the various
steps followed in reaching the final results. Both, however, give A versus time dia
grams with areas of peaks.

It was therefore possible to integrate a peak manually from the hard copy of a
chromatogram and obtain the desired value of A min. By comparison with the numer
ical value of the area given, the transformation factor was easily calculated. A statisti
cal analysis has shown that the precision of values so obtained was better than I% at
the 95% confidence level.

RESULTS AND DISCUSSION

The experimental results are summarized in Table II, where the slopes and
intercepts of the straight lines obtained with three analytes (paranitroaniline (PNA),
toluene and chromate) and the detectors reported in Table I are shown. The data at
the bottom ("Average") were obtained by using all the points available for all sub
stances. Some data at low wavelength are missing because the experimental points
were too scattered to be of any use. A possible explanation may be found an in
sufficient energy output of the source or in optical components with high UVabsorp
tion. The straight lines were obtained by plotting on the abscissa the number of moles
injected and on the ordinate the number of moles found according to the equation

AU) = 103 e b N(O)jF (1)

where AU) (A min) is the area of the peak, F(cm 3 min -1) the mobile phase flow-rate, I;

(cm2
) the molar absorptivity of the analyte at the given wavelength, b (cm) the cell

thickness and N(O) the total number of moles; 103 is a multiplying factor introduced
to maintain the numerical value of I; given in the literature.

The ideal behaviour is found when the line has a slope of unity and passes
through the origin. Table II indicates that three detectors show nearly ideal behaviour
as at the 95% confidence level the slopes and the intercepts cannot be said to be
different from the sought values. This implies that, with these instruments and under
the specified experimental conditions, the systematic error is lower than the random
error at the 95% confidence level. It is evident that a still better agreement is found
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TABLE II

a = Intercept; b = slope; I' = correlation coefficient..
Substance Varian 2550 Perkin Elmer Hewlett-Packard lasco 875 UV Waters Assoc.

LC-95 HP 1090 Lambda Max
diode-array Model 481

Toluene a = 0.05 ± 1.27 a = 0.07 ± 1.56 a = 0.07 ± 0.25
(Jc=206 nm) b= 1.19±O.l3 b=0.99±0.10 b= 1.17±0.05

1'=0.9944 1'= 0.9956 1'= 0.9985
PNA a=0.10±0.32 a=0.14±0.44 a=O.77± 1.95 a=O.OI ±0.13
(Jc=228 nm) b = 1.20 ± 0.04 b= 1.01 ± 1.01 b=0.96±0.17 b= 1.21 ±0.04

1'=0.9983 1'= 0.9998 1'=0.9999 1'=0.9974
PNA a=0.06±0.19 a =0.05± 0.15 a = 0.05 ± 0.27 a=0.02±0.85 a=0.03±O.l9
(Jc=376 nm) b= 1.16±0.02 b=0.96±0.04 b=0.96±0.01 b = 1.01 ± 0.08 b = 1.20 ± 0.05

1'=0.9999 1'= 0.9987 1'=0.9999 1'=0.9999 1'= 0.9980
Chromate a=O.lO±0.23 a= 0.004± 0.13 a= 0.08 ± 0.024 a = 0.08 ± 0.05 a= 0.03 ± 0.29
(Jc= 373 nm) b= 1.19±O.lO b = 0.98 ±0.01 b=0.96±0.02 b=0.94±0.02 b= 1.22±0.06

1'=0.9992 1'=0.9998 1'=0.9998 1'=0.9999 1'= 0.9981
Average a=O.OOI ±0.18 a=0.091±0.09 a=0.013±0.13 a= 0.13 ± 0.48 a=0.02±0.09

b= 1.18±0.02 b=0.99±0.01 b=0.98±0.01 b=0.99±0.55 b = 1.20 ± 0.02
1'=0.9991 1'=0.9997 1'=0.9995 1'= 0.9995 1'=0.9996

when all points relevant to all the different substances (bottom entries in Table II) are
pooled. This is to be expected because in this way the errors introduced in setting the
instruments parameters such wavelength and in preparing the solutions are averaged.

The data relevant to the Varian spectrometer given in Table II were obtained
with a different instrument located in a different laboratory. This choice was made 'on
purpose to see if the systematic error was similar to that obtained previously [I]. Even
if it is risky to draw conclusions from only two instruments tested, the practical
coincidence of the values points toward a physical origin related to the optics and/or
cell design.

With the Waters Assoc. instrument there is the problem of the cell form, which
is tapered instead ofcylindrical, so that one ofthe assumptions of the model (constant
cell cross-section) is not fulfilled. However, the link between this type of cell and the
systematic error encountered was not investigated.

Use of molar absorptivity values
From the data presented above, it is clear that it is possible to measure the

absolute number of moles of an analyte in a given sample if the appropriate in
strument is chosen. Ifwe assume that calibrations such as wavelength and absorbance
in such an instrument are made automatically, as in all modern spectrometers, and
that the flow-rate is fed to the data-treatment system directly from the pump, then the
data can be presented as number of moles instead of peak area if the value of "b for
the specific peak is known.

In our calculations we used the product "b derived from calibration graphs (A
vs. c) measured with the chromatographic system under investigation [I]. In this way,
any systematic errors related to " and b are removed at the cost of a calibration graph
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for each analyte. The value of b can be determined in many ways with high accuracy
once and for all for a given cell, thus leaving only eas the last quantity needed. Values
of e can be found in the literature if the mobile phase is not too complex. However, it
is well known that e is constant only if the instrumental spectral band width (SBW) is
at least ten times smaller than the natural band width (NBW) of the absorption band
of the analyte under investigation [3-5]. Now, for obvious reasons, with a chroma
tographic microcell it is difficult to have a small SBW (see Table I), and consequently
any use of e values taken from the literature must be carefully considered. Recently a
UV-VIS detector has been proposed also for gases or vapours [6]. In this instance an
even more cautious approach must be made, as the absorption bands of gases and
vapours are very sharp. Of course, fixed-wavelength detectors cannot be used for
measurements of the absolute number of moles except when the molar absorptivity of
the analyte is constant in the source line wavelength interval. .

The experimental values of b given in Table I were obtained from PNA at 376
nm and K1Cr04 at 373 nm from the calibration graphs relevant to each instrument
and the molar absorptivity given in the literature [7] for the chromate and measured
on a Perkin-Elmer Model 554 spectrometer with 0.2 SBW for PNA. It was then
possible to calculate a molar absorptivity for each compound on each instrument,
which, as already shown [4], should be a function of the SBW/NBW ratio. The results
are summarized in Table III. No systematic errors are evident even when the SBW/
NBW ratio is fairly large, as with toluene. A possible explanation of the data shown
in Table III may be the difficulty in setting the wavelength reproducibly on commer
cial instruments. It must be noted that this kind of error increases with increase in the
SBW/NBW ratio.

TABLE III

E VALUES (cm Z)

Instrument Toluene PNA PNA Chromate
(},=206 nm) (A=228 nm) (},=376 nm) (},=373 nn

Perkin-Elmer PE 551 UV-VIS spectrophotometer
Varian 2550
Perkin-Elmer LC-95
Hewlett-Packard HP 1090 diode array
lasco 875 UV
Water Assoc. Lambda Max Model 481

7.20 . ]03a

6.90· lQ3

6.40. 103

7.50· lQ3

5.80 . ]03a 1.56 . ]04a 4.82. 103b

5.81 . lQ3 1.56 . 104 4.81 . lQ3
1.56. 104 4.74. ]03

6.03 . lQ3 1.56 . ]04 4.84 . ]03

6.20· lQ3 1.55 . 104 4.70 . ]03

5.94· lQ3 1.56 . ]04 4.83 . lQ3

a Obtained on PE Model 551 with 0.2-nm slit width.
b Ref. 7.

CONCLUSIONS

It is possible with well chosen commercial instruments to measure the absolute
number of moles with flow-through detectors. However, one must know the flow
rate, the molar absorptivity of the analyte and the thickness of the cell. All these
quantities except the molar absorptivity can be easily obtained and automatically
acquired by a data-treatment station. A databank of evalues could be considered as a
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first step toward calibrationless analysis in the linear region of the absorption-eon
centration law.

However, the data presented indicate that a reduction in the random errors is
necessary with present-day instruments. We are now trying to assess the origin of
these errors and the relevant limits of detection for real samples.
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ABSTRACT

A post-column derivatization method for the high-performance liquid chromatography of peptides
and proteins giving a fluorescence intensity proportional to the number of peptide bonds is described.
Peptide bonds were chlorinated with hypochlorite and the N-chlorite formed was allowed to react with
thiamine to give fluorescent thiochrome. This method was applied the determination of membrane-form
ing proteins of microorganisms.

INTRODUCTION

The determination of proteins and peptides by high-performance liquid chro
matography (HPLC) has been extensively investigated in recent years [1-7], In most
of the HPLC methods, the proteins and peptides were usually detected spectrophoto
metrically because most proteins and peptides absorb at 210 or 280 nm. Although the
absorbance at 210 nm reflected the actual content of proteins because it is based on
the absorption by the peptide bonds in the protein molecule, it is seriously affected by
various UV-absorbing substances in biological samples. On the other hand, the ab
sorbance at 280 nm is subject to interferences by contaminants, but is not proportion
al to the actual content of proteins because it reflects the amount of aromatic amino
acids.

There have also been reports of post-column fluorescence derivatization meth
ods with o-phthalaldehyde [8,9] or fluorescamine [9,10] for peptides of low molecular
weight, with alkaline ninhydrin [11] or benzoin [12] for arginine-containing peptides
and with hydroxylamine-eobalt (II) [13] or a phenol-sensitive electrode [14,15] for
tyrosine-containing peptides. However, these methods were also based on the reac
tion of terminal amino groups or particular side-chains and did not reflect the actual
amount of proteins.

Kinoshita et al. [16] reported a fluorimetric method in which the peptide bonds
of protein were chlorinated and allowed to react with thiamine to give thiochrome.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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We have recently applied this principle to the flow-injection analysis (FIA) of proteins
in which the fluorescence intensity was proportional to the number of peptide bonds
[17].

In this study, we have devised an HPLC method based on this principle that
facilitates the detection of various proteins and peptides at the same level of sensitiv
ity.

EXPERIMENTAL

Chemicals
Bovine serum albumin (BSA), thyroglobulin, ')I-globulin, myoglobin, lysozyme,

ovalbumin, cytochrome c, a-chymotrypsin, a-chymotrypsinogen A, trypsinogen, ri
bonuclease and jack bean meal were purchased from Sigma (St. Louis, MO, U.S.A.).
Sodium hypochlorite solution (Antiformin), sodium nitrite, thiamine hydrochloride,
Brij-35, anhydrous sodium sulphate, sodium hydrogenphosphate dodecahydrate, so
dium dihydrogenphosphate dihydrate and other chemicals were of analytical-reagent
grade from Wako (Osaka, Japan).

Deionized, distilled water was used throughout.

Mobile phase and derivatization reagents
The mobile phase for HPLC was prepared by adding 0.1 M sodium sulphate to

0.1 M phosphate buffer (pH 7.5). The solution was filtered through a OA5-flm micro
filter (Fuji Photo Film, Tokyo, Japan) and degassed prior to use.

Hypochlorite reagent was prepared by diluting commercial sodium hypochlo
rite solution (Antiformin) with 0.05 M phosphate buffer (pH 7.5), adjusting the pH to
7.5 and the final concentration of available chlorine to 0.8% with 0.05 M sodium
hydrogenphosphate solution and 0.05 M sodium dihydrogenphosphate solution and
adding 0.1 % Brij-35.

Thiamine reagent was prepared by dissolving 8.0 g of sodium nitrite and 40 mg
of thiamine hydrochloride in ca. 100 ml of 0.05 M phosphate buffer (pH 7.5), ad
justing the pH of the solution to 7.5 using 0.05 M sodium hydrogenphosphate solu
tion and 0.05 M sodium dihydrogenphosphate solution and diluting the resulting
mixture to 200 ml with 0.05 M phosphate buffer (pH 7.5). The final concentrations of
sodium nitrite and thiamine hydrochloride were 4 and 0.02% (wfv), respectively. This
reagent was stable for at least 24 h at room temperature and for 1 week in a refriger
ator.

The above reagent solutions were filtered to remove suspended material before
use.

Chromatographic system
Fig. 1 shows a schematic diagram of the HPLC system. Chromatographic sep

arations were carried out on a 30 cm x 7.5 mm J.D. TSKgel-G3000SW column
(Tosoh, Tokyo, Japan), operated at ambient temperature. The mobile phase and
fluorescence reagents were delivered using LC-6A high-pressure semi-micro solvent
delivery systems (Shimadzu, Kyoto, Japan). Samples were injected using a KMT-60A
HPLC autosampler (Kyowa-Seimitu, Tokyo, Japan) equipped with a 20-fll loop.

The column eluate was first passed through an SPD-6A UV detector (Shimad-
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Fig. l. Schematic diagram of the separation and post-column fluorescence derivatization of proteins.

zu) equipped with a 20-,u1 flow cell set at 210 or 280 nm, and then it was introduced
into a fluorescence reactor system. The hypochlorite reagent was delivered to the
eluate stream at a tee-mixer at a flow-rate of 0.2 mllmin, and then the stream passed
through PTFE reaction coil A (3 m x 0.5 mm LD.) immersed in a thermostated
water-bath (Thermo-minder, Type Ace-80; Taiyo Service Centre, Tokyo, Japan)
maintained at 70°C. After the chlorination reaction, the thiamine reagent was deliv
ered to the reaction steam at a flow-rate of 0.2 ml/min. Then the mixture was passed
through PTFE reaction coil B (5 m x 0.5 mm LD.) immersed in a water-bath at 70°C.

The effluent from coil B was passed through a PTFE cooling coil (I m x 0.5
mm I.D.). The fluorescence generated was monitored with an RF-535 spectrofluorim
eter (Shimadzu) equipped with a xenon lamp and a 20-,u1 flow cell, with excitation and
emission wavelengths of 370 and 440 nm, respectively.

Preparation of microbiological samples
The ammonium sulphate fraction of Escherichia coli cell debris was prepared as

follows. Cultured bacteria cells were suspended in 1/15 M phosphate buffer (pH 6.5)
and disrupted ultrasonically, and cell debris was removed by centrifugation and frac
tionated with 30 and 70% ammonium sulphate solution [18]. The suspension of
precipitated crude protein in 70% ammonium sulphate was dissolved in 0.05 M phos
phate buffer (pH 7.5) and the solution obtained was used as a sample.

RESULTS AND DISCUSSION

Optimization of the post-column reaction conditions
Proteins were separated in the gel-filtration mode in which phosphate buffer

(pH 7.5) was used as the mobile phase. The components of the mobile phase were the
same as those of the carrier solution in our previous FIA method for proteins [17].

The post-column reaction conditions were examined by varying the concentra
tions of the reagents. Fig. 2 shows that the fluorescence intensity increases with in
crease in the concentration ofavailable chlorine and reaches a plateau at 0.8%. It also
demonstrates that the fluorescence intensity increases with increase in the concentra
tion of sodium nitrite and the maximum fluorescence intensity was observed at 4%.
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Fig. 2. Effect of the concentrations of available chlorine (0) and nitrite (0) on the fluorescence devel
opment of BSA (2 Jig per injection). HPLC and post-column reaction conditions as in text, except for
reagent concentrations.

The concentration of thiamine in the reagent was adjusted to 0.02% (w/v), where the
maximum fluorescence was observed.

System performance
Fig. 3 shows the HPLC profile of the standard proteins which were simultane

ously detected utilizing the absorbance at 210 or 280 nm and fluorescence intensity.
The fluorescence intensity hardly fluctuated among the different proteins,

whereas the absorbance at 210 nm gave a higher peak for thyroglobulin than for
other proteins. Further, considerable differences in the absorbance at 280 nm were
observed among the proteins. For example, the peak height of lysozyme was ca. five
times larger than that of BSA. The peak-height ratio of cytochrome c to ovalbumin
measured at 210 nm was 1.1 and that measured at 280 nm was 3.2, but that measured
by the present method was almost unity.

Fig. 4 shows the calibration graphs for (X-chymotrypsin, BSA, trypsinogen,
myoglobin and thryroglobulin. Linear relationships between the peak responses and
the amounts of the proteins were observed in the range 20 ng-2 pg per injection (20
pi). The limit of detection by the present method for BSA was 10 ng per injection at a
signal-to-noise ratio of 2.0; this value was equal to that of the absorbance at 210 nm.
The relative standard deviation was 1.9% (n = 10) for 500 ng in a 20-pl injection.

Fig. 5 shows the relationships between the number of peptide bonds and the
peak responses in the present method and the UV 280-nm method. The fluorescence
responses in the present method were found to be proportional to the number of
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Fig. 3. Chromatograms of a mixture of standard proteins (21lg each), obtained by dual UV detection at 210
or 280 nm and by the present method. (A) Thyroglobulin, BSA, myoglobin and lysozyme; (B) ovalbumin
and cytochrome c. Column, TSKgel-G3000SW (30 cm x 7.5 mm 1.0.); mobile phase, 0.1 M phosphate
buffer (pH 7.5) containing 0.1 M sodium sulphate; flow-rate, 0.8 ml(min. Peaks: I = thyroglobulin;
2 = BSA; 3 = myoglobin; 4 = lysozyme; 5= ovalbumin; 6= cytochrome c.

peptide bonds, whereas the absorbances at 280 nm deviated substantially fro!ll a
linear relationship. These results suggest that the present detection method is advan
tageous for mixtures of proteins having different amino acid compositions.

Fig. 6 shows the chromatograms of jack bean meal and the ammonium sul
phate fraction of E. coli cell debris. The chromatograms obtained by the present
method are similar to those given by the method using the absorption at 210 nm. The
large response at a retention time of 26 min shown in Fig. 6A is due to the ammonium
sulphate used for the fractionation. However, the peak has a very different retention
time to those of the peptides and proteins.

Ionic surfactants, such as sodium dodecyl sulphate (SDS) and Triton X-IOO,
which interfere in protein determinations based on UV absorption at 210 nm, did not
affect the present method. Therefore, the present method is also useful for the study
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Fig. 6. Chromatograms of the ammonium sulphate fraction of (A) E. coli cell debris and (B) jack bean meal
obtained by dual detection with the UV 2lO- or 280-nm method and the present method. Column, TSKgel
G3000SW (30 cm x 7.5 mm I.D.); mobile phase, 0.1 M phosphate buffer (pH 7.5) containing 0.1 M
sodium sulphate; flow-rate, 0.8 ml/min.

of membrane-forming proteins which are usually analysed after eluation with such
ionic surfactants.

Detection conditions in HPLC other than gel filtration mode, such as the ion
exchange and reversed-phase modes, are currently under investigation.

REFERENCES

I T. Sasagawa, T. Okuyama and D. C. Teller, 1. Chromatogr., 240 (1982) 329.
2 T. Kadoya, T. Ogawa, H. Kuwahara and T. Okuyama, 1. Liq. ChromalOgr., II (1988) 2951.
3 J. S. Swan, M. Azadpur, A. J. Bharucha and M. A. Krafczyk, 1. Liq. Chromatogr., II (1988) 3385.
4 B. S. Welinder, H. H. Sorensen and B. Hansen, J. Chromatogr., 462 (1989) 255.
5 K. Fukano, K. Komiya, H. Sasaki and T. Hashimoto, J. Chromatogr., 166 (1978) 47.
6 N. T. Miller, B. Feibush and B. L. Karger, 1. Chromatogr., 316 (1985) 519.
7 N. Hirata, M. Kasai, Y. Yanagihara and K. Noguchi, J. Chromatogr., 434 (1988) 71.
8 S. Terabe, A. Tsuchiya and T. Ando, BUl1seki Kagaku, 33 (1984) 361.
9 T. D. Schlabach, J. Chromatogr., 266 (1983) 427.

10 R. W. Frei, L. Michel and W. Santi, J. Chromatogr., 126 (1976) 665.
11 Y. Hiraga. K. Shirono. S. Ohishi. S. Sakakibara and T. Kinoshita, BUl1seki Kagaku. 33 (1984) E279.



148 T. YOKOYAMA, T. KINOSHITA

12 M. Ohno, M. Kai and Y. Ohkura, J. Chromatogr., 392 (1987) 309.
13 M. Ohno, M. Kai and Y. Ohkura, J. Chromatogr., 421 (1987) 245.
14 S. Mousa and D. Couri, J. Chromatogr., 267 (1983) 191.
15 M. W. White, J. Chromatogr., 262 (1983) 420.
16 T. Kinoshita, J. Murayama, K. Murayama and A. Tsuji, Chem. Pharm. Bull., 28 (1980) 641.
17 T. Yokoyama, N. Nakamura and T. Kinoshita, Anal. Biochem., 184 (1990) 184.
18 Y. Kato, K. Komiya, Y. Sawada, H. Sasaki and T. Hashimoto, J. Chromatogr., 190 (1980) 305.



Journal of Chromatography, 51S (1990) 149-156
Elsevier Science Publishers B.Y., Amsterdam

CHROM. 22 593

Determination of aromatic amines at trace levels by ion
interaction reagent reversed-phase high-performance liquid
chromatography

Analysis of hair dyes and other water-soluble dyes

M. C. GENNARO*, P. L. BERTOLO and E. MARENGO

Dipartimento di Chimica Analitica, Universita di Torino, Via P. Giuria 5, 10125 Torino (Italy)

(First received February 5th, 1990; revised manuscript received May 29th, 1990)

ABSTRACT

A reversed-phase high-performance liquid chromatographic method, making use of interaction re
agents, was developed for the separation and determination of aromatic amines. Different interaction
reagents were used and compared. The use of octylammonium salicylate or octylammonium orthophosphate
as the interaction reagent and a reversed-phase spherical 5-J1m RP-IS as the stationary phase, with spectro
photometric detection at different wavelengths, gave good results. The separation of up to seven aromatic
amines (the three isomers of phenylenediamine, benzylamine, 2-phenylethylamine, 3-phenylpropylamine
and aniline) was obtained with sensitivity levels ranging between 50 and 100 ppb. The method was applied
to the analysis of water-soluble dyes such as fabric dyes, brown and blond hair dyes, black shoe dye and
black fountain-pen ink. It was possible to detect and determine 1,4-phenylenediamine in commercial hair
dyes. The results indic'ate that very large amounts of this amine are present in these products, namely 7320
ppm for brown hair and 59S ppm for blond hair.

INTRODUCTION

The need to develop reliable and sensitive methods for the identification and
determination of aromatic amines at trace levels continues to increase in fields such as
the environment, food and cosmetics.

Only a few methods have been proposed for the determination of aromatic
amines, generally using high-performance liquid chromatography (HPLC), through
derivatization precolumn reactions [1-5]. Also flow injection voltammetric methods
were employed, with diazotization [6] or bromination [7] reactions. Unfortunately,
these methods involve tedious and time-consuming procedures for the preparation of
the sample. No example has been found in the literature of the use of the interaction
reagent reversed-phase HPLC technique for the identification and separation of aro
matic amines. This technique, already employed in this laboratory for the separation
of anionic species and amines [8,9], is generally characterized by good resolution and
sensitivity. Further, it requires no derivatization, clean-up or pretreatment of the
sample.

In this paper the optimum conditions for the determination of amounts of
aromatic amines are discussed.

002 I-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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Apparatus
Analyses were carried out with a Merck-Hitachi Lichrograph Model L-6200

chromatograph, equipped with a Merck-Hitachi Model D-2500 Chromato-Integra
tor and an L-4200 UB-VIS detector.

For pH measurements, a Metrohm 654 pH meter equipped with a combined
glass--ealomel electrode was employed. A Hitachi 150-20 spectrophotometer was em
ployed for absorptivity evaluation.

Chemicals and reagents
Ultra-pure water from a Milli-Q system (Millipore) was used for the prep

aration of solutions.
Octylamine of analytical-reagent grade was obtained from Fluka and salicylic

acid and all other reagents of analytical-reagent grade from Carlo Erba.

Chromatographic conditions
A Merck Hibar LiChrosorb RP-18 (5 11m) column (250 x 4.0 mm I.D.) was

used. Although a Merck LiChrosorb RP-18 (10 11m) column (250 x 4.0 mm I.D.) was
also tested it was not employed because it gave too long retention times.

The solutions to be used as eluents, namely octylammonium salicylate and
octylammonium orthophosphate, were prepared (as elsewhere described [8-10]) by
dissolving a weighed amount of octylamine in ultra-pure water and adjusting the pH
of the solutions to 6.4 ± 0.4 by addition of salicylic or orthophosphoric acid. At this
pH and taking into account the acid formation constant, octylamine is present in the
protonated octylammonium form and the composition of the eluents so prepared is
not completely stoichiometric. For the sake of simplicity, however, the eluents used as
the mobile phase are referred to henceforth as octylamonium salicylate and octylam
monium orthophosphate.

In order to condition the chromatographic system properly, the eluent was
allowed to flow through the column until a stable baseline signal was obtained (a
minimum of 1 h was necessary). The eluent solutions were freshly prepared every
third day.

The reproducibility of measurements was very good for sequential measure
ments under the same conditions of eluent preparation and column conditioning but
slightly lower for different eluent preparations. For the sake of general validity, the
average data and reproducibilities listed in Table I were calculated for different prep
arations.

Between uses, the column was regenerated by passing water-methanol (1: I, v/v)
through it. This treatment maintained the column lifetime comparable to that in
other chromatographic techniques.

Preparation of samples
The samples of the water-soluble dyes tested for the presence of aromatic

amines (namely fabric dye, brown and blond hair dyes, black shoe dye and black
fountain-pen ink) were prepared simply by dissolving the samples in ultra-pure water,
filtering through a 0.45-l1m filter and diluting when necessary with ultra-pure water.
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RESULTS AND DISCUSSION

lSI

Previous work [8-11] indicated the versatility of ion interaction reagent re
versed-phase HPLC. The mechanisms that govern retention were discussed and it was
pointed out that the mechanism of interaction through which amines are retained
involves the formation of ammonium salts (or ions pairs) between the amine injected
and the anion of the flowing interaction reagent. The investigated amines are then
released and eluted in the same form in which they were retained, a result which can
be demonstrated when octylammonium salicylate is used as the mobile phase. Under
these conditions, aliphatic amines can be easily detected at 254 nm, even if their
absorptivities are almost zero at this wavelength. The observed absorbance is due to
the accompanying salicylate anions.

In order to establish the optimum conditions for the trace determination of
aromatic amines, a preliminary comparative study was carried out by employing
different stationary phase packings and different interaction reagents.

The choice and the comparative use of octylammonium salicylate and octylam
monium orthophosphate as the interaction reagents, together with a spherical 5-f1m
RP-18 as the stationary phase, proved to be of particular interest.

Spectrophotometric detection at different wavelengths was employed; Table I
lists the absorptivity values obtained for the investigated amines at 210,230 and 254
nm.

Good results were obtained in the separation of aromatic amines with the
above eluents. Fig. 1shows the chromatogram obtained by using octylammonium sal
icylate as the interaction reagent in the separation of a mixture of six aromatic
amines, namely l,4-phenylenediamine (0.50 ppm), 1,3-phenylenediamine (1.50 ppm),
2-phenylethylamine (10.00 ppm), 1,2-phenylenediamine (2.00 ppm), 3-phenylpropyl
amine (10.00 ppm) and aniline (5.00 ppm) with UV detection at 254 nm. It is worth
remembering that at this wavelength both aromatic amines and salicylate anions are
characterized by non-zero absorptivities (see Table I).

Fig. 2 shows the chromatogram obtained by using octylammonium orthophos
phate as the mobile phase in the separation of a mixture of benzylamine, 2-phenyl
ethylamine, 3-phenylpropylamine and aniline at concentrations of 1.00 ppm each and
employing spectrophotometric detection at 210 nm.

TABLE I

ADSORPTIVITY VALUES, E (I mol-' em-I), FOR THE INVESTIGATED AMINES AND FOR
SALICYLATE EVALUATED AT DIFFERENT WAVELENGTHS

Compound

Aniline
Benzylamine
1,2-Phenylenediamine
l,3-Phenylenediamine
1,4-Phenylenediamine
2-Phenylethylamine
3-Phenylpropylamine
Salicylate

A =210 nm

(4.1 ±O.I ). J03
(8.4 ± 0.3 ) . J03
(3.59 ± 0.09) . 104

(3.47 ± 0.08) . 104

(6.5 ±O.I ). J03
(5.5 ± 0.9 ) . J03
(7.7 ±O.I ). J03

A =230 nm

(I.! ±O.I ). W
(8.4 ±O.I ).103

(!.OH 0.06) . 104

(7.0 ± O. 1 ). 103

i, =254 nm

(2.9±0.1). W
(1.7±0.1).10'
(2.0±0.1). J03
(2.0 ± O. I) . 103

(4.4 ± 0.2) . J03
(2.HO.I) . W
(2.0±0.1). W
(3.1±0.1). to>
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Fig. I. Separation of a mixture of (a) 1,4-phenylenediamine, (b) 1,3-phenylenediamine, (c) 2-phenylethyl
amine, (d) 1,2-phenylenediamine, (e) 3-phenylpropylamine and (I) aniline. Stationary phase, Merck Hibar
LiChrosorb RP-18, 5 Jim; ion interaction reagent, 0.0050 M octylammonium salicylate; flow-rate, 0.7 ml/
min; injection, 100 Jil; detection, UV (254 nm).

Because orthophosphate anions are characterized by zero absorptivity at this
wavelength, it follows that the observed absorbance is due entirely to the aromatic
amines themselves. Therefore, the detection sensitivity varies as a function of the
detection wavelength, which can therefore be chosen as a function of the analyte to be
evaluated.

A typical example is shown by the comparison of the three chromatograms in
Fig. 3, all concerning the separation of the three isomeric forms of phenylenediamine
in a mixture containing 1.00 ppm of each. The three chromatograms were recorded
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Fig. 2. Separation of a mixture of (a) benzylamine, (b) 2-phenylethylamine, (c) 3-phenylpropylamine and
(d) aniline, 1.00 ppm each. Stationary phase, Merck Hibar LiChrosorb RP-18. Slim; ion interaction
reagent. 0.0050 M octylammonium orthophosphate; flow-rate. 0.7 ml/min; injection, 1001'1; detection, UV
(210 nm).

under different conditions. In Fig. 3a, octylammonium salicylate was used as the inter
action reagent with UV detection at 254 nm. The three amines show comparable
detection sensitivities, peak a having a larger area than the others. The observed
absorbance is due to the additive contributions of both the salicylate anion and the
aromatic ammonium ion. As the contribution from the salicylate anion remains the
same, the highest peak area in Fig. 3a is due to lA-phenylenediamine, in agreement
with the highest absorptivity shown at 254 nm by this analyte (see Table I).

Fig. 3b and c refer to the use octylammonium orthophosphate as the eluent at
wavelengths of 210 and 230 nm, respectively. Provided that at these wavelengths no
contribution to the absorbance derives from orthophosphate, it can be observed that
the sensitivity responses follow the expected absorptivity order (see Table I), namely
1,2- = 1,3- > 1,4-pheny1enediamine at 210 nm and 1,3- > 1,2- > 1,4-phenylenedi
amine at 230 nm.

As regards sensitivity, levels of the order of 50 ppb can be achieved. Fig. 4
shows as an example the chromatogram obtained for the injection of 91 pmol of
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Fig. 3. Separation of a mixture of peak (a) 1,4-pheny,lenediamine, (b) 1,3-phenylenediamine and (c) 1,2
phenylenediamine, 1.00 ppm each. Stationary phase, Merck Hibar LiChrosorh RP-18. 5 lim; injection. 100
/ll. Part (a), ion interaction reagent, 0.0050 M octylammonium salicylate; flow-rate, 0.7 mljmin; detection,
UV (254 nm). Part (b), ion interaction reagent, 0.0050 M octylammonium orthophosphate; flow-rate, 0.7
ml/min; detection, UV (210 nm). Part (c), ion interaction reagent, 0.0050 M octylammonium orthophos
phate; flow-rate, 0.7 ml/min; detection, UV (230 nm).

1,3-phenylenediamine using octylammonium salicylate as the eluent with UV detection
at 210 nm.

The methods described were applied to the analysis of some commercial water
soluble dyes: brown and blond hair dyes, black shoe dye, green fabric dye and black
fountain-pen ink.

Whereas the presence of the investigated aromatic amines at concentrations
greater than 0.5 ppm can be excluded in shoe and fabric dyes and in ink, significant
amounts of I,4-phenylenediamine were found in the hair dyes. Fig. 5 shows the result
of the analysis of a commercial brown hair dye for a sample diluted 1: 100 (vjv) and
then filtered through 0,45-,um filters. The results obtained for the same sample both
with octylammonium salicylate as eluent at 254 nm (Fig. 5a) and with octylammonium
orthophosphate at 210 nm (Fig. 5b) are shown. Both clearly indicate the presence of
1,4-phenylenediamine.
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Fig. 4. Injection of 100 ILl of a 0.10 mg 1-1 solution of 1,3-phenylenediamine. Stationary phase, Merck
Hibar LiChrosorb RP-18, 5 /lm; ion interaction reagent, 0.0050 M octylammonium orthophosphate; flow
rate, 0.7 ml/min; detection, UV (210 nm).

Owing to the good linearity of the plot of peak area versus standard concentra
tion, it was possible to carry out a quantitative evaluation by employing the standard
additions method. Amounts of 7320 ± 8 ppm of lA-phenylenediamine were deter
mined for a brown hair dye and about 598 ± 7 ppm for blond hair dye.

1,4-Phenylenediamine is widely used as an ingredient in oxidative hair-dyeing
formulations. It is not included in the list of carcinogenic amines, but recent papers
have reported its toxic effects [4] and percutaneous absorption during hair-dyeing
procedures employing a commercial product [12].

In conclusion, the proposed method permits the reliable, sensitive and rapid
determination of aromatic amines in real samples and does not require any sample
derivatization or work-up procedures.
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ABSTRACT

A sensitive high-performance liquid chromatographic (HPLC) method for the separation and deter
mination of diacylg[ycerophospholipid and diacylglycerol (DAG) molecular species has been developed.
Phospholipids are hydrolysed with phospholipase C and the resulting DAGs are reacted with naproxen
chloride in the presence of 4-dimethylaminopyridine. The naproxen-DAGs were purified by thin-layer
chromatography on silica gel G plates. Molecular species were separated using reversed-phase HPLC with
isocratic elution and determined by measuring the absorbance at 230 nm or fluorescence at 352 nm
(excitation at 332 nm). The method was applied to the determination of diacylglycerophosphoethanol
amine in rat cerebrum and cerebellum. The molar absorption coefficient of the naproxen derivatives was
53 000 lmo[ - 1 cm - 1 at 230 nm, permitting the generation of linear concentration-dependent determina
tions down to less than 10 pmol. A ten-fold increase in sensitivity was obtained with a fluorescence
detection system owing to the tluorescent properties of the proposed adduct.

INTRODUCTION

The accurate separation and determination of molecular species of glycero
phospholipids and diacylglycerols (DAGs) is difficult owing to the lack of chromo
genic moieties in such molecules. The separation of intact phospholipid molecular
species has been proposed [1-4], but without sufficient resolution and sensitivity.
Further, the determination of the eluted molecular species is complex owing to the
absorption properties which depend on the unsaturation of the individual molecules.
The use of post-column fluorescence detection is attractive because it allows the
determination of intact phospholipid species in the nanomole range [5]. Unfortunate
ly, none of these techniques permits the resolution of phospholipid subclasses (alk-l
enylacyl, alkylacyl and diacyltypes).

Several studies have been reported in which UV-absorbing derivatives of dira-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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dylglycerolsU prepared from phospholipids after phospholipase C hydrolysis were
used [6-9]. Recent improvements in the detection sensitivity have been reported in
coupling diacylglycerol moieties with fluorescent compounds [10,11].

This paper describes a method for the determination of the diacylglycerol moie
ties by high-performance liquid chromatography (HPLC) in the picomole range after
their derivatization with naproxen chloride. The technique has been utilized for the
analysis of the diacylglycerophosphoethanolamine (PE) composition of rat brain ce
rebrum.

EXPER1MENTAL

Chemicals
Naproxen (6-methoxy-a-methyl-2-naphthaleneacetic acid) and 4-dimethyl

aminopyridine were obtained from Aldrich. Oxalyl chloride was obtained from Jans
sen Chimica and methanol, chloroform, acetonitrile (HPLC grade), 2-propanol
(HPLC grade), diethyl ether, light petroleum (b.p. 35-60°C) and hexane were ob
tained from SDS (Peypin, France). Phospholipase C type XIII (from Bacillus cereus),
I,2-dipalmitoyI-sn-glycerol, I,2-dioIeoyl-sn-glycerol, I-stearoyl 2-arachidonoyJ-sn
glycerol were obtained from Sigma (St. Louis, MO, U.S.A.) and pyridine and silica
gel 60 thin-layer chromatographic (TLC) plates from Merck (Darmstadt, F.R.G.).

Synthesis of naproxen chloride
Naproxen (500 mg) was dissolved in 50 ml chloroform, 0.3 ml of oxalyl chloride

was slowly added and the resulting solution was refluxed for 1 h. The solvent Was
evaporated to dryness in a rotary evaporator under reduced pressure at 40°C and the
residue was kept overnight over potassium hydroxide under vacuum. The powdered
naproxen chloride was used without further purification. All the procedures were
carried out under reduced light.

Preparation of diacylglycerols from phospholipids
Rat brain cerebrum and cerebellum from adult animals were extracted accord

ing to Folch et al. [12]. The phospholipids were purified by silicic acid column chro
matography [13], spotted on boric acid-impregnated silica gel plates (LK5; Whatman,
Clifton, NJ, U.S.A.) and separated using chloroform-ethanol-water-triethanol
amine (30:35:7:35, vjv) as solvent [13]. The PE-containing spot was made visible by
spraying the TLC plates with 0.01 % primuline dye in acetone-water (4:1, vjv) and
viewing under UV light. The phospholipid was eluted with 2 x 2 ml of chloroform
methanol-water (5:5:1, vjvjv) and, after evaporation of the solvent, PE was dissolved
in chloroform-methanol (2:1, vjv). An aliquot was sonicated in a sonic water-bath
(Branson) for 10 s in 1 ml of sodium phosphate buffer (50 mM, pH 7.4) containing 30
mM sodium borate. After addition of 1.5 ml of diethyl ether and 30 U of phospholi
pase C, the capped tubes were shaken vigorously for 45 min at room temperature.
The ether phase and one wash with diethyl ether were combined and the solution was
evaporated to dryness under a stream of nitrogen at room temperature and rapidly
derivatized.

a The term "radyl" is used to denote an acyl, alkyl or alkenyl group.
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Derivatization of diglycerides
Up to I mg of dried diradylglycerols prepared from phospholipids as described

above, 5 mg of naproxen chloride and 10 mg of 4-dimethylaminopyridine were kept
under vacuum for 20 min at room temperature. The mixture was dissolved in I ml of
dry pyridine and heated in a sealed vial at 80°C for 15 min. A 2-ml volume of 0.1 %
NaHC03 was added and the derivatized diradylglycerols were extracted twice with 2
ml of hexane. After evaporation of the solvent, the residue was dissolved in a conve
nient volume of dichloromethane.

Chromatographic analyses
Derivatized diradylglycerols were separated by TLC on silica gel 60 plates de

veloped with light petroleum-diethyl ether (75:25, v/v). The alk-I-enylacyl, alkylacyl
and diacyl subclasses were made visible under UV light as brillant spots after spraying
with primuline. The naproxen derivates migrated with RF :::::: 0.82,0,75, 0.67 for the
alk-I-enylacyl, alkylacyl and diacyl subclasses, respectively, as determined with ap
propriate standards. The silica gel band containing the diacyl derivatives was scraped
off and extracted twice with 2 ml of acetonitrile.

The molecular species were separated by HPLC using a Waters Model 510
pump and either a CiS reversed-phase column (150 x 4 mm I.D.) (Resolve, 5/lm;
Waters Assoc.) or a 125 x 4 mm I.D. LiChroCART (Lichrospher 100RP-18, 5/lm;
Merck-Clevenot, France) at room temperature. The solvent was acetonitrile-2-pro
panol (95:5, v/v) pumped at a flow-rate of 2 ml min -1. The separated components
were measured either with a UV spectrophotometer (Uvidec-IOO-V; Spectra-Physics)
at 230 nm or a scanning fluorescence detector (Waters Model 470, excitation at 332
nm, emission at 352 nm). Peak-area percentages and retention times were obtained
with a Spectra-Physics SP4290 recorder-integrator.

The identification of individual molecular species was obtained by gas chroma
tographic analysis of methyl esters prepared from resolved peaks, by calibration with
various diacylglycerol species from commercial sources and by developing a relative
retention time-carbon number plot as described previously [14,15]. The fatty acids
were analysed from the collected peaks containing not less than I nmol of each
species.

Fatty acid methyl esters were prepared [16] and analysed with a Perkin-Elmer
Sigma I instrument fitted with a capillary column (bonded fused silica, 50 m x 0.32
mm I.D., Superox; Alltech), a flame ionization detector and a Sigma 10 data system.
The separation was carried out at 190T with helium as carrier gas. Aliquots of2 /ll of
sample were injected in the splitless mode and the methyl esters were identified using
appropriate standards.

Spectroscopic analyses
UV spectra were obtained using a Kontron recording spectrophotometer (Uvi

kon 820) and the fluorescence spectra with an SLM 48000 spectrofluorimeter. Fluo
rescence lifetimes were determined with a laboratory-built instrument (Ortec compo
nents), which is based on the single photoelectron technique.
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RESULTS AND DISCUSSION

Naproxen chloride has recently been proposed as a fluorescent reagent for the
chiral derivatization of optically active amines and alcohols [17]. This substituted
naphthylacetic acid showing a strong intrinsic fluorescence and ultraviolet absor
bance seems well suited for the determination of diglycerides after its coupling with
the alcohol function.

In order to determine the optimum conditions for the derivatization reaction
with 0.1-0.5 mg of diradylglycerols, the effects of excess of reagent, catalyst, reaction
time and temperature were determined. A diradylglycerol:reagentcatalyst ratio of
1:5:10 (w/w) was found to be optimum when the reaction proceeded for 15 min at
80°C. Under these conditions, 75 ± 3% of diacylglycerols were converted (deter-
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Fig. I. Absorption spectra of (a) a methanolic solution (50 11M) of naproxen chloride and (b) a methanolic
solution (40 11M) of naproxen-diacylglycerols derived from rat cerebrum phosphatidylethanolamine.
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mined by fatty acid analysis) and no acyl migration occurred. With UV detection a
high sensitivity was observed as the molar absorption coefficient of naproxen-diole
oylglycerol was ca. 53 0001 mol- 1 cm -1 at 230 nm, the detection limit being about 10
pmol. Naproxen chloride had an absorption spectrum (Fig. la) similar to the lipid
derivatives (Fig. Ib) but with a higher molar absorption coefficient at 230 nm (ca.
57000 1 mol- 1 cm - 1). Further, HPLC separations of the naproxen diacylglycerols
obtained from rat cerebrum diacylphosphatidylethanolamine (Table I) gave similar
patterns with detection at 230 and 240 nm, indicating that the quantification is not
affected by the degree of fatty acid unsaturation and is directly related to the amount
of each molecular species present in the mixture.

In contrast to unsubstituted naphthalene, the absorption spectrum of naproxen
chloride displays an additional band near 330 nm, allowing the excitation of the
derivatized molecules in this region. This characterization avoids interferences from
several fluorescent impurities. The spectral properties of naproxen chloride and the
naproxen-diacylglycerol complex displayed the same exitation maximum (in metha
nol) at 332 nm and the same fluorescence maximum at 352 nm (Fig. 2), without any
effect of the degree of acyl chain unsaturation. This was confirmed using various
diacylglycerol molecular species with different degrees of unsaturation either collect
ed at the HPLC column outlet or derivatized from diacylglycerol from commercial
sources (namely 1,2-dipalmitoylglycerol, 1,2-dioleoylglycerol and I-stearoyl-2-arach
idonoylglycerol). The determined fluorescence quantum yield was 0.35 ± 0.02 in
methanol for naproxen chloride and for the three derivatives from the above commer
cial diacylglycerols. This determination was performed using f3-naphthol in cyclohex-

TABLE I

DISTRIBUTION OF MOLECULAR SPECIES IN DIACYLPHOSPHATIDYLETHANOLAMINE
FROM RAT CEREBRUM

Peak Molecular Composition
No." species· (%)

I 16: 1/20:4n6 0.14
2 16: 1/22:5n6 0.19
3 18: 1/22:6n3 IA3
4 16:0/22:6n3 5.30
5 18:1/20:4n6 5.12
6 16:0/20:4n6 5.15
7 18:1/18:2n6 1.70
8 18:0/22:6n3 8.77
9 16:0/22:4n6 1.91

10 18:0/22:5n3 1.03
II 18:0/20:4n6 32.56
12 18: 1/18: In9 7.65
13 16:0/18: In9 9.86
14 18:0/20:3n6 OAI
15 16:0/16:0 6.47
16 16:0/20: In9 0.30
17 18:0/18: In9 12AO

" Peak numbers correspond to those shown in Fig. 3a.
b The molecular species are identified by the fatty acid at the I-position (left) and the fatty acid at the

2-position (right) of the glycerol moiety. The fatty acids are identified by the number of carbon atoms and
double bonds.
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Fig. 2. Excitation spectra (left, A,m. = 360 nm) and emission spectra (right, Am. = 320 nm) of (a) a
methanolic solution (50 pM) of naproxen chloride and (b) a methanolic solution (40 pM) of naproxen
diacylglycerols derived from rat cerebrum phosphatidylethanolamine.

Fig. 3. High-performance liquid chromatograms of (a) an acetonitrile solution (32 pM) and (b) acetonitrile --->
solution (2 pM) of naproxen-diacylglycerols derived from rat cerebrum phosphatidylethanolamine. Oper
ating conditions: column, 12.5 cm LiChrospher 100 RP-18 (5 pm); mobile phase, acetonitrile-2-propanol
(95:5); flow-rate, 2 ml min -1 at room temperature. The sample [(a) 1.6 nmol and (b) 100 pmol of
diacylglycerols] was injected with a 50-pi loop. Fluorescence detector: excitation at 332 nm, emission at 352
nm. For identity of peaks in (a) see Table I. Peaks in (b): (I) 2.3 pmol 18:1/22:6; (2) 8.6 pmol 16:0/22:6; (3)
3.0 pmol 18:1/20:4; (4) 3.0 pmoI16:0/20:4; (5) 31.3 pmolI8:0/22:6; (6) 24.6 pmol 18:0/20:4; (7) 5.0 pmol
18:1/18:1; (8) 5.5 pmoI16:0/18:1; (9) 5.0 pmolI6:0/16:0; (10) 8.6 pmolI8:0/18:1.
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ane (fluorescence quantum yield ({J 0.32) as a standard [18]. The constancy of the
fluorescence quantum yield was confirmed by that of the fluorescence lifetime (T =
7.6 ± 0.1 ns) for each molecular species. With such a quantum yield, the fluorescence
efficiency can be considered to be good and allows quantitative determinations, as it
does not depend on the degree of unsaturation of the fatty acids.

Fig. 3a depicts a chromatogram of naproxen-diacylglycerols synthesized from
rat cortex diacyl glycerophosphoethanolamine and the distribution of the main spe
cies is listed in Table I. Identical molecular species distributions were obtained after
dinitrobenzoyl derivatization and UV detection [19], but with a ten times lower sensi
tivity. No differences were detected in the species distribution and yield when widely
different amounts ofDAGs (from 10 to 1000 /lg) were processed. The linearity of the
response was verified with fluorescence detection and ranged from 15 pmol to 10
nmol of a single molecular species, the detection limit being at least I pmol (Fig. 3b).
The achievement of a greater sensitivity is dependent on the reduction of the back
ground noise by using purer and hence more expensive solvents.

In conclusion, these studies have shown that naproxen is a useful reagent for
the determination of DAG molecular species. The proposed method is very sensitive
to picomole levels of these lipids and can be extended as for other derivatization
procedures to all diradylglycerols. The formation of stable fluorescent derivatives is
facile, using a readily available compound whose activation to the acyl chloride is
easy to perform. When compared with other chromophores or fluorophores, the
naproxen adduct is at least ten times more sensitive and allows the excellent resolu
tion of molecular species on C 18 columns with very simple isocratic HPLC equip
ment. Preliminary experiments have indicated that the procedure is sufficiently sensi
tive for the determination of the molecular species distribution of diacyl PE and
diacylglycerophosphocholine purified from cultured neurons by our TLC procedure
[13]. It may also be possible to elucidate the changes occurring in the distribution of
molecular species of free diacylglycerols and the different phospholipids in small
biological samples such as biopsies, cultured cells and membrane preparations.
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ABSTRACT

A common difficulty for many high-performance liquid chromatographic (HPLC) analyses is the
inadequate detectability of analytes in the chromatographic eluent. One of the most common detection
modes for HPLC, UV absorption, is also among the most problematic in this regard. A fast, simple and
inexpensive solution to this problem is accomplished through an application of spectroelectrochemistry. A
post-column electrochemical reactor placed before the UY detector was used to oxidize phenylpropanol
amine (PPA), a common drug with a very low UV absorptivity, to species the UY absorptivities of which
were significantly higher. The net effect of the oxidation was a significant enhancement of detector sensitiv
ity for PPA. Electrochemical and spectroelectrochemical data, reactor design characteristics and applica
tion of the system to the analysis of PPA in dosage forms are presented.

INTRODUCTION

Inadequate sensitivity ofdetection when using high-performance liquid chroma
tography (HPLC) with ultraviolet (UV) detection is a commonly encountered
problem. The problem arises because UV detection has two conditions that must be
met to give good, sensitive detection and reliable quantitation: (I) a suitably strong
chromophore must be present in the analyte(s), and (2) the chromophore must absorb
within a useful wavelength range of the detector. If these conditions are not met other
modes of detection, such as fluorescence, if the analyte(s) can be derivatized to
fluorescent compounds, or electrochemistry, if the analyte(s) are accommodating to
amperometric detection, may be used.

Other modes of detection also require the availability of suitable detection
equipment. If the equipment is unavailable, or budgetary limitations preclude such
costly purchases, it may be possible to derivatize the analyte(s) to enhance their UV
absorption properties using dansylating agents [I] or 3,5-dinitrobenzoyl chloride [2,3].
However, such reagents inevitably require additional manipulations that are often
time consuming and complex and may represent a significant investment of labor and
cost.

Phenylpropanolamine (PPA), a widely analyzed drug, represents this type of
problem. The molecule has a low molar absorptivity at the wavelengths commonly

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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used for UV detection (i.e., > 230 nm). Additionally, it has been reported that PPA is
an unsuitable analyte for electrochemical detection for HPLC analysis [4] nor is it
inherently fluorescent. PPA can be oxidized, however, to the highly UV-absorbing
compound benzaldehyde using sodium periodate. This is the basis for an analytical
determination of PPA in pharmaceutical mixtures using UV spectrophotometry [5].
This process has found analytical use as a pre-column derivatization for HPLC
analysis ofPPA as well [6]. Electrochemical oxidation has not been reported however.

We demonstrate here a fast, simple and economical method that is useful for
enhancement of the absorption properties of PPA in liquid chromatographic eluents.
In addition, the method may be generally useful for enhancing the absorption
properties of other molecules.

A post-column electrochemical reactor has been developed using common and
readily available off-the-shelf hardware. Electrochemical oxidation of PPA generates
products that are significantly more UV absorbing than PPA at wavelengths greater
than 230 nm. This enhancement markedly improves the detectability of PPA using UV
absorptio,n. The method is simple and no additional pumps or reagents are required
nor is pre-column derivatization. Time is saved and additional sample manipulations
beyond normal sample preparation are unnecessary. The method is presented for the
analysis of PPA in pharmaceutical mixtures.

MATERIALS AND METHODS

Reagents and supplies
Phenylpropanolamine· HCI was obtained from Sigma (St. Louis, MO, U.S.A.).

Anhydrous sodium perchlorate, ACS reagent grade, was obtained from GFS
(Columbus, OH, U.S.A.). Powdered nickel, platinum and copper (all Aldrich Gold
Label grade, -100 mesh) and Darco G-60 powdered (100-325 mesh), high-purity,
activated carbon, were obtained from Aldrich (Milwaukee, WI, U.S.A.). HPLC-grade
acetonitrile and water were manufactured by J. T. Baker (Phillipsburg, NJ, U.S.A.).
The male 316 stainless-steel connectors and Flexon tubing (0.25 m J.D.) were obtained
from Alltech (Deerfield, IL, U.S.A.). The optical quartz split cell and holder used for
spectroelectrochemical studies were obtained from NSG Precision Cells (Farming
dale, NY, U.S.A.). The gold-grid (4 wires/em) electrode for the spectroelectrochemical
cell was obtained from Buckbee-Mears St. Paul, MN, U.S.A.). Generic drug samples
were obtained from a local drug store.

Electrochemical studies
A Model CV-27 potentiostat (Bioanalytical Systems, W. Lafayette, IN, U.S.A.)

was used for both cyclic voltammetric and spectroelectrochemical experiments. Cyclic
voltammetry was performed in stirred solution using a working electrode of either
gold, platinum or glassy carbon and auxiliary and reference electrodes ofplatinum and
Ag/AgCl, respectively.

A spectroelectrochemical cell was constructed from a demountable, split quartz
spectrophotometer cell with a path length of 1.0 mm. A gold-grid working electrode (4
wires/em) was sandwiched between PTFE spacers and placed to cover approximately
the lower two-thirds of the cell, which was glued together. A portion of the grid
protruded from the cell to allow connection of the potentiostat. A reference electrode
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(Ag/AgCI) was a length of narrow glass tubing fused tQ fritted glass that was
suspended in the test solution above the light beam. The platinum auxiliary electrode
was suspended at the same level as the reference. A Model 8452A diode array
spectrophotometer (Hewlett-Packard, Palo Alto, CA, U.S.A.) was used for data
collection.

Chromatographic studies
Chromatographic experiments were performed using a Model LCj9533 high

performance liquid chromatograph (IBM, Danbury, CT, U.S.A.). The system
consisted of a ternary gradient pump, a Model 7120 injector (Rheodyne, Cotati, CA,
U.S.A.) fitted with a 20-,ul loop, and an IBM Model LCj9523 variable-wavelength
UV-VIS detector equipped with a high-pressure flow cell. To eliminate excessive
bubbling in the flow cell, a backpressure regulator was packed after the detector to
maintain a pressure of 1.4 MPa on the flow cell. All separations were done using an
Econosphere, silica-based, octadecylsilane column (Alltech). The column was 250
x 4.6 mm J.D. and was packed with 5-,um particles. The mobile phase was
water-acetonitri1e-acetic acid (64.5:34.5: 1) containing 0.2 mol/l sodium perchlorate at
a flow-rate of 1.00 ml/min. All experiments were performed at ambient temperature.

The electrochemical cell was made from two 316 stainless-steel male connectors,
serially placed and connected by a 2.54-cm length of 0.25 mm J.D. Flexon tubing.
Flexon was chosen over PTFE because of its durability.

Potentials for the electrochemical cell were applied using a Heath-Schlumberg
Model 17a (Heath, St. Joseph, MI, U.S.A.) constant-voltage electrophoresis-type
power supply. It had a potental range of0-400 Vat up to 100 rnA current. Current was
monitored with a digital voltmeter. Electrical connections to the electrodes were
shielded for safety.

Electrode preparation
The stainless-steel male connectors used for the reactor were not of the

zero-dead-volume type. Inside the connectors there was a gap that measured
approximately 1.0 x 5.0 mm into which the electrode material was packed. A plug of
glass fiber was held in place in the bottom of the fitting by short tube and ferrule. Small
portions of the electrode materials were tapped gently into the cell until the gap was
filled. Packing the materials very tightly resulted in excessive backpressures that
ruptured the Flexon lines. When using metal electrodes, the oxidation potentials were
such that the electrodes had a limited lifetime due to solubilization. To insure an
adequate amount of electrode material the electrodes were repacked every 2-3 days.
A schematic representation of the electrochemical cell is shown in Fig. 1.

Sample preparation
Cold syrup samples were prepared for analysis by pipetting 5.00 ml of sample

into a 50-ml volumetric flask and diluting to the mark using deionized water. Diet aid
tablet samples were prepared by weighing ten tablets to obtain a weight per tablet. The
ten tablets were crushed using a mortar and pestle and an amount of powder
approximately equivalent to one tablet was weighed and dissolved in 25 ml of
deionized water in a 100-ml volumetric flask. A volume of 35 ml of acetonitrile was
added and the flask shaken for at least 2 h on a mechanical shaker. Deionized water
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Fig. I. Schematic representation of flow-through electrochemical cell.

was added up to the mark in the flask and the contents were thoroughly mixed. All
solutions were filtered using a 0.45-/lm nylon filter before injection.

RESULTS AND DISCUSSION

Oxidation of PPA
For this study it was shown, using techniques such as cyclic voltammetry,

spectroelectrochemistry and chromatographic peak collection, that PPA could be
oxidized electrochemically. For cyclic voltammetry, scans were performed in the
positive direction from 0 to 2.00 V and showed a distinct wave with a peak at + 1.89 V.
There was no reduction peak observed on the reverse scans. The oxidation peak was
virtually identical with respect to peak voltage and shape for all electrodes tested,
although later experiments demonstrated that the choice of electrode material as well
as the reaction conditions were important factors to consider for optimization of the
electrochemical reaction for maximum UV absorption.

In the reaction scheme shown below, it appeared that two possible products
could result from the oxidation of PPA: benzoic acid or benzaldehyde, dependent
upon the degree of oxidation.

Both benzaldehyde and benzoic acid are very strong UV absorbers above 230
nm while PPA is not. In ethanol, benzaldehyde has an absorption maximum at 250 nm
(8 = 15000 I mol-I em-I) and benzoic acid at 230 nm (8 = 10000 I mol-I em-I) [7].
PPA was determined to have an absorption maximum at 258 nm (8 = 190 I mol-I
em-I) in the chromatographic solvent.

Investigations of the anodic oxidation reactions for evidence of formation of
either benzaldehyde or benzoic acid were performed by spectroelectrochemistry.
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Initially, the studies were done using a spectroelectrochemical photometer cell. Later
studies involved collection of chromatographic peaks obtaind at various applied
potentials, followed by spectrophotometry. In each case, as the potential was increased
it was possible to see spectral changes occur that appeared consistent with the
formation of the two products. The observed data are outlined below.

Initial efforts using the spectroelectrochemical cell appeared to point to
formation of benzoic acid as the major anodic oxidation product. The spectra, shown
in Fig. 2, exhibited a large peak at 230 nm that was attributed to benzoic acid
formation. Some benzaldehyde appeared to be present and was detected as a barely
discernible shoulder at around 252 nm on the much larger benzoic acid peak. Initial
chromatographic studies, using a nickel electrode, were consequently performed by
monitoring the chromatographic eluent at 230 nm. This resulted in only minor
enhancement of the PPA chromatographic peak and a very high background
absorbance. Monitoring at 252 nm gave a significantly greater enhancement, as well as
a much lower background absorbance.

To examine this further, HPLC peak collection after on-line oxidation with the
nickel electrode in the reactor cell was performed. Under these conditions, the major
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Fig. 2. Spectra obtained at: (a)=O s; (b)=60 s; (c) = 120 s; (d) 180 s; electrochemical oxidation of PPA,
1 mg/ml, in chromatographic mobile phase using spectroelectrochemical photometer cell. Potential, 1,89
volts; gold-grid working electrode, Pt auxiliary electrode, Ag/AgCI reference electrode.
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oxidation product appeared to be benzaldehyde, since an absorption maximum was
observed at 252 nm. From these spectra there appeared to be little formation of
benzoic acid, since as the potential was increased there was only a small increase in
absorbance at 230 nm. This was difficult to confirm, however, since the mobile phase
absorbed very strongly in this spectral region, with a cut-off close to 230 nm.

These results appeared to be at odds with one another. Oxidation at different
electrodes may proceed by different mechanisms, however. It has been pointed out by
other investigators [8] and observed in later experiments that gold, and noble metal
electrodes in general, behaves much differently than do certain transition metal
electrodes such as nickel. These experiments plausibly demonstrated that both
benzaldehyde and benzoic acid may be formed as products of the electrochemical
oxidation ofPPA, but it was apparent from these and later data that both the solvent
and the electrode played an important role in the electrochemical reaction. The results
indicated clearly, however, that the chromatographic solvent system, with the reactor
cell set up with a nickel electrode, would be an excellent choice for optimization of the
electrode reaction for maximal yield of benzaldehyde, since benzaldehyde appeared to
be the only major oxidation product in that system. Further studies are presently
underway to elucidate the mechanisms for electrochemical oxidation of PPA at
different electrodes and under different solvent conditions.

Electrochemical cell design
In the design of the flow-through electrochemical cell, a simple two-electrode

system was adopted. Simplicity was a major consideration in the design of the cell since
many laboratories may not have sophisticated machine-shop facilities or complex
instrumentation. A two-electrode system was less expensive, easier to build and easier
to maintain than a three-electrode system and required a simple power supply rather
than a potentiostat. In addition, bulk oxidation of solutes without precise monitoring
of the current was the only purpose for the cell and two-electrode cells have been used
for such purposes [8,9].

The mobile phase was in large proportion non-aqueous resulting in a substantial
resistance between the working and auxiliary electrodes. High potentials were required
to obtain a sufficiently positive oxidation potential at the working-electrode surface.
Such high potentials were beyond the limits of the potentiostats available in our
laboratories. To produce these potentials it was necessary to use an electrophoresis
type power supply

The stainless-steel fittings did not contribute to the oxidation reaction. Potential
applied to an empty electrode gave no detectable enhancement of absorption. In
conjunction with this, the electrodes were inspected frequently. After approximately
8 months of using a single pair of fittings as the working and auxiliary electrodes, no
observations of pitting or malformation were made in either fitting. The fittings were
thus considered inert, serving as simple electrical conductors.

The order of placement of the working and auxiliary electrodes in the flow
stream was important. Oxidation of PPA was observed with either orientation of the
electrodes in the flow stream. However, the yield of product absorbing strongly at 252
nm was significantly greater when the working electrode was placed first, followed by
the auxiliary electrode. The reason for this has not yet been determined but all
subsequent experiments were done with the working electrode placed first.
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With respect to the effects of the electrochemical reactor cell on chromato
graphic performance, as seen in Fig. 3, addition of the cell to the flowing system
contributed very little to the total band broadening observed on the chromatograms.
The major advantages of the chosen reactor design were thus the simplicity of the
system as a whole and the null effects of the cell on chromatographic performance.

Optimization of the electrode reaction
Electrochemical oxidation of PPA under the chromatographic conditions

presumably gave benzaldehyde as the primary product detected by monitoring
absorbance at 252 nm. For optimization of the reaction, changes in absorbance at 252
nm were monitored as the electrode conditions were changed. The type of electrode
material, the applied potential and the concentration of sodium perchlorate (sup
porting electrolyte) were all important variables for obtaining a maximal yield of
benzaldehyde.

The electrode materials examined were powdered carbon, copper, platinumand
nickel, all chosen primarily to represent a range ofelectrode types. As seen in Fig. 4, the
yield of product formed at 252 nm increased with increasing applied potential. This
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Fig. 3. Demonstration of the effect of addition of the electrochemical reactor to the HPLC system, 20 Ilg
PPA injected. (A) Reactor in place, 258 nm; peak width at halfheighf (Wj) = 0.23 min; (B) no reactor, 258
nm; Wt = 0.22 min.
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Fig. 4. Oxidation profiles for different electrode material in the electrochemical reactor, 20 Ilg PPA per 20 III
injection, 252 nm. 0 = Ni electrode; f\, = c; 0 = Pt.

was noted with all electrode materials except copper, but in differing degrees with each
material. Copper was not suitable at any potential due to extremely high background
absorbance from oxidized copper.

With a powdered carbon electrode, little increase in absorption at 252 nm was
evident up to the 400-V limit of the power supply. This could have been due either to
non-oxidation of PPA at the carbon electrode, or to almost exclusive formation of
benzoic acid during the oxidation, which would have had shifted the absorption
maXimum.

When using a platinum electrode, oxidation to benzaldehyde occured at
a relatively low potential. But, the absorbance maximum showed a fairly sharp peak
that decreased significantly as the applied potential was increased. The decrease in
absorption at higher potential was attributed to more complete oxidation of the
analyte to benzoic acid with subsequent shifting of the absorbance maximum from 252
nm to 230 nm.

In this application, nickel electrodes appeared to perform the best. The
absorbance enhancement climbed to a maximum and stayed there over nearly the
entire range of potentials investigated. This behavior was attributed to the general
manner in which certain metal electrodes, such as nickel or silver, function. Unlike
noble metal or carbon electrodes, oxidation at these electrodes proceeds by an indirect
electron transfer process. The electrode surface first becomes oxidized and this oxide
subsequently passes electrons to the substrate. This mechanism has been observed in
anodic oxidations of alcohols and amines using transition metal electrodes [8]. It has
also been observed when using these electrodes, that oxidations of compounds from
the same class all appear to occur at the same potential, that of the formation of the
metal oxide. In the oxidation of PPA at the nickel electrode this was the presumable
reason that the oxidation did not readily proceed past the benzaldehyde stage, but was
nearly constant for the range of potentials investigated.
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Fig. 5 shows the dependence of the oxidation reaction on the concentration of
the supporting electrolyte when monitoring at 252 nm for yield of benzaldehyde. At
a given applied potential, the yield of benzaldehyde at first increased and then
decreased as the electrolyte concentration was increased. The initial increase in peak
areas was attributed to increased formation of benzaldehyde from more efficient
charge transfer through the solution. Above 0.2 mol/I sodium perchlorate concen
tration, it appeared that product formation began to shift from benzaldehyde to
benzoic acid. This shifted the absorbance maximum and decreased the peak areas
observed at 252 nm.

Quantitative analysis
Reproducibility of injections when using the electrochemical cell was very good.

A coefficient of variation of ±3.302% was determined for 9 replicate injections. To
achieve this level of reproducibility required conditioning of the new electrode by the
application of potential for approximately 15 to 30 min. Repeated injections
performed prior to this equilibration period showed peaks heights 5-10% over the
observed equilibrium enhancement, which gradually decreased to the equilibrium
height. Presumably, formation ofa stable oxide coat on the nickel surface was required
to insure a reproducible oxidation mechnism. After the initial equilibration period, the
electrode functioned reproducibly throughout its usable lifetime of 2-3 days.

For quantitative analysis of PPA, linearity was observed over the range of the
calibration curve. A comparison of slopes from sensitivity curves, using identical
standards for PPA and oxidized PPA demonstrated that the sensitivity of analysis was
enhanced by addition of the electrochemical reactor. The line slope for unoxidized
PPA was 1.07 . 106/(ng/ml) while that for oxidized PPA was 9.84 . 106/(ng/ml).
Approximately a lO-fold improvement in sensitivity was observed.

In a comparison of the linearity of PPA and oxidized PPA over a much wider
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TABLE I

QUANTITATIVE ANALYSIS OF PHARMACEUTICALS

J. H. MIKE, B. L. RAMOS, T. A. ZUPP

Each point represents duplicate analyses; 252 nm; applied potential, 275 V; current, 2.60 mA.

Multicomponent liquid Diet aid

mg/5 ml % of label claim mg/tablet % of label claim

24.8 99.2 74.8 99.7
25.5 102.0 74.8 99.7
24.9 99.6 75.4 100,5

Mcan 25.1 100.3 75.0 !OO.O
S.D. 0.38 1.5 0.35 0.46
Coefficient of

variation (%) 1.5 1.5 0.46 0.46
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Fig. 6. Chromatograms from analysis of multicomponent cold liquid. (A) = 275 V applied potential, 2.52
rnA, 252 nm; (B) = 0 V applied potential, 258 nm.
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range ofconcentrations and under identical chromatographic conditions, neither PPA
nor oxidized PPA displayed a large range of linearity with the IBM 9523 UV-VIS
detector. Generally, if a detector exhibits a linear response, a logarithmic plot of
response vs. concentration should have a slope of 1.00 [10]. In an experimental
logarithmic plot of the detector response in each case, paral1ellines with nearly equal
slopes of 0.8907 and 0.9021, for oxidized and native PPA respectively, were obtained.
Considering this, it is likely that the detector, not the electrochemical reactor, was the
limiting factor for linearity.

Analysis of pharmaceutical samples displayed excellent agreement with labelled
quantities (Table I). As an illustration of the enhancement, typical chromatograms are
shown in Fig. 6, for an over-the-counter multicomponent liquid cold preparation, with
the reactor off and with potential applied. From a comparison of peak areas, the
enhancement obtained for this sample was 10-fold. Given this enhancement,
application of this system to the analysis ofPPA in biological systems, where detection
much nearer to the detection limit is typical should thus prove advantageous.

CONCLUSIONS

On-line electrochemical oxidation for enhancement of UV detectability re
presents an inexpensive and easy-to-construct system that has been applied to the
analysis of PPA in pharmaceutical samples. The degree of detection enhancement in
this instance was significant and no reagents, extraneous pumping systems or
temperature control was required. The simplicity of the system was such that it should
be readily and easily available to almost every laboratory.

Many compounds are oxidizable. The system should consequently be broadly
applicable to many other compounds, pharmaceutical and non-pharmaceutical alike,
even those that are already UV absorbers, to enhance their detectability. The potential
exists, likewise, for use of such a system for enhancement of other modes of detection
(e.g., fluorescence, visible or electrochemical) in many applications.
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ABSTRACT

A sensitive and selective high-performance liquid chromatographic assay was developed for the
simultaneous quantitation ofsulphadimethoxine (SDM) and ormetoprim (OMP) in chinook salmon mus
cle tissue. SDM and OMP were extracted from tissue samples using a solid-phase extraction technique.
Resolution of both drugs was accomplished using an Ultrasphere ion-pair column (250 x 4.6 mm I.D.)
and a mobile phase of acetonitrile-methanol-O.I M phosphate buffer, pH 4 (17: 10:73) with ultraviolet
detection at 280 nm. The calibration curve in salmon muscle tissue was linear over the concentration range
0.2-20 ppm for both SDM (r2 = 0.9974) and OMP (r 2 = 0.9956). The minimum detectable quantity of
SDM and OMP in salmon muscle tissue was 0.2 ppm at a signal-to-noise ratio of 5: I. An in vivo feeding
experiment was undertaken where chinook salmon were administered Romet-30®-medicated feed for a
IO-day period, followed by a 42-day wash-out period. The rate of tissue uptake and decline of SDM and
OMP was shown to differ.

INTRODUCTION

The use of antibiotics in the aquaculture industry for the control of bacterial
infections in salmon, has led to public concern over antibiotic residues in salmon
tissue and the potential health risk to humans. To address these concerns, quality
assurance procedures are required for the control of antibiotic residues in farmed
salmon. Therefore, there is a need for the development of sensitive, specific assays for
the detection and quantitation of antibiotics in salmon tissue and the determination
of wash-out times of antibiotics from the tissue.

Romet-30®, an antibiotic approved for use in the aquaculture industry, is a
potentiated sulphonamide containing sulphadimethoxine and ormetoprim in a 5: I
ratio. This antibiotic is effective against a wide range of bacterial pathogens including

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Vibrio ordali and Vibrio anguillarum, the causal agents of Vibriosis, a disease common
to farmed salmon.

Various methods for the analysis of antibiotics in fish tissue have been reported.
Microbiological assays are frequently used as screening methods for antibiotics in
animal tissues. Two bioassays have been reported for the determination of trimetho
prim, an antibiotic potentiator similar to ormetoprim, in the tissues of rainbow trout
[1,2]. Microbiological methods often lack the sensitivity required to accurately quan
titate antibiotics in fish tissue and are characteristically non-specific and therefore
would fail to differentiate between similar drugs in the two products, Romet-30 and
Tribissen® (sulphadiazine and trimethoprim).

The Bratton-Marshall colourimetric assay has been used extensively to mea
sure sulphadimethoxine and other sulphonamide levels in the blood and tissues of
different trout species [1,3-6]. However, such analyses are also relatively non-specific.

Radio-isotope methods involving liquid scintillation counting have been used
to quantitate sulphadimethoxine residue levels. This procedure, when combined with
high-performance liquid chromatographic (HPLC) or thin-layer chromatographic
analyses of metabolites, has provided information on tissue distribution, pharmaco
kinetics and metabolism of sulphadimethoxine in rainbow trout (Salmo gairdneri) [7]
and channel catfish (Ictalurus punctatus) [8]. However, these methods are not applica
ble for the routine analysis of fish treated with non-radioactively labelled drug.

Chromatographic methods offer the advantages of selectivity and increased
sensitivity over many other analytical procedures. Trimethoprim concentrations in
skin, muscle and blood of rainbow trout, following administration of medicated feed,
have been measured by HPLC [9]. One method has been reported for the simultane
ous determination of sulphadimethoxine and ormetoprim in catfish tissue [10]. To
date, there have not been any methods reported for the simultaneous analysis of
sulphadimethoxine and ormetoprim in salmon tissue.

The kinetics of absoprtion, distribution, metabolism and excretion of various
sulphonamides, including sulphadimethoxine, following both a single oral dose to
rainbow trout [1,3,4,7] and multiple doses to trout [7] and catfish [8] have been in
vestigated. The tissue levels of a number of orally administered sulphonamides in
trout, including sulphamerazine [5,6], sulphaguanidine, sulphadiazine, sulphametha
zine, sulphanilamide and sulphathiazole [5] and trimethoprim [2] have also been in
vestigated. However, these studies failed to address possible differences in the clear
ance of the two antibiotics in combination products such as Romet-30.

In the present study, a sensitive and selective HPLC assay for the simultaneous
quantitation of sulphadimethoxine and ormetoprim in salmon tissue was developed
for determining withdrawal periods for Romet-30 in chinook salmon (Oncorhynchus
tshawytscha) following medicated feed administration.

EXPERIMENTAL

Materials
Sulphadimethoxine (SDM) and ormetoprim (OMP) were obtained from Hoff

mann-La Roche (Etobicoke, Canada). The internal standard, carbamazepine-diol
(trans-I 0, II-dihydroxy-IO, II-dihydrocarbamazepine), was obtained from Ciba-Gei
gy (Mississauga, Canada). HPLC-grade methanol. acetonitrile and disodium hydro-
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gen orthophosphate heptahydrate (NazHP04 ·7HzO) were obtained from BDH
(Vancouver, Canada). Purified water was produced using a Milli-Q water purification
system (Millipore, Mississauga, Canada). Phosphoric acid (H 3P04 ) 85% was ob
tained from Mallinckrodt (KY, U.S.A.) and trichloroacetic acid (TCA) from Sigma
(St. Louis, MO, U.S.A.).

Apparatus
The HPLC system consisted of a Beckman Model IIOA solvent metering sys

tem, a Model 210 sample injection valve equipped with a 20-plloop, a Hitachi Model
155 variable-wavelength detector with a Shimadzu C-RIA Chromatopac data
processor (Beckman, Fullerton, CA, U.S.A.). Ultraviolet detection was at 280 nm for
all analyses. The HPLC column was an Ultrasphere ion-pair 5-pm column (250 x 4.6
mm LD.) (Beckman). A NewGuard holder equipped with an RP-18 cartridge (15 x
3.2 mm LD.) (Brownlee, Santa Clara, CA, U.S.A.) was used as a guard column. A
direct-connect column prefilter containing a 0.5-pm filter element (Alltech, Deerfield,
IL, U.S.A.) placed between the injector and the guard column was used as an inline
filter. The mobile phase, acetonitrile-methanol-O.! M phosphate buffer, pH 4.0
(17: 10:73), was delivered isocratically at 1.0 ml/min. Filtration of the mobile phase
prior to use was done using a HPLC solvent clean-up assembly (Kontes, Vineland,
NJ, U.S.A.) and FP Vericel 47 mm, 0.45-llm membrane filters (Gelman, Ann Arbor,
MI, U.S.A.).

Preparation of standard solutions and reagents
Stock solutions of SDM and OMP were prepared by dissolving 10 mg of each

compound in 100 ml of acetonitrile to give a final concentration of 100 pg/ml for both
SDM and OMP. Serial dilutions of the stock solution were made to give final working
concentrations of 50, 30, 10, 5, 3.5,2.5, 2.0 and 1.0 /lg/ml for each antibiotic.

Carbamazepine-diol was used as an internal standard for calibration curve
samples, treated fish samples and as an external standard in the recovery study. A
stock solution of carbamazepine-diol (100 pg/ml) was prepared in methanol. Each
tissue sample, weighing 5 g, was spiked with 1 ml of the internal standard solution to
yield a final concentration of 20 Ilg/g tissue.

Extraction procedure
To each 5-g sample of salmon muscle tissue were added 1 ml of the internal

standard solution, 15 ml acetonitrile and 0.5 ml 50% (w/v) TCA. Each sample was
homogenized in a 50-ml plastic centrifuge tube for 30 s at medium speed using a
Brinkmann Polytron homogenizer Model PT 10/35 (Brinkmann, Rexdale, Canada).
The samples were centrifuged for 25 min at 7800 g and 4°C (JA-20 rotor) in a Beck
man Model 12-21 centrifuge. The supernatant was transferred to a 50-ml tube, and
evaporated under nitrogen in a 40°C water bath. The residue was reconstituted in 5 ml
of purified water and vortex-mixed for 30 s. The extracts were then filtered in a
filtration unit consisting of a Membra-Fil membrane filter disc (8 Ilm, 13 mm diame
ter) (Nucleopore, Toronto, Canada) in a Swinnex 13 Millipore filter holder attached
to a 5-ml Luer-Lok Multifit B-D glass syringe (Becton Dickenson, Mississauga, Ont.,
Canada). Following filtration, the extracts were passed directly into a second 5-ml
Luer-Lok Multifit B-D glass syringe with an activated Sep-Pak CIS cartridge (Wa-
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ters, Milford, MA, U.S.A.) attached. Activation of the Sep-Pak cartridge prior to
loading the sample was accomplished by passing 5 ml of methanol followed by 5ml of
water. The extracts were then passed through the Sep-Pak cartridge and the eluent
discarded. SDM, OMP and the internal standard were subsequently eluted from the
cartridge into a 15-ml culture tube with 5 ml of methanol. Samples were dried under
nitrogen in a water bath at 40°C and stored at - 20°C until required for analyses. Just
prior to analysis each sample was reconstituted with 1 ml of the mobile phase and
vortex-mixed for 30 s. A 20-Jll aliquot was injected onto the HPLC column. Each
extract was analyzed in duplicate. The injection valve was flushed with 1 ml mobile
phase between each analysis.

Calibration curve, assay precision and recovery
A calibration curve was prepared from salmon tissue samples (5 g) spiked with

1 ml of the internal standard solution (20 Jlg/g tissue) and I ml of the appropriate
SDM/OMP standard solutions to give final concentrations of 0.2, 0.4, 0.5, 0.7, 1,2,6,
10 and 20 Jlg/g tissue. Calibration curves were constructed by plotting the area ratios
of SDM and OMP to that of internal standard against the known concentration
ratios of SDM and OMP to that of internal standard.

Intra-assay variability was determined by performing multiple injections (n =

7) of a single extracted tissue sample spiked with SDM and OMP at a concentration
of 2 Jlg/g tissue. Inter-assay variability was determined by the duplicate analysis of
independent spiked tissue samples (2 Jlg/g tissue, n = 4) over a 59-day time period.

The recovery of SDM and OMP from salmon muscle tissue was determined by
the addition of 1 ml of each of the prepared standard solutions containing 2.5, 5, 10
and 30 Jlg each of SDM and OMP to 5-g samples of control salmon tissue. The
samples were extracted and analyzed as described above, except that the internal
standard was added just prior to the final evaporation. Recovery was determined by
calculating the area ratios of SDM and OMP to that of internal standard for extract
ed tissue samples and comparing these to the area ratios obtained from unextracted
standard solutions of identical quantities.

Feeding study
Approximately 80 chinook salmon varying in weight from 141 to 976 g were

maintained in a circular (1.2 m deep x 2.3 m diameter) flowing seawater tank at the
West Vancouver Laboratory of the Department of Fisheries and Oceans (West Van
couver, Canada). During the 52-day study period the water temperature varied from
a minimum of 7.8°C to a maximum of 10.3 dc. Three fish were taken prior to the start
of the feeding study and analyzed to confirm the absence of SDM and OMP. Thes:;
fish also served as control samples for all calibration curve, assay precision and
recovery studies. A medicated diet, Extruded New Age Salmon Feed, 3.5 mm pellets
(Moore-Clarke, Vancouver, Canada) containing Romet-30 at a concentration of
16.7 kg per tonne of feed was used. Medicated feed was administered twice daily at a
rate of 135 mg per kg fish per day for 10 days. After the medication period, the fish
were transferred to a non-medicated feed formulation (Moore-Clark). Four fish were
removed from the tank prior to the morning feeding on days 2, 4,6,8, 11, 12, 14, 17,
20,24,27,31,34,38,41,45 and 52. The fish were killed immediately by a blow to the
head, tagged and stored at - 20°C. For analysis three 5-g samples were taken from
each fish at evenly spaced sites along the length of the fish.
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Representative chromatograms of a blank salmon extract and a salmon extract
containing SDM, OMP and internal standard are shown in Fig. 1. Carbamazepine
diol was selected as an internal standard because of its appropriate elution volume
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Fig. l. Chromatogram of (a) a control salmon muscle tissue extract and (b) a salmon muscle tissue extract
spiked with 2.0 ppm of ormetoprim and 2.0 ppm of sulphadimethoxine. Chromatographic conditions:
column: Ultrasphere 1.P. 5 /lm (25 cm x 4.6 mm 1.0.); mobile phase: acetonitrile-methanol-O.l M phos
phate buffer pH 4.0 (l7: 10:73); HPLC flow-rate: 1.0 ml/min; ultraviolet detection wavelength: 280 nm.
Peaks: I = ormetoprim; 2 = carbamazepine diol; 3 = sulphadimethoxine.
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Fig. 2. Chromatogram of various sulphonamides and ormetoprim. Chromatographic conditions as for
Fig. I except mobile phase: acelonilrile-melhanol-D.l M phosphate buffer pH 4.0 (20:10:70). Peaks: 1 =
sulphacetamide; 2 = sulphadiazine; 3 = ormeloprim; 4 = sulphamerazine; 5 = sulphamethazine; 6 =
sulphisoxazole; 7 = sulphadimelhoxine.

and ultraviolet absorption characteristics. The assay developed in the present study
has the capacity to separate other sulphonamides in addition to SDM and OMP (Fig.
2). However, their potential use as antimicrobial agents in the aquaculture industry
negated their use as internal standards.

Calibration curves for SDM and OMP from extracted salmon muscle tissue are
presented in Fig. 3. The area ratio measurements showed a linear relationship be
tween SDM and the internal standard (1'2 = 0.9974) and OMP with the internal stan
dard (r2 = 0.9956) over the concentration range 0.2-20 /lg!g tissue.

The intra-assay coefficient of variation was 4.8% for SDM and 4.3% for OMP
(Table I). The precision of the extraction procedure was determined over a 59-day
period and the resultant inter-assay coeffient of variation was found to be 4.6% and
4.4% for SDM and OMP respectively (Table II).

A solid phase extraction method was developed to simultaneously recover
SDM and OMP from salmon muscle tissue. The percent recovery of SDM and OMP
over the concentration range 0.5-6.0 ppm is presented in Table III. A mean recovery
of 54.6% for SDM and 67.1 % for OMP was computed from the various levels of
antibiotic-spiked salmon tissue. The combination of acetonitrile and TCA as the
chosen extraction solvent was found to provide the most efficient recovery for SDM
and OMP. Repeated extractions were not found to significantly enhance recovery of
either antibiotic. The extraction efficiencies for both SDM and OMP were lower in
this study using salmon muscle tissue, than previous reports with other domestic



HPLC OF ROMET-30® IN SALMON

35

30

0
:;:; 25
0

a:::
0 20Q)
L

<l:
(f) 15
"-Ol
:l 10L
0

5

Drug/IS Weight Ratio

185

Fig. 3. Calibration curve for sulphadimethoxine ("') and ormetoprim (.) from extracted salmon tissue
over the concentration range 0.2-20 ppm. Sulphadimethoxine: r2 = 0.9974; y intercept = 0.1 027;
slope = 28.8409. Ormetoprim: r2 = 0.9956; y intercept = - 0.0748; slope = 15.4948. IS = internal standard.

animal species including catfish, cattle and chicken [10]. This difference may be due to
the presence of relatively high cholesterol levels in salmon muscle tissue. Sheridan [11]
has reported that coho salmon (Oncorhynchus kL~utch) have cholesterol levels in dark
muscle tissue that are approximately twice that of other salmonids such as rainbow
trout. The high cholesterol level, in addition to the carotenoid content of salmon
muscle, may increase the total lipid content of the tissue and may adversely affect
antibiotic extraction efficiencies. Despite the relatively low recoveries, the minimum
quantifiable amount of both SDM and OMP detected in salmon muscle tissue was 0.2

TABLE I

INTRA-ASSAY. VARIABILITY OF SULPHADIMETHOXINE AND ORMETOPRIM IN
CHINOOK SALMON MUSCLE TISSUE

Injection No. SDM/IS OMP/IS
Area ratio Area ratio

I 1.723 0.823
2 1.596 0.777
3 1.504 0.836
4 1.555 0.818
5 1.640 0.737
6 1.588 0.799
7 1.700 0.788

Mean area ratio 1.615 0.797
S.D." 0.078 0.033
C.Vb 4.8% 4.2%

a Standard deviation.
b Coefficient of variation.
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TABLE 11

INTER-ASSAY VARIABILITY OF SULPHADIMETHOXINE AND ORMETOPRIM IN
CHINOOK SALMON MUSCLE TISSUE

Sample SDM/IS OMP/IS Analysis
Concentration Area ratio area ratio day
(ppm)

2.0 2.720 1.280 I
2.0 2.506 1.277 45
2.0 2.453 1.278 45
2.0 2.599 1.393 59

Mean area ratio 2.570 1.307
S.D." 0.117 0.057
C.V." 4.6% 4.4%

" Standard deviation.
b Coefficient of variation.

ppm, when taken at a signal-to-noise ratio of 5:1.1n addition, this method is advanta
geous in that it allows a single extraction and analysis for both drugs. The sensitivity
of this assay could be improved by increasing the amount of fish tissue extracted
and/or by increasing the amount of sample injected onto the HPLC column; however,
this would increase the quantity of endogenous substances injected and shorten col
umn lifetime.

The in vivo feeding experiment was intended to evaluate the applicability of our
HPLC method and to establish a wash-out period for Romet-30 in salmon muscle
tissue. The feeding study was designed to model the situation on a fish farm with
respect to method and time course of treatment. The data in Fig. 4 show the tissue
uptake for SDM and OMP during the first 10 days of treatment followed by the
decline of tissue levels from days II to 52 after cessation of medicated feed adminis
tration. It is apparent from these graphs that there is a large variation in tissue
antibiotic concentration between the fish sampled on a given day; however, there was
no observable difference in tissue antibiotic concentration between sites sampled on

TABLE III

RECOVERY OF SULPHADIMETHOXINE AND ORMETOPRIM FROM CHINOOK MUSCLE
TISSUE

Sample Sulphadimethoxine Ormetoprim
concentration recovery (%)" recovery (%)"
(ppm)

0.5 54.4 57.1
1.0 68.8 76.4
2.0 46.0 66.7
6.0 49.3 68.3

Mean recovery 54.6 67.1

a Each value represents a single determination at each sample concentration.
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Fig. 4. Tissue uptake (day 1-10) and decline of sulphadimethoxine ( .... ) and ormetoprim (.) in muscle
tissue samples from chinook salmon administered medicated feed. Each point represents an average offour
individuals sampled on each day ± standard error.

the same fish. The variation between individual fish is likely the consequence of the
hierarchical feeding dominance which results in certain individuals feeding more ag
gressively than others. In the present study, the fish size varied considerably from 141
to 976 g which may have exacerbated this feeding pattern contributing significantly to
the large range of tissue antibiotic concentrations at a given sampling time.

During the lO-day medicated feed administration period, the tissue antibiotic
concentration in individual fish varied from below quantifiable limits to a peak con
centration of 13.86 ppm for SDM on day 6 and 4.28 ppm for OMP on day 11. The
ratios of tissue levels of SDM to OMP found in the present study were not the same as
the 5:1 SDM to OMP ratio in Romet-30 and suggests a difference in the rate of
maximal uptake or excretion of these two drugs in salmon tissue. Moreover, SDM
was detectable in salmon tissue for up to 7 days, while OMP could be detected for as
much as 14 days after cessation of treatment. These results show that there are differ
ences in the rate of tissue uptake and decline ofSDM and OMP in salmon. Due to the
variability in individual fish antibiotic concentrations, a wash-out period could not
accurately be determined; however, in this study OMP residues appeared to remain in
the tissues approximately twice a long as SDM residues.

In summary, the HPLC method developed herein allows for the simultaneous
quantitation of SDM and OMP in farmed chinook salmon treated with Romet-30.
This assay has the advantage of requiring only a single extraction for the determina
tion of both SDM and OMP. The HPLC analysis of SDM and OMP reported in this
study was reliable and allowed for the detection of the antibiotics contained in Ro
met-30 at levels down to 0.2 ppm. The in vivo feeding experiment illustrated the
differences in the muscle tissue antibiotic concentration between individual fish after
administration of medicated feed. In addition, the rate of tissue uptake and decline of
SDM and OMP was shown to differ pointing to the necessity for measuring residues
of both SDM and OMP in salmon treated with Romet-30.
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ABSTRACT

The effects of a-, fI- and y-cyclodextrins on the effective mobilities of various inorganic anions in
capillary isotachophoresis were studied. The effective mobilities of several anions decreased when the
concentration of cyclodextrins in an ordinary leading electrolyte was increased up to 50 mM, whereas the
effective mobilities of a few anions remained almost constant. Hence by use of a-cyclodextrin, nitrite and
nitrate ions, cyanate, thiocyanate and selenocyanate ions and chlorate and perchlorate ions were complete
ly separated and could be determined. The effective mobilities of iodide, periodate and tetrathionate ions
also decreased with increasing concentration of a-, fI- or y-cyclodextrin.

INTRODUCTION

The most important task in isotachophoresis is to control or adjust the effective
mobilities of analyte ions. The mutual separation of analyte ions having approxi
mately equal mobilities is essential in order to expand its analytical applications [I].

Recently, cyclodextrins (CDs) have been used for this purpose. The effective
mobilities of analyte ions are altered by the formation of complexes of the ions with
CD added to a leading electrolyte. So far most of these analyte ions have been organic
[1-12]. Tazaki et al. [13] used IX-CD for the separation of iodide ion in chloride
bromide mixtures and for the detemination of perchlorate ion in the presence of
hexacyanoferrate(III) and -(II) ions. There has been no report concerning the
isotachophoretic separation of inorganic ions with the use of CD apart from the one
above.

It is difficult to separate nitrite and nitrate ions, cyanate, thiocyanate and
selenocyanate ions, chlorate and perchlorate ions and chloride, bromide and iodide
ions with ordinary leading electrolytes by capillary isotachophoresis, because their
ionic mobilities are approximately equal in aqueous solutions [14]. Therefore, we have
studied the effects of IX-, [3- and y-CDs on the effective mobilities of nitrite, nitrate,
cyanate, thiocyanate, selenocyanate, chlorate, perchlorate, fluoride, bromide, iodide,

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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iodate, periodate and tetrathionate ions. The results of these experiments were applied
to the simultaneous determination ofnitrite' and nitrate ions, cyanate, thiocyanate and
seJenocyanate ions and chlorate and perchlorate ions by capiIIary isotachophoresis
with ordinary leading electrolytes containing a-CD.

EXPERIMENTAL

Apparatus
A Shimadzu Model IP-2A isotachophoretic analyser was used with a potential

gradient detector. The main column was a fluorinated ethylene-propylene (FEP)
copolymer tube (15 cm x 0.5 mm J.D.), and the precolumn was a PTFE tube (15 or 20
cm x 1.0 mm J.D.). A Hamilton Model l70l-N microsyringe was used for the
injection of samples into the isotachophoretic analyser. DistiIIed and demineralized
water was obtained from a Yamato-Kagaku ModeJ WG-25 automatic still and
a Nihon Millipore MiIIi-QII system.

Reagents
All reagents were of analytical-reagent grade and used without further

purification. Distilled and demineralized water was used throughout. a-, [3- and y-CDs
were obtained from the Nacalai Tesque. Standard solutions of various anions were
prepared by dissolving their sodium or potassium salts in water; those ofperiodate ion
were prepared immediately before use because periodate is considerably hydrolysed.

Procedures
Volumes of 5-pl of solutions containing 1.0 mM of each anion are injected into

the isotachophoretic analyser. The migration current is maintained at 150 pA for the
first 14 min and then reduced to 50 pA. The leading electrolyte is an aqueous solution
containing 5 mM histidine hydrochloride, 0.01 wt.-% Triton X-lOO and an appro
priate amount of CD, and the terminating electrolyte is 10 mM sodium acetate
solution. The concentration of a- or y-CD in the leading electrolyte is increased to 50
mM and that of fJ-CD to 15 mM owing to the poor solubility of fJ-CD compared with
that of a- and y-CD in water [15].

The potential unit (PU) value [16] (relative step height [7]) which is generaIIy used
as a parameter of identification of the analyte ions, and is defined by the equation

(1)

where PG is the potential gradient and the subscripts denote quantities relating to
analyte (A), leading (L) and terminating (T) ions, respectively, is calculated. The
relationship between the PU value and the effective mobility of the analyte ion (rnA)
[16] is given by

(2)

where rn is the effective mobility and a = nlL/rnT' Eqn. 2 indicates that the PU value
becomes larger when the effective mobility of the analyte ion (rnA) becomes smaIIer,
and the former becomes smaIIer when the latter becomes larger. That is the change in
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the effective mobility of the analyte ion can be indirectly determined in terms of the PU
values.

RESULTS AND DISCUSSION

Effective mobilities of analyte ions [IJ
The effective mobilities of analyte ions A and B (rnA and mil, respectively) in the

presence of an electrically neutral ligand N are expressed as follows:

(3)

(4)

where mA, mil, mAN and mllN are the ionic mobilities of the free analyte ions A and Band
the complexed analyte ions AN and BN, respectively, KAN and KilN the com
plex-formation constants of A and B, respectively, with the ligand Nand [N]A and [N]1l
the ligand concentrations' in each zone. Eqns. 3 and 4 indicate that A and B can be
separated from each other even when they have the same ionic mobilities (mA = mil) if
the complex-formation constants with N are appreciably different (KAN =1= KilN): if
K AN > KilN, rnA < mil and if KAN < KilN, rnA> mil. In addition, rnA and mil decrease with
increasing [N]A and [N]Il, respectively.

In this study, N corresponds to CDs. The stability of the inclusion complex of the
analyte ion with CD depends on the hydrophobicity, size and geometric arrangement
of the analyte ion [1,7,17].

Determination of nitrite and nitrate ions
The limiting molar conductivity of nitrite ion is approximately equal to that of

nitrate ion, as shown in Table 1. Therefore, it is difficult to separate these ions from
each other with ordinary leading electrolytes. These ions have been separated with an

TABLE I

LIMITING MOLAR CONDUCTIVITIES (),':') OF VARIOUS ANIONS IN AQUEOUS SOLUTION
(25°C) [14]

Anion ),':'
(S em 2 mol-I)

N02 - 71.8
N03 - 71.5
OCN- 64.6
NCS- 66.5
NCSe- 64.7
CI03 - 64.6
CI04 - 67.4
F- 55.4
CI- 76.3
Br- 78.1
r- 76.8
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aqueous leading electrolyte containing inorganic or organic co-counter ions [18,19]
and with non-aqueous leading electrolytes [20,21].

Fig. I shows the effect of ex-CD concentration on the PU values of various
anions. The PU value of nitrate ion slightly increased linearly with increasing
concentration of ex-CD up to 50 mM. On the other hand, the PU value of nitrite ion
remained almost constant. This indicated that the nitrate ion formed a weak inclusion
complex with ex-CD, whereas the nitrite ion did not. The separation of the nitrate ion
from the leading ion (chloride ion) was insufficient when the ex-CD concentration was
relatively low, and the difference between the PU values of nitrite and nitrate ions
decreased when the ex-CD concentration increased. Therefore, 25 mM ex-CD was
selected as the optimum concentration in the leading electrolyte for the simultaneous
determination of nitrite and nitrate ions.

Linear calibration graphs were obtained for nitrite and nitrate ions up to 3.0 mM
by using a leading electrolyte containing 25 mM ex-CD. The regression equations of
these graphs for nitrite and nitrate ions were y = 9.5x + 0.4 (0 ~ x ~ 3.0,
o ~ y ~ 28.8) and y = 12.7x + 0.1 (0 ~ x ~ 3.0, 0 ~ y ~ 37.0), respectively. The
correlation coefficients were 1.000 and 0.998, respectively. In these equations x is the
concentration of the ion in mM and y the zone length in mm when the recording speed
is adjusted to 40 mm/min. The relative standard deviations were obtained by
calculating the zone length per 1.0 mM at each point on the calibration graphs. They
were 0.040 and 0.045 (n = 6), respectively. The limits of determination for nitrite and
nitrate ions were 1.1 . 10-2 and 7.9 . 10-3 mM, respectively, corresponding to a O.l-mm
zone lengh.

When 5-J.t1 volumes of mixed solutions containing various concentrations of
nitrite and nitrate ions were injected and analysed by use of the calibration graphs, the

o 10 20 30 40 50
Concentration of a-cyciodextrin, mM

Fig. I. Effect of IJ(-cyclodextrin concentration on the PU values of various anions. 0, N02 -; ., N03 -; 0,
OCN-; ., NCS-; \1, NCSe-; 6, Cl03 -; ., CI04 -; 0, F-; ., r.
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error in the determination of these ions was less than ± 11 %, as shown in Table [I. The
isotachopherogram of mixture 2 in Table II is shown in Fig. 2. Completely separated
zones with sharp boundaries for the nitrite and nitrate ions were obtained with the
leading electrolyte containing 25 mM a-CD, whereas a completely separated zone for
nitrate ion was not obtained without a-CD.

Determination of cyanate, thiocyanate and selenocyanate ions
The limiting molar conductivities of cyanate, thiocyanate and selenocyanate

ions are approximately equal, as shown in Table I. Therefore, their separation is
difficult with ordinary leading electrolytes. There is no report concerning the
simultaneous determination of these ions by capillary isotachophoresis.

The PU values of thiocyanate and selenocyanate ions increased linearly with
increasing concentration of a-CD, whereas that of cyanate ion remained almost
constant, as shown in Fig. 1. The slope of the regression line of PU value vs. a-CD
concentration for the selenocyanate ion was larger than that for the thiocyanate ion.
This result suggests that the complex-formation constant of selenocyanate ion with
a-CD is larger than that of thiocyanate ion. It can be presumed that the a-CD
concentration of 30 mM or above is sufficient for the mutual separation of cyanate,
thiocyanate and selenocyanate ions. However, the reproducibility of separation of
these ions was not sufficient in the concentration range 30-40 mM. Therefore, 45 mM
was adopted as the optimum concentration of a-CD for the simultaneous deter
mination of cyanate, thiocyanate and selenocyanate ions.

Linear calibration graphs were obtained for cyanate, thiocyanate and seleno
cyanate ions by using a leading electrolyte containing 45 mM a-CD. The regression
equations for cyanate, thiocyanate and selenocyanate ions were y = 6.7x - 0.1 (0
~ x ~ 3.0, 0 ~ y ~ 20.7) and y = 12.3x + 0.7 (0 ~ x ~ 3.0, 0 ~ y ~ 36.9) and
y = 15.8x + 0.4 (0 ~ x ~ 3.0, 0 ~ y ~ 47.6), the correlation coefficients were 0.998,
0.999 and 1.000 and the relative standard deviations were 0.049, 0.053 and 0.028,
respectively. The limits of determination for cyanate, thiocyanate and selenocyanate
ions were 1.5 . 10-2 , 8.1 . 10-3 and 6.3 . 10-3 mM, respectively. The error in the
simultaneous determination of these ions was less than ±14%, as shown in Table III.
The isotachopherogram of mixture 2 in Table III is shown in Fig. 3. Completely

TABLE II

ANALYTICAL RESULTS FOR NITRITE AND NITRATE IONS

Mixture Added (mM) Found (mM) Error (%)

N02 - N03 - N0 2 - N03 - NO, - N03 -

[ 0.50 3.0 0.47 2.9 -6.0 - 3.3
2 1.0 1.0 0.99 0.89 -1.0 -11
3 1.0 2.5 1.0 2.3 0.0 - 8.0
4 1.5 2.0 1.5 2.1 0.0 + 5.0
5 2.0 1.5 1.9 [.4 -5.0 - 6.7
6 2.5 1.0 2.4 0.92 -4.0 - 8.0
7 3.0 0.50 2.9 0.48 -3.3 - 4.0
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Fig. 2.lsotachopherograms for the separation of nitrite alid nitrate ions. (A) Without o:-cyclodextrin; (B) 25
mM o:-cyclodextrin. (a) CI- (leading ion); (b) N03 -; (c) N02 -; (d) CH 3COO- (terminating ion).

separated and stable zones with sharp boundaries for these ions were obtained by use
of a leading electrolyte containing 45 mM a-CD, whereas thiocyanate and seleno
cyanate ions were not completely separated without a-CD.

Determination of chlorate and perchlorate ions
The limiting molar conductivity ofchlorate ion is approximately equal to that of

perchlorate ion in aqueous solution, as shown in Table T, whereas those ofchlorate and
perchlorate ions differ from each other in methanol (61,4 and 70.1 S cm 2 mol-1 at
25°C, respectively [21]). Therefore, it is difficult to separate these ions by use of
ordinary leading electrolytes, whereas it is possible by use of methanolic leading
electrolytes.

TABLE III

ANALYTICAL RESULTS FOR CYANATE, THIOCYANATE AND SELENOCYANATE IONS

Mixture Added (mM) Found (mM) Error (%)

OCN- NCS- NCSe- OCN- NCS- NCSe- OCN- NCS- NCSe-

1 0.50 2.5 2.0 0.43 2.4 2.0 -14 - 4.0 0.0
2 1.0 1.0 1.0 0.94 1.1 0.99 - 6.0 +10 -1.0
3 1.0 1.5 2.5 0.88 1.5 2.5 -12 0.0 0.0
4 1.5 0.50 3.0 1.4 0.57 2.9 - 6.7 +14 -3.3
5 1.5 3.0 0.50 1.3 2.9 0.52 -13 - 3.3 +4.0
6 2.0 2.0 1.0 1.8 2.0 1.0 -10 0.0 0.0
7 2.5 1.0 1.5 2.3 1.1 1.4 - 8.0 +10 -6.7
8 3.0 1.0 1.0 2.8 1.0 0.98 - 6.7 0.0 -2.0
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Fig. 3. Isotachopherograms for the separation of cyanate, thiocyanate and selenocyanate ions. (A) Without
a-cyclodextrin; (B) 45 mM a-cyclodextrin. (a) Cl-; (b) NCS-; (c) NCSe-; (d) OCN-; (e) CH 3COO-.

The PU value of perchlorate ion increased linearly with an increase in IX-CD
concentration, whereas that ofchlorate ion remained almost constant, as shown in Fig.
I.

Linear calibration graphs were obtained for chlorate and perchlorate ions by
using a leading electrolyte containing 10 mM IX-CD. The regression equations for
chlorate and perchlorate ions were y = 1O.7x + 0.4 (0 :( x :( 3.0,0 :( y :( 32.6) and
y = ll.2x (0 :( x :( 3.0, 0 :( y :( 33.7), respectively (correlation coefficients both
1.000). The relative standard deviations were 0.047 and 0.0074, respectively. The limits
of determination for chlorate and perchlorate ions were 9.3· 10-3 and 8.9 . 10-3 mM,
respectively. The error in the simultaneous determination of these ions was less than
± 14%, as shown in Table IV. The isotachopherogram of mixture 2 in Table IV is
shown in Fig. 4. These ions were completely separated with a leading electrolyte
containing 10 mM IX-CD.

TABLE IV

ANALYTICAL RESULTS FOR CHLORATE AND PERCHLORATE IONS

Mixture

I
2
3
4
5
6
7

Added (mM) Found (mM) Error (%)

Ci0 3 - CI0 4 - Ci03 - C104 - CI03 - C104 -

0.50 3.0 0.43 3.0 -14 0.0
1.0 1.0 0.98 1.0 2.0 0.0
1.0 2.5 0.91 2.6 - 9.0 + 4.0
1.5 2.0 1.4 2.0 - 6.7 0.0
2.0 1.5 1.9 1.5 5.0 0.0
2.5 1.0 2.5 1.0 0.0 0.0
3.0 0.50 3.0 0.55 0.0 +10
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Fig. 4. Isotachopherograms for the separation of chlorate and perchlorate ions. (A) Without ct-cyclodextrin;
(B) 10 mM a-cyclodextrin. (a) Cl-; (b) CI04 -; (c) CI03 -; (d) CH 3COO-.

Separation of halide ions
The limiting molar conductivities of chloride, bromide and iodide ions are

approximately equal, as shown in Table 1. Therefore, their separation is difficult with
ordinary leading electrolytes. These ions have been separated by complex formation
with cadmium ion [22] or by use of a methanolic leading electrolytes [2J,23.24].
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Fig. 5. Isotachopherograms for the separation of iodide ion. (A) Without ct-cyclodextrin; (B) 20 mM
a-cyclodextrin. (a) Cl-; (b) r; (c) CH 3COO-.
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The PU value of iodide ion increased linearly with increasing concentration of
(X-CD, as shown in Fig. I. Bromide ion was not separated from chloride ion (leading
ion).

A linear calibration graph was obtained for iodide ion by use of a leading
electrolyte containing 20 mM (X-CD. The regression equation was y = 11.6x + 0.1 (0
~ x ~ 3.0, 0 ~ y ~ 35.0) and the correlation coefficient was 0.999. The relative
standard deviation was 0.047. The limit ofdetermination was 8.6' 10-3 mM. Iodide ion
(1.0 mM) was completely separated from chloride ion (leading ion) with a leading
electrolyte containing 20 mM (X-CD, as shown in Fig. 5.

Further, the effect of fJ-CD concentration on the PU values of the above anions
was examined by increasing the fJ-CD concentration up to 15 mM. This effect was
smaller than that of (X-CD.

Applications to other anions
The effect of (X-, fJ- and y-CD concentration on the PU values of iodate, periodate

and tetrathionate ions was investigated. The results are shown in Fig. 6. The PU value
of periodate ion increased linearly with increasing concentration of (X- or fJ-CD. The
slope of the regression line for fJ-CD was larger than that for (X-CD. The PU value of
tetrathionate ion increased linearly when the fJ- or y-CD concentration increased. The
slope of the regression line for fJ-CD was larger than that for y-CD. These results
indicate that the complex-formation constant of periodate ion with fJ-CD is larger than
that with (X-CD, and that oftetrathionate ion with fJ-CD is larger than that with y-CD.
The PU value of iodate ion remained almost constant when the (X- or fJ-CD
concentration increased.

It can be concluded that almost all the anions studied can be separated from each

o 10 20 30 40 50
Concentration of cyclodextrin, mM

Fig. 6. Effect of cyclodextrin concentration on the PU values of some anions. 0, 103 -; ., 104 -; 0,
S4062-. --, IX-CD; ~~, {i-CD; , y-CD.
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other by use of a leading electrolyte containing 45 mM a-CD, although the separation
of nitrite and chlorate ions may be insufficient. It is concluded from the slopes of the
regression lines which represent the increase in PU values that the complex-formation
constant of anions with a-CD increases in the order nitrate, iodide, thiocyanate,
perchlorate, periodate and selenocyanate ions.
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Multiplex gas chromatography (MGC) is a technique in which multiple sam
ples may be introduced into a chromatographic system regardless of the elution time
of the individual components [1]. Although the output obtained from a MGC experi
ment is not directly interpretable, computational techniques can be used to obtain the
chromatogram from the detector output data. This is done by calculating the impulse
response function from the multiplexed output data.

The impulse response function is defined as the response of a system to an
applied impulse input signal. The impulse response function is related to the output
and input modulation signal by the fol1owing equation [2]:

her) = FT- 1 [FT(Output)jFT(Input)] (I)

where FT is the Fourier transform, "Output" is the detector output signal, "Input" is
the modulation or injection signal, and her) is the system impulse response function.
For a single injection or pulse, her) is the chromatogram of the sample that is directly
obtained from the output data. For a long modulated signal composed of multiple
sample injections, eqn. 1 is used to calculate the chromatogram. This technique is wel1
summarized by Phil1ips [1].

Some of the most promising applications of this technique are either in areas
where more data are needed to improve the detection limits of a detector or where
continuous monitoring of a sample stream is required. Specifical1y, for NASA, this
technique is being investigated as a way of conducting GC analyses from a descending
spacecraft through a planetary atmosphere [3]. Under such a scenario the time avail
able to complete a gas chromatographic analysis will be very limited. If conventional
gas chromatography (i.e., one single injection for each sample) is used, then, there will
only be time for analysis of just a few samples before the spacecraft reaches the
surface of a planet. Under such scenario, no information will be obtained from alti
tudes the spacecraft passes while it is involved in GC analysis.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B. V.
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One of the most important restrictions for using MGC on a descending space
craft is that the data collected will be representative of a sample whose composition
varies as a function of altitude. The concentration of any given component of the
atmosphere may increase or decrease as a function of altitude. In addition, a given
component may appear unexpectedly during the sampling period. These changes in
composition can deteriorate the signal-to-noise ratio (S/N) of the final calculated
chromatogram due to variations in the baseline. These variations will contribute
noise to the final calculated chromatogram. This type of noise as been defined as
correlation noise by Annino and Bullock [4]. The degree of correlation noise is pro
portional to the rate of change in the sample. If a change occurs rapidly then the
calculated signal will be completely incomprehensible [1,4,5].

In this work, the technique of exponential dilution (ED) [6] was used to change
the composition and concentration of a gaseous mixture to emulate the changes in the
atmospheric composition that a descending spacecraft will sample. The sample was
introduced using MGC and the chromatogram computed using eqn. 1. The ED
technique has previously been used by Koel et al. [5] to calibrate a GC system with a
flame ionization detector using a sample containing methane as the only component
which was determined.

In the ED technique, a flask of known volume is filled with a gas sample. Then a
diluent is introduced into the flask at a constant rate. The diluted sample mixture then
flows from the flask into the GC injection valve. The sample inside the flask is diluted
exponentially as a function of time. At any time the concentration of the sample
inside the flask can be calculated using the following equation [6]:

C, = Coe - f'lv (2)

where C, is the concentration of the sample at time t, Co is the initial concentration,f
is the diluent flow-rate and v is the volume of the flask. The ED technique can also be
used to make changes in sample composition by introducing a new sample in the flask
instead of a diluent. After an experiment is completed, the collected data are divided
into equal time segments.

It is the purpose of this paper to report results obtained while applying MGC to
an environment of changing sample composition. Also the errors that resulted with
various degrees of change in the sample concentration were determined by perform
ing a calibration of the MGC system with four different rates of sample dilution.

EXPERIMENTAL

The GC system used in this work is shown in Fig. 1. The GC detector was a
Model PI-52 02 photoionization detector (HNU Systems, Newton, MA, U.S.A.) with
a II.70-eV lamp. The column was a 1.5 m x 1.1 mm J.D. stainless-steel tube packed
with tert.-butyl isocyanate bound to Porasil C (l00-I50 mesh). The column temper
ature was 25°C. The GC injection assembly was composed of an 8-port Valco valve
with two 100-ttl sample loops and a Valco electric actuator (Alltech, Deerfield, IL,
U.S.A.) for computer control of the valve. A Datametrics Type 1511 Controller and
three Model 825 Datametrics mass flow controllers (MANCO, Santa Clara, CA,
U.S.A.) with orifices for 10.0, 20.0 and 100.0 ml/min were used to regulate and
measure the flow of all the gases used.
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Fig. I. Schematic diagram showing the major components of the multiplex exponential dilution flask gas
chromatographic system.

Testing of the multiplex ED system was conducted with three different gas
mixtures. One of them contained methane, ethane, propane and butane at 100.00
ppm in helium (Matheson). Another mixture contained those same components but
at 1000.00 ppm (Matheson). A third mixture prepared manometrically contained ten
hydrocarbons at the following concentration~: methane and ethane at 71.1 ppm,
propane and butane at 142.3 ppm, isobutane and ethylene at 213.4 ppm, acetylene
and propene at 227.6 ppm, propyne and propadiene at 355.7 ppm, all in helium. The
carrier gas was 99.999% helium (Matheson). The flow-rate through the column was
16.0 ml/min.

In order to emulate the variations in sample concentration, the 100.00 ppm gas
mixture was used. An ED flask of known volume was connected upstream of the
sample valve. This flask is a glass vessel of accurately determined volume (239.6 ml)
equipped with openings to permit continuous gas flow. It contains a magnetically
driven stirring vane to guarantee complete mixing. This flask was fabricated follow
ing the same specifications used for the ED flasks made by Varian during the early
1970s. Similar ED flasks were used during the late 1970s to calibrate the GC system
that was used on board the Pioneer Venus probe for determining the gaseous compo
nents in Venus' atmosphere [7]. These flasks are still in use in our Branch and are very
reliable for calibration of newer GC's being developed for use in other missions.
Before starting each experiment, the flask was filled with the sample to be used at a
rate of 10.0 ml/min for a period of 2 h. To ensure that the flask was completely filled
with the sample, a few test injections of the sample entering the sample loop were
made and no change in intensity of the GC signal was detected. Four dilution experi
ments were performed using the following diluent flow-rates: (I) 12.0 ml/min, (2) 18.2
ml/min, (3) 32.2 ml/min and (4) 61.6 ml/min. Before starting with the dilution, the
multiplex experiment was run for an 18.0 min period to determine the intensities of
the GC peaks for the 100.00-ppm concentration mixture. That peak intensity was
used as reference to calculate the concentrations that were used for the exponential
dilution plots. The data obtained from the experiments were used to calculate the
impulse response functions using eqn. 1 followed by generation of the exponential
dilution curves ofconcentration with respect to time for both propane and butane. To
monitor this concentration as a function of time, the time corresponding to the aver-
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age concentration was calculated by integrating over the interval of each data seg
ment and using eqn. 1. The four dilution experiments were run for approximately 40,
75, 40 and 18 min, respectively. Four theoretical dilution curves using those same
diluent flow-rates were also generated. The natural log of the concentrations of each
experiment was plotted vs. Time followed by calculation of the relative error between
these curves and the theoretical ones. An additional plot of % relative error with
respect to diluent flow-rate in mljmin was also generated.

A study was also conducted to test the multiplex ED technique while changing
the sample mixture as a function of time. In this experiment, the flask was filled with
the ten hydrocarbon mixture described previously. This was followed by the intro
duction of a mixture containing methane, ethane, propane, and butane, all at 1000.00
ppm in helium. The four hydrocarbon mixture was introduced at a constant rate of
9.0 mljmin for a period of 140 min. A total of 1272 injections were generated during
that period.

The multiplex ED system was operated using a System 1800-Model B high
speed microcomputer (Integrated Image Systems, Santa Clara, CA, U.S.A.) through
an IEEE 488 interface attached to a Nelson Analytical 900 Series analog-to-digital
interface (Cupertino, CA, U.S.A.) both providing the modulation signal and acquir
ing the detector signal. The software used for modulating the frequency of injections
and acquiring the output data was supplied by Nelson Analytical and it is written in
Basic. This program will only work for single-injection chromatograms. We added a
random generator program to perform the multiplex ED experiments. The probabil
ity of injection was 14%. The data acquisition rate was one point per second. After all
the experimental data were collected, it was transferred to a MicroVax II (Digital
Equipment Corporation, Santa Clara, CA, U.S.A.) to calculate the impulse response
function using eqn. I. All the data collected in each experiment were divided in
segments of IS.O-min lengths (900 data points) to monitor the dilution of the sample
as a function of time for each second of the experiment. Each IS.0-min segment had
the same injection sequence. That sequence was chosen from preliminary MGC ex
periments in which the injection or input sequence changed as a function ofprobabil
ity of injection. The sequence that resulted in a chromatogram with the highest SjN
was the one chosen for this work.

RESULTS AND DISCUSSION

Fig. 2a and b illustrates exponential dilution plots of concentration with respect
to time for the theoretical case, and for propane and butane at the starting concentra
tions of 100.00 ppm for the experiment with a diluent flow-rate of 18.2 mljmin. The
sample used also contains methane and ethane at 100.00 ppm but these two compo
nents are not detectable by the photoionization detector used. The differences be
tween the experimental values and the ones calculated using eqn. 1 are higher during
the first 16.0 min of the dilution due to the faster change in concentration from 100.00
ppm to 30.00 ppm for both propane and butane. After that period of time the experi
mental values gradually becomes much closer to those predicted by eqn. 2.

Fig. 3a and b shows the plots of % of relative error between the experimental
and theoretical curves as a function of diluent flow-rate for propane and butane for
four separate experiments. For both propane and butane the relative error is directly
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Fig. 2. Exponential curves showing an exponential decrease in concentration for (a) propane and (b)
butane both at an initial concentration of [00.00 ppm, and a theoretical curve calculated using eqn. 2 for
comparison with the experimental ones using a diluent flow-rate of 18.2 m[/min for a period of 75 min. A
total of 670 injections were generated during that period. Each experimental point for both propane and
butane represents [5.0 min. of data determined by computation of the impulse response function using eqn.
I. Volume of dilution flask = 239.6 m!.

proportional to the rate of dilution. for propane, the lowest relative error was 5.5%
for a diluent flow-rate of 12.0 ml/min corresponding to a dilution time of 64.3 min
from 100.00 ppm to 0.35 ppm. The highest relative error was 19.8% for a diluent
flow-rate of 61.6 ml/min corresponding to a dilution time of 18.0 min from 100.00
ppm to 0.35 ppm. For butane the lowest relative error was 6.0%, and the highest
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Fig. 3. Plots of % of relative error between the experimental and theoretical curves as a function of the four
diluent flow-rates (in ml/min) used for (a) propane and (b) butane. For propane the slope was 0.28 ± 0.07,
intercept = 1.4 ± 0.4, and coefficient of determination = 0.90. For butane the slope was 0.42 ± 0.05,
intercept = 0.6 ± J.7, and coefficient of determination = 0.98.

26.3%. The differences between the experimental values and the theoretical ones are
due to (1) variations in the gas flow-rate when the injection valve is switched to
introduce the sample, (2) non-linear chromatographic effects that contribute more to
baseline instabilities if the dilution rate is faster and (3) the fact that Fourier trans
forms can be used only for stationary systems or slow changing systems. All these
effects will result in baseline variations in the calculated chromatogram defined as
correlation noise (discussed briefly in the introduction).

Fig. 4 shows the chromatograms obtained for the study in which one mixture
containing methane, ethane, propane, and butane, all at 1000.00 ppm, was used to
change a mixture of different composition (methane, ethane, ethylene, propane, ace
tylene, isobutane, butane, propene, propadiene and propyne) by the multiplex ED
technique. All the chromatograms were obtained by calculating the impulse response
function as defined in eqn. I. Fig. 4a is the chromatogram of the mixture containing
10 components before the beginning of the dilution. Methane and ethane are not
detectable by the photoionization detector used. Propyne is strongly retained in the
column and appears as a very low, broad peak beyond the end of the chromatogram.
Propene and propadiene elute at the retention time represented by peak 6 in Fig. 4a.
In addition, a negative pressure peak, sporadically present in the data (Fig. 4b and c),
originated from a change in pressure when the valve turns at the time of injection.
Fig. 4b is a chromatogram obtained by calculating the impulse response function
after 20.5 min of the dilution experiment. After that period of time, propane and
butane increased in concentration to 602.3 ppm, while all other components had
decreased. Finally, 116.5 minutes after the experiment began the only detectable
components were propane and butane at concentrations close to 1000.0 ppm (Fig.
4c).

This study shows that a multiplex ED technique can be used to simulate envi
ronments where a sample is changing with time as long as the composition changes
slowly with time. As discussed above, the errors calculated are a combination of
uncertainties due to correlation noise. At present, additional data analysis techniques



NOTES

24.00

20.00

16.00

12.00

8.00

2

::~
-4.00

(.1 (bl

205

-8.00+----~--,___--~-~--~

56.00

48.00

40.00

32.00

24.00

16.00

8.00

0.83 1.67 2.50
MINUTES

3.33 4.17

0.00

0.83 1.67 2.50
MINUTES

3.33 4.17

Fig. 4. Chromatograms obtained from the calculation of the impulse response function at three stages
during the change in sample composition. The column temperature was 25'C and the flow-rate was 9.0
ml/min. Intensity is in arbitrary units. (a) First 15.0 min of the experiment where no change in sample
composition occurred (dilution time = 0.0 min). The six peaks correspond to I = ethylene (213.4 ppm),
2 = propane (142.3 ppm), 3 = acetylene (227.6 ppm), 4 = isobutane (213.4 ppm), 5 = butane (142.3
ppm), and 6 = propene (227.6 ppm) and propadiene (355.7 ppm). Not detected: methane, ethane and
propyne. (b) Chromatogram obtained from the calculation of the impulse response function 20.5 min after
the multiplex ED experiment started. The six peaks correspond to I = ethylene (66.0 ppm), 2 = propane
(602.3 ppm), 3 = acetylene (105.5 ppm), 4 = isobutane (99.0 ppm), 5 = butane (602.3 ppm), and 6 =

propene (105.5 ppm) and propadiene (164.9 ppm). (c) Chromatogram obtained from the calculation of the
impulse response 116.5 min after the multiplex ED experiment started. The two peaks correspond to 2 =

propane and 5 = butane, each component present at a fmal concentration of 989.2 ppm.
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are being developed to monitor an environment where a sample analyzed changes
more rapidly than the one reported in this paper.
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The preparation of samples of biological origin normally involves extraction of
the organic volatiles with a suitable solvent. This step in the work-up procedure has the
advantage that it can be employed as a concentration step by extracting a sufficiently
large amount of material with a relatively large volume of solvent and concentrating
the extract to a suitable volume before injecting it into the gas chromatograph. The
efficiency with which organic compounds are extracted from biological matter
depends on factors such as the physical state of the sample and the polarity of the
organic compounds and of the solvent used for extraction. If known compounds have
to be determined, incomplete extraction is not such a serious problem, as quantifica
tion can be carried out relative to one or more internal standards which have properties
similar to those of the analytes and are added to the biological sample before
extraction.

However, if complex mixtures of unknown organic compounds with divergent
physical and chemical properties have to be extracted from samples which might, for
instance, contain considerable amounts of water and might further be relatively
viscous or difficult to mix with the organic solvent, simple extraction techniques offer
little hope of obtaining an accurate quantitative picture of the composition of the
volatile organic fraction. The determination of the volatile organic constituents of the
preorbital gland secretion of the small antelope Raphicerus melanotis, which contains
water, mucous, water-soluble solid material and a complex mixture of organic
compounds ranging from formic acid to long-chain alcohols and formates [1], is an
example of the formidable analytical problems posed by such samples, One possible
approach to the analysis of such complex samples is the direct solventless introduction
of the crude sample into the injector of the gas chromatograph, provided that the

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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analytes are present in high enough concentrations to afford reliable quantitative data
with amounts of material that can be handled by such direct solventless introduction
techniques. Although it is not common practice, the comparison of the results
obtained by conventional injection of an extract of the material and those provided by
solventless injection of the crude material could provide invaluable information on the
reliability of the extraction and work-up procedure and on whether volatiles are lost
during the solvent removal step or are obscured by the solvent peak.

Solid sample introduction systems developed by the manufacturers of gas
chromatographic equipment or by workers in specific fields of research, such as the
system recently elaborated by Attygalle and Morgan [2], can be used for this purpose.
However, as most laboratories are only occasionalJy required to analyse samples that
might be amenable to solid sample introduction, these systems are unfortunately not in
general use in most laboratories.

In our own research on semiochemical communication in the animal world,
results obtained with extracts of the exocrine secretions of insects and mammals are
routinely compared with those obtained when the crude untreated secretions, or even
the glands producing these secretions, are introduced into the injector of a gas
chromatograph. For the past 8 years we have been using an extremely simple
solventless sample introducing technique with excellent results. However, this method,
which was first mentioned in a paper on the characterization of the defensive larval
secretion of the citrus swallowtail butterfly Papilio demodocus [3] does not appear to
have gained any recognition beyond a reference to it in the paper by AttygaIJe and
Morgan [2]. This has prompted us to describe the method in more detail than in the
paper in which it was first mentioned and to illustrate its application to the analysis of
a number of different sample types. For this purpose we have selected a few examples
from our own research and from work carried out in colJaboration with other
laboratories.

EXPERIMENTAL

Gas chromatographic (GC) analyses were carried out with Carlo Erba (Milan,
Italy) Model 4160 and 5300 gas chromatographs and a Hewlett-Packard (Palo Alto,
CA, U.S.A.) Model 5890A gas chromatograph equipped with flame ionization
detectors, using helium as carrier gas. GC-mass spectrometric (GC~MS) analysis was
done with a Carlo Erba QMD 1000 system. With the exception of the column
employed for the analysis of the pheromone glands of the smaIJer tea tortrix, all
columns were coated using either published methods [4] or procedures developed in the
Laboratory for Ecological Chemistry.

A hole was made through the centre of a septum with a syringe needle (No. 18,
1.2 mm) with a sharpened 90° point. By rotating the needle slowly and forcing it
through the septum, it was possible to produce a tapered hole through the septum.
However, any septum which had been pierced a few times during normal use in a gas
chromatograph could be used equaIJy successfuIJy without additional widening of the
hole. The septum was then instaIJed in the gas chromatograph. By tightening the
septum cap sufficiently the hole through the septum can be closed and samples can be
injected with a syringe in the normal manner. An empty sample introduction probe or
a thin flame-polished glass rod can also be used to close the hole in the septum, which
tends to widen if the solventless sample introduction technique is used repeatedly.
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Sample introduction probes were made from capillary tubing (0.7 mm J.D. x
1.2 mm 0.0.) drawn from soft glass tubing on a capillary drawing machine
(Hewlett-Packard 1045A, Hupe & Busch or Carlo Erba GCM60). Ordinary melting
point capillaries with similar dimensions can, however, also be used for this purpose.
To manufacture a sample introduction probe, a 100-mm length of capillary is sealed
off about 20 mm from one end by holding the capillary in the side of the flame from
a small bunsen burner until a bead ofglass has been formed at this point (Fig. lA). The
capillary is then removed from the flame, rotated to keep it straight and drawn out just
enough to decrease the diameter of the soft glass bead to approximately that of the
capillary itself. Using a glass-cutting tool or preferably the sharp edge of a fragment of
silicon wafer, the shorter section of the capillary is scored a few millimetres from this
position and about 15 mm of the capillary is broken off and discarded. The tip of the
remaining capillary is flame polished to ensure smooth and unobstructed movement
through the septum and to avoid fragments of the septum from being transported into
the injector by the sharp edges of the capillary. The other end of the capillary is sealed
off or flame polished to avoid hand injuries when the probe is inserted into the injector.
To facilitate rapid and quantitative evaporation of volatiles from a sample, the probe is
constructed with the shortest possible sample cavity which can still accommodate the
sample without losing material when the probe is inserted through the septum. With
some experience a sample probe can be made in a few minutes and, instead ofcleaning
used ones in an ultrasonic bath or muffle furnace, we prefer to use a new probe for each
sample.

The sample probe is loaded with a sample by placing an appropriate amount of
the material to be analysed in the sample cavity. Care is taken not to obstruct the free
movement ofthe carrier gas into and the transportation ofdesorbed volatiles out of the
sample cavity by blocking it with, for example, a large amount of viscous material.

A

B < r / 1M a¢;:

Fig. I. Preparation and loading of a sample introduction probe. (A) Glass capillary tubing is sealed off
about 20 mm from one end in the flame from a small bunsen burner; (B) sample probe trimmed to the
required size and sample cavity depth, and loaded with a sample which is retained by a few glass fibres.
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Such a sample is preferably spread out as a thin film on the inner surface of the sample
cavity. In the case of solid material which might drop out of the sample cavity when the
probe is brought into a vertical position, a few fibres of silanized glass-wool are
inserted into the cavity to hold the sample in place as shown in Fig. IE. This is best
done under a stereo microscope with a thin glass rod. Fibres protruding from the cavity
are removed with a pair of ophthalmic scissors or are cut off against a microscope slide
with a razor blade or the sharp edge of a piece of silicon wafer.

To introduce the sample into the injector, the sample probe is pushed firmly
down into and through the septum. The sample cavity is sealed gas-tight while it is
passing through the septum, preventing any carrier gas or volatile components from
escaping. Introduction of highly volatile samples can be done with the injector in the
split mode. With solid or highly viscous samples, it is advisable to keep the split valve
closed until all the volatiles have evaporated from the sample. It is also possible to use
temperature-programmed sample evaporation if thermally labile compounds are
expected to be present in the sample. Especially under conditions where volatiles are
transported relatively slowly to the capillary column, cold or stationary phase focusing
should be employed.

A section through an injector with a sample probe in place is shown in Fig. 2. In
most gas chromatographs the needle-guiding holes through the septum cap and
septum-supporting insert have to be enlarged to ca. 1.5 mm to accommodate the
sample introduction probe, which is much thicker than a normal syringe needle.

RESULTS AND DISCUSSION

The application of this solventless introduction of samples into the injector of
a gas chromatograph is illustrated in Figs. 3-6.

Larvae of the citrus swallowtail butterfly (Papilio demodocus) possess a defensive
gland, the osmeterium, situated mid-dorsally behind the head. The gland is normally
invisible, but can be extruded as a prong- or fork-like structure. A defensive secretion
consisting almost entirely of water is produced by the osmeterium and was found to
contain small amounts ofterpenoid compounds in the pre-final instars. To collect the
defensive secretion a larva was irritated by tapping it on the head with a sample probe.
As the larva gradually extended its osmeterium, the two prongs were guided into the
sample cavities of two probes. In this experiment sample cavities with a depth of about
5 mm were employed. Slow withdrawal of the osmeterium from the sample probes left
a little opaque material in the sample cavities. Using this method, it was found that in
some larvae one prong of the osmeterium produces high concentrations ofa number of
monoterpenes, while these compounds are almost entirely absent from the secretion
collected from the other prong. Examples of the gas chromatograms obtained in such
an experiment are given in Fig. 3.

In contrast to the defensive secretion of the citrus swallowtail, Lepidoptera
mostly produce their sex pheromones in extremely small amounts. The first sex
attractants to be identified were therefore isolated by extraction of many thousands of
insects. Using modern analytical techniques it is possible, however, to identify the
constituents of an insect pheromone by using the pheromone-producing glands of
a single insect, preferably employing a direct solventless sample-introduction device
[2]. This can be accomplished successfully and simply by using the technique described
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Fig. 2. GC injector with inserted sample probe.
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in this paper. The clean profile of the constituents of the sex pheromone gland of the
smaller tea tortrix (Taiwanese Adoxophyes sp.) shown in Fig. 4 was, for example,
obtained by using two excized glands of the female moth.

An advantage of the technique described in this paper that is not offered by most
of the other solid-sampling techniques is that the sample can be removed from the
injector at any time after the volatiles have been desorbed. The formation of artefacts
from the less volatile constituents in a sample at high injector temperatures and the
transportation onto the column of heavy lipids which might adversely affect the
performance of a column can thus be restricted by timely removal of the sample from
the injector. It is essential, however, to carry out a few trial runs to determine the lowest
temperature and the shortest time required for quantitative transportation of the
volatiles of interest onto the column. This can be done, for example, by subjecting
a sample to a second desorption in order to determine whether all the volatiles of
interest had been removed from the sample during the first desorption. Gas
chromatograms obtained in such an experiment are shown in Fig. 5.

Finally, the technique can also be used for sample introduction in GC-MS
analysis. The total ion chromatogram shown in Fig. 6 was, for example, obtained with
a trace amount of the waxy buccal secretion of the bat Nyctalus noctula.
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Fig. 6. GC-MS of the buccal gland secretion of a male bat, Nyctalus noctula. The injector at 220°C was
operated in the splitless mode for 4 min and the volatiles were trapped on the column at 30°C. Glass capillary
column coated with OV-1701-0H (40 m x 0.3mmI.D., film thickness 0.5 /1m); temperature programme,
30°C for 3 min, increased to 40°C at 25°C/min and from 40 to 250°C at 2°C/min.

When solventless injection techniques are used, the reproducibility of retention
times depends on, i.a., the degree of sophistication of the carrier gas pressure
regulating system, i.e., whether the regulator will reset to exactly the same pressure
after the pressure has been released to remove sample residues or glass fragments from
the injector. If the injection technique described here is used with a relatively thick
silicone-rubber septum and a properly tightened septum cap, it is possible to insert and
slowly withdraw the sample introduction probe without losing carrier gas from the
injector. In a study of the seasonal changes in the composition of the buccal gland
secretion of Nyctalus noctula in which almost 100 samples of this secretion have been
analysed over a period of more than 2 years, the retention time reproducibility
obtained with this technique was found to be fairly good. It must be stressed, though,
that cold or stationary phase trapping has to be employed in most instances in order to
obtain sharp peaks and reproducible retention times.
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Drugs belonging to the ,G-blocker group have the potential to curtail cardiac
output in the horse and their possible use as "go-slow" drugs is a continuous concern
of the racing industry [I]. Timolol, S-I-tert-butylamino-3[(4-morpholino-1,2,5-thia
diazol-3-yl)oxy]-2-propanol is a ,G-blocker used in the treatment of hypertension and
angina [2] and to reduce intra-ocular pressure experienced in glaucoma [3].

Methods for the detection and identification oftimolol (available as 810cadren)
has been described using capillary gas chromatography (GC)-flame ionization detec
tion (FlO) and GC-mass spectrometry (MS) [4]. Solid-phase extraction has proved
useful in the screening of many other ,G-blocker drugs [5,6]. We now describe a solid
phase extraction procedure for the isolation of timolol from equine urine and its
identification by GC-MS. This methodology was responsible for the identification of
timolol in separate post race urine samples taken at Sydney racecourses from three
beaten favourites whose individual performances were far below expectation. A pro
cedure is also described for the routine post race screening of timolol in equine urine
using a liquid-liquid extraction procedure.

EXPERIMENTAL

Jnstrumentation
A Finnigan-MAT Incos 50 GC-MS system was utilised in this study. Electron

impact (EI) ionisation operating with 70-eV electrons and a trap current of 750 f..lA
was used with the ion source temperature maintained at 190°C and the GC transfer
line at 270°C. The GC column (J & W Scientific, Davis, CA, U.S.A., 08-5, 15 m x
0.3 mm 1.0.), operated with helium as carrier gas (flow is 1 ml min -1). The initial GC
oven temperature of 100°C was programmed to 300°C at 30°C min - 1 commencing 2
min after sample injection. The mass spectrometer was repetitively scanned from m!z
50 to m!z 450 in 0.6 s.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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Chemicals
Timolol was supplied by Merck Sharp and Dohme Australia. Solvents were of

nanograde quality and were purchased from Mallinckrodt, Meadowbank, Australia.
Bond Elut Certify columns were produced by Analytichem and purchased from
F.S.E., Homebush, Australia.

Drug administration
Timolol (30 mg) in sterile water (30 ml) was administered intravenously (i.v.) to

a healthy Thoroughbred mare and urine samples collected after 2, 4, 6, 8 and 12 h.
These samples were stored frozen until analysed.

Solid-phase extraction procedure
Equine urine (50 ml, 2 h administration) was adjusted to pH 6.1 with hydro

chloric acid and filtered through a Whatman No. I filter paper. Four Bond Elut
Certify cartridges were each primed with methanol (2 ml) followed by deionised water
(2 ml). Filtered urine (5 ml) was passed through each of the four cartridges which
were successively rinsed with water (2 mI), sodium acetate buffer (0.1 M, pH 4, I ml)
and methanol (2 ml). Freshly prepared dichloromethane-isopropanol-conc. NH4 0H
(8:2:0.2; 2 ml) was used to elute each cartridge. The combined eluents (8 ml) were
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Fig. I. Total ion current (TIC) trace of an equine urine (2 h administration) extract (lower) and profile for
mlz 301 indicating the elution of timolol at scan number 767.
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concentrated at 70°C under nitrogen gas. The residue was dissolved in methanol (20
,ul) and aliquots (2 ,ul) used for GC-MS analysis.

Screening procedure for timolol in urine
Post-race urines were composited (5 x 2 ml), their pH adjusted to 5.0 and

hydrolysed overnight at 3rC with the mixed P-glucuronidase-arylsulphatase enzyme
from Helix pomatia (Boehringer Mannheim, F.R.G.). The urine composite was ad
justed to pH 2-3 with hydrochloric acid and two drops of 10% sodium metabisul
phite added and the sample extracted on a rotorack with ethyl acetate (5 ml) for 5
min. After centrifugation the organic layer is aspirated and discarded.

The composite urine sample was then adjusted to pH 9.0-9.5 with concentrated
NH4 0H and extracted with a mixture of dichloromethane-isopropanol (4:1; 3 ml).
After centrifugation the aqueous layer was aspirated and discarded. Acetic anhydride
(one drop) was added and the solvent evaporated at 70°C under nitrogen. The residue
was then reacted with acetic anhydride (one drop) in pyridine (two drops) at 80°C for
20 min. Sulphuric acid (0.1 M, 1 ml) and dichloromethane (2 ml) were added and the
tube thoroughly vortexed. The aqueous layer was transferred to a Kimble Tube,
NaHC03 (50 mg) added, followed by 10% NH4 0H (one drop). Dichloromethane (5
ml) was added, the two phases thoroughly vortexed, and after separation, the aque-
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ous phase discarded. The organic phase was dried (Na2S04) and, following the addi
tion of acetic anhydride (one drop), blown to dryness at 70°C under nitrogen.

The residue was reconstituted in isopropanol (30 til) and an aliquot (2 til)
injected into a Hewlett-Packard MSD Model 5970 GC-MS system equipped with an
Autosampler (Ryde, Australia). The GC column was an Ultra 1 plus methyl silicone
(Hewlett-Packard; 12 m, 0.23 mm J.D., coating thickness 0.33 tim). GC analysis was
accomplished using an initial oven temperature of 130°C, which was maintained for 1
min after sample injection, programmed at 30°C min -1 to 2800C and held at this
temperature for 1 min. Methyl stearate served as an internal standard for retention
time (4 min 58 s) and timolol acetate eluted at 5 min 40 s.

This procedure could readily detect timolol acetate after processing urine from
the 2- and 4-h i.v. drug administration samples which were used as positive controls
for each batch analysis (20 composited samples representing 100 urines).

RESULTS AND DISCUSSION

Fig. 1 records the GC-MS response obtained from the extract of a urine sample
collected 2 h after i.v. administration of timolol (30 mg). The drug eluted from the
GC-MS system (Incos 50) as a sharp peak and its mass spectrum is recorded in Fig. 2.
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Fig. 3. TIC trace of an acetylated extract of equine urine after i.v. timolol administration. Timolol acetate
elutes at scan number 775.
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An identical GC retention time (7 min 38 s, scan 767) and mass spectrum was ob
tained after the analysis of a standard timolol solution.

When the urine extract from solid-phase extraction was acetylated (acetic an
hydride in pyridine at room temperature overnight) timolol acetate could be identi
fied (TIC reproduced as Fig. 3) and its mass spectrum is reproduced in Fig. 4. The
acetate had a retention time of 7 min 43 s (scan 775 in Fig. 3) (Incos 50 GC-MS
system) and its mass spectrum [7] was identical with an authentic standard prepared
from timolol.

Following i.v. administration of timolol (30 mg) this methodology could detect
the drug in equine urine up to 4 h. If timolol (50 mg) was administered orally (stom
ach tube) no free drug was detected in urine after either 2 or 4 h. Hydrolysis of urine
after i.v. administration with the mixed f3-glucuronidase-arylsulphatase enzyme from
Helix pomatia resulted in approximately a two-fold increase in the amount of timolol
detected as compared to non-hydrolysed urine.

Subsequent to the identification of timolol in the urine of three horses, who
competed and failed badly at Sydney racecourses as short priced favourites, this
laboratory instituted a GC-MS screen for timolol derivatised as its acetate. This
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method used selected ion monitoring (SlM) of mlz 172 in the mass spectrum of
timolol acetate (Fig. 4) isolated from five composite urine samples by liquid-liquid
extraction with dichloromethane-isopropanol (4: I). Solvent extraction was used
rather than solid phase extraction for the screening of routine samples because of the
increased sample throughput and cost savings.

The base peak in the mass spectrum of timolol (Fig. 2), and a prominent ion in
its acetate derivative (Fig. 4), occurs at mlz 86 and its origin is consistent with (X-cleav
age to the aliphatic nitrogen atom in both compounds. The ion of mass 130 in the
mass spectrum of timolol is located at mlz 172 in the mass spectrum of its acetate
derivative (Fig. 4) and would result from the indicated bond fissions. Low intensity
molecular ions were observed in the mass spectra oftimolol and its acetate at mlz 316
and mlz 358, respectively. A more abundant ion species occurs from the loss of a
methyl radical from each molecular ion (see mlz 301 and mlz 358 in Figs. 2 and 4,
respectively).
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The characterization of the volatile components in apricot puree has been
carried out as part ofa study dealing with the definition of the quality level offoods on
the basis of analytical data. Volatile substances are the main factors responsible for
aroma, which, together with other factors such as taste and physical and psychological
factors, contributes to the "flavour".

Apricot purees are semi-manufactured products from the industrial production
of fruit juices. Some studies dealing with the characterization of apricot aroma have
been reported and different procedures for the sampling of the volatiles have been
proposed. In one of the earliest studies, Tang and Jennings [1,2] used absorption on
charcoal and gas chromatographic (GC) separation for their identification on fruits
belonging to the Blenheim variety Terpenic hydrocarbons, terpenic alcohols, lactones
and organic acids were identified. Rodriguez et al. [3] studied the volatile compounds
of the Rouge de Rousillon cultivar, starting both from fresh fruits and from
industrially manufactured purees. In their work two different extraction procedures
were used. By means ofGC-mass spectrometry (GC-MS), terpenes, terpenic alcohols,
lactones and methyl and ethyl esters of fatty acids were identified. Chairote et al. [4]
studied the volatile components of apricot purees of the same variety using two
different isolation techniques: a trapping technique, using a Chromosorb 105 trap for
the enrichment of the samples, and a vacuum steam distillation followed by
fractionation on a silica column. Several compounds were identified for the first time
in these products induding 3-nonen-2-one, p-hydroxybenzaldehyde, damascenone,
f3-ionone, dihydroactinidiolide and 2-phenylethanol.

More recently, Guichard and Souty [5] determined the relative amounts of
aroma compounds in fresh fruits of six different varieties having different organoleptic
properties. The most abundant substances were found to be terpenic alcohols,
lactones, phenolic aldehydes and sesquiterpenic ketones. The volatile components
were isolated by vacuum distillation at room temperature, extraction of the distillate
with diclHoromethane and fractionation of the extracts on a silica column.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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The results of the quantification of twelve volatile components of apricot,
obtained by adding known amounts of the single components before the extraction,
were compared by Guichard [6] with those obtained with the internal standard
method. Considerable differences were observed using the two methods. A selection
and classification of 56 volatile components of apricot were achieved by Schlich and
Guichard [7] using statistical methods; the components were grouped according to
their chemical class.

In this work, the aroma components of apricot purees, industrially manu
factured, were characterized using the purge and trap technique for the extraction of
the volatile substances with the aim ofobtaining a GC profile of the volatile fraction of
the different samples and identifying new compounds in this fraction. Using capillary
GC-MS 105 compounds were identified.

EXPERIMENTAL

Samples
Twenty puree samples derived from different batches supplied by fruit-juice

producers (Eckes, Trento and Zipperle, Merano, Italy) were examined. These purees
were obtained from fruits of different varieties and origin, cultivated in Italy. The
apricot purees were heated at I 15-I20°C for I min and then frozen and maintained at
-18°C until the analysis.

Extraction procedure for volatile substances
The volatile components of the apricot purees were isolated by means of the

purge and trap technique, using Tenax as adsorbing material.
To 40 g of puree, 40 g of water were added, followed by 4.5 ttg of methyl

salicylate, to be used as internal standard to check the reproducibility of the sampling
procedure for the different samples. The sample, thermostated at 50°C, was purged
with purified helium for 10 min at a flow-rate of 50 ml/min, then the aroma
components were stripped out with the same flow of helium and adsorbed on a Tenax
trap. To eliminate the adsorbed water, which could interfere in the GC analysis, the
trap was flushed with helium for !O min.

The substances trapped on Tenax were thermally desorbed and injected into the
gas chromatograph using a Chrompack TCT thermal desorption cold trap; the Tenax
trap was heated at 240°C for !O min under a helium flow (flow-rate 10 ml/min). The
desorbed compounds were cryofocused in a silica capillary, cooled at - !08°C; the
capillary was then quickly heated to 200°C for injection into the column. The traps for
adsorption, purchased from Chrompack, consisted of glass tubes (16 cm x 4 mm J.D.)
filled with Tenax (90 mg, 20-35 mesh).

Gas chromatography and mass spectrometry
For GC analysis a Dani 386.5 chromatograph, equipped with a flame ionization

detector was used with injector and detector temperatures of 250°C.
GC-MS analysis was carried out using a Finnigan system consisting of

a Hewlett-Packard Model 5890 gas chromatograph, an Incos 50 quadrupole mass
spectrometer and a Data General computer. Ionization was effected by electron
impact (70 eV). The gas chromatograms were recorded by monitoring the total ion
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current in the 35-350 u raFige; below these values it was not possible, with the sampling
device used, to avoid interferences from peaks derived from air. The temperatures of
the interface and of the ion source were 240 and l40 D C, respectively.

Using both flame ionization and mass detection, chromatographic separations
were carried out on a DB-WAX bonded-phase column (J. & W. Scientific) (30
m x 0.25 mm 1.0., film thickness 0.25 Jim. The column temperature was held at 40DC
for 6 min, then increased from 40 to 60DC at 2SC/min and from 60 to nODc at
7SC/min, holding this temperature for 6 min.

The compounds used as reference substances in the GC analysis were obtained
from Aldrich.

RESULTS AND DISCUSSION

Table I lists the substances identified in the apricot purees by means of GC/MS
following the described procedure. The third column lists the literature sources which
report th/corresponding substances among the volatile components ofapricot and the
fourth c6lumn indicates the number of samples out of 20 in which the substances were
found/In this work. The identifications were obtained by mass spectrometry and, where
possible, were confirmed by comparison with authentic substances used as references.
Fig/l shows the chromatograms obtained with flame ionization detection for two
sarhples having considerably different aromatic profiles and Fig. 2 shows a chromato
gfam obtained by GC-MS; the peaks are numbered according to Table I.

Using the purge and trap technique, more than 150 compounds were isolated;
among these, 105 were identified, 44 of which have not been reported previously. The
identified compounds are 14 hydrocarbons, 33 carbonyl derivatives, 30 alcohols,
1 phenol, 4 carboxylic acids, 17 esters, 3 lactones, 2 furans and 1 pyran. Among these
are substances that are considered to be typical components of apricot aroma [4] such
as benzaldehyde, linalol, IX-terpineol, geraniol, linalol oxides, y-octalactone and
y-decalactone.

Nerol, geraniol and oxides of terpenic alcohols are known to be formed via
thermal decomposition of hydroxylic derivatives oflinalol [9]. These compounds were
found in all the samples and their presence may be due to the blanching undergone by
these apricot purees during industrial production, or to the effects of heating in the
extraction steps.

Among the compounds identified for the first time as volatile constituents of the
apricot purees are methyl acetate, ethyl butanoate, IX-phellandrene, IX-terpinene,
(E)-ocimene, acetyl methyl carbinol acetoin, IX-farnesene, geranylacetone, phenol,
nerolidol I and II and isopropyl myristate and palmitate. With regard to the last two
compounds, in a previous study [3] the methyl and ethyl esters of fatty acids were
identified as volatile components in frozen apricot fruits.

In addition to the cited compounds, 1,1,6-trimethyl-l,2-dihydronaphthalene
and 1,5,8-trimethyl-l ,2-dihydronaphthalene were identified; these compounds have
structures related to that of f3-ionone. The first has been found in peaches, strawberries
and in red wine and is probably formed by oxidation of (6-trans-2'-trans)-6-(but
2'-enylidene)-1,5,5- trimethylcyc1ohex-l-ene by the following mechanism [10]:
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As shown by the list of compounds in Table I, with purge and trap sampling it
was possible to extract both very volatile compounds such as methyl and ethyl acetate
and poorly volatile compounds such as the lactones; these compounds determine the
fruity note of the apricot aroma [5], but cannot be detected with static and dynamic
headspace techniques [18,19]. Moreover, the use of cryoconcentration permits fast
injection of the sample into the column and contributes to the high efficiency of the
chromatographic separation.
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The genus Thymus includes a wide range of species, many of which are used in
folk medicine for their antimicrobial, antitussive and spasmolytic properties [1]. The
taxonomic classification of this genus, however, is very complex and continuous ef
forts have been made to distribute its species correctly among the eight sections into
which it is divided. From a taxonomic point of view, studies on the essential oils and
flavonoids of the Thymus species can be useful as an aid in defining the species, in
detecting hybridization in natural populations, in confirming the presence of ge
ographical races and in confirming section limits.

Along these lines, and as a continuation of our studies on species from the
Hyphodromi section [2,3], we report the qualitative and quantitative composition of
the essential oil of Thymus borgiae, a new plant species recently described as an
endemic population of thyme growing in Spain and included in the Hyphodromi
section [4].

EXPERIMENTAL

Plant material
Aerial parts of Thymus borgiae growing in Guadalaviar (Teruel, Spain) were

collected in July 1989 at the flowering stage. Voucher specimens were authenticated
by Prof. B. Peris of the Department of Botany, Faculty of Pharmacy. The fresh plant
material was submitted to hydrodistillation (3 x 100 g) in a modified Clevenger appa
ratus for 2.5 h, yielding 0.41 ± 0.03% (vjw) of a yellowish essential oil. The physical
constants of the oil were n'/)o = 1.569, [a]'/)o = - 2.78 and d~8 = 0.936.

Column chromatography (CC)
The oil (I m!) was fractionated on a silica gel column using hexane in order to

obtain the hydrocarbon fraction. The oxygenated compounds were then eluted with
hexane-dichloromethane mixtures and dichloromethane. A total of ten fractions
were obtained.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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Gas chromatography (GC)
GC was performed with a Konic 2000-C gas chromatograph equipped with a

25 m x 0.25 mm I.D. SE-52 (5% phenylmethylsilicone) high-performance capilIary
column. The column temperature was 60a C for 6 min, then increased at SOC min to
I50aC which was maintained for 10 min. The carrier gas was nitrogen at a flow-rate of
2 ml/min. The injector temperature was 225aC and the detector (flame ionization)
temperature was 250aC. Splitless injection was used.

The whole oil and fractions obtained from column chromatography were ana
lysed. The percentage of each component was determined by the peak area measured
with a Spectra Physics 4290 electronic integrator.

Gas chromatography-mass spectrometry (GC-MS)
GC-MS analysis was carried out with a Hewlett-Packard 5995 B gas chroma

tograph-mass spectrometer with a membrane separator coupled to a Hewlett-Pack
ard 9825 B data system. The chromatographic separations were done by a 12 m x 0.25
mm I.D. OV-l (methylsilicone) high-performance capilIary column. The same work
ing conditions as used for GC were employed except that the carrier gas was helium at
a flow-rate of 2 ml/min (splitless technique). Mass spectra were taken over the range
m/z 28-400 with an ionizing voltage of 70 eV.

Identification of components
The individual compounds were identified by comparing their mass spectra

with those of authentic samples or with data already available in the literature [5-7].
A number of components were also identified by GC with co-injection of authentic
samples with the essential oil.

lH NMR analysis
The 60 MHz 1H NMR spectrum was recorded on a Hitachi Perkin-Elmer

Model R-24 B instrument in CDCI3 with tetramethylsilane as internal standard.

IR analysis
Spectra were recorded in carbon tetrachloride solution with a Perkin-Elmer

Model 843 infrared spectrophotometer.

RESULTS AND DISCUSSION

The qualitative and quantitative composition of the essential oil from Thymus
borgiae Rivas-Martinez, Molina & Navarro was determined by CC, GC and GC-MS
(see Table I). The gas chromatogram shows the presence of 46 components, one of
which represents about 60% of the total oil. GC and GC-MS analysis of the two
fractions eluted from CC with hexane yielded the hydrocarbon fraction in which
fourteen monoterpenes and twelve sesquiterpenes, which constitute 18.8% of the
essential oil, were identified. Longifolene (0.5%), a sesquiterpene hydrocarbon, iden
tified by comparison of its retention time and mass spectral data with those of pure
standard, is reported here for the first time as a component of the essential oils from
thyme.

Fractions 3-10 eluted with hexane-dichloromethane mixtures yielded the ox-
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ygenated fraction, with carvacrol as the main constituent (59.7%). The isolation of
this compound was possible by preparative thin-layer chromatography on silica gel
from fraction 8 [solvent, toluene-ethyl acetate (93:7); RF = 0.55 with a red reaction to
vanillin-sulphuric acid reagent]. Its IR, 1H NMR and mass spectral data were similar
to those obtained for an authentic sample.

In conclusion, the essential oil of Thymus borgiae can be considered, for other
species of this genus, to be a typical phenolic essential oil. Another phenolic com
pound (thymol, 0.5%) and its phenolic precursors p-cymene (0.1 %) and y-terpinene
(0.2%) are also present in this essential oil.

Although traditionally the Thymus essences belonging to the Hyphodromi sec
tion are not considered as phenolic essential oils, when these species grow at altitudes
of 1600-1700 m, such as occurs with Th. borgiae, a strong increase in carvacrol is
observed. Thus, the essential oils from Th. bracteatus and Th. godayanus, two species
with great botanical affinities with one another and with Th. borgiae, have percent
ages of carvacrol ranging from 16.9% [8] to 17.3% [3], respectively. However, when
these plants are collected at lower altitudes, this oxygenated monoterpene only ap
pears in trace amounts in Th. bracteatus and 4.4% in Th. godayanus. This can explain
the high percentage of carvacrol found in the essential oil of Th. borgiae and its
inclusion in the Hyphodromi section. Studies on the f1avonic content of this taxon are
in progress to establish a definitive taxonomic confirmation.
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In a previous paper [1], an empirically modified Langmuir isotherm equation [2]:

log Vg = a + biT + c log (I + ecs) + (d/T) log (I + ecs) (I)

where Vg (ml/g) is the solute specific retention volume, Cs (mol/g) is the solute
sorbent-phase concentration, T is the absolute temperature and a, b, c, d and e are
adjustable parameters, was successfully used for the description of n-alkane sorption in
an n-alkane-nitrogen-Tenax system. The assumption of a linear dependence of the
thermodynamic functions of sorption on the number ofmethylene groups in the solute
molecule [3] leads to

where n is the number of methylene groups in the n-alkane chain, which describes the
sorption properties of the whole homologous series. The function Y reflects the extent
of the deviation from linearity of the sorption isotherm:

Y = log [1 + (Cg + clOn)cs] (3)

An average relative deviation of8.5% was found between the calculated and the
experimental values of the specific retention volume (Cs-Cg n-alkanes in the
temperature range 19.9-50.3°C and at gas-phase concentrations of 6' 10- 12-7.5 .
10- 7 mol/ml) )\lith use ofeqn. 2. This was partly due to the systematic deviations at low
gas-phase concentration [1]. When the individual sorption isotherm are correlated by
eqn. 1, the values of the average relative deviations decrease to 3-4%.

The aim of this work was to demonstrate the correlation capabilities of eqns.
1 and 2 for the description of the sorption isotherms of the homologous series of
primary n-alkanols in mixture with nitrogen on Tenax.

EXPERIMENTAL

The preparation of standard gaseous mixtures, the measurements and the

002 I-9673(90($03.50 © 1990 Elsevier Science Publishers B.V.
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calculation of the partition coefficients were described previously [4,5]. The purity of
the n-alkanols (CrCs) (Fluka, Buchs, Switzerland) was better than 99.5% and they
were used without further purification. n-Alkanol partition coefficients (208 values)
were measured at temperatures in the range 13.5-41.7°C and at gas-phase concentra
tions of 2.1 . 10 - 12_2.7 . 10 -7 mol/ml.

RESULTS AND DISCUSSION

First, eqn. 1was used to correlate the sets of sorption isotherms of the individual
primary n-alkanols. The results of the optimization are summarized in Table I.

The values of the average deviations increase with increasing carbon number and
the average value of 4.65% corresponds with the estimated experimental error of
4-5%. The increased values in comparison with those for non-polar compounds
(benzene, n-alkanes) are obviously connected with the experimental method used. As
already found with acetone [6], the experimental reproducibility of the data is worse for
polar than for non-polar compounds.

The linear dependence of the parameters of eqn. 1 on the number of methylene
groups is the basic condition for successful application of the additivity principle3 .

Table I shows a very good linear dependence of the parameters a, band d on the
methylene number and the lack of a dependence for c and e. In spite of this, the whole
homologous series of n-alkanols was correlated by eqn. 2 and the resulting parameters
are given in Table II. An average relative deviation of 18.3% was found, double that
for n-alkanes, as expected. The results are illustrated graphically in Fig. 1 for
n-propanol. Marquardt's algorithm was used for the calculation of non-linear
parameters [7].

CONCLUSION

The modified Langmuir isotherm equation (eqn. 1) was successfully applied for
the description of sorption isotherms of primary n-alkanols. The description of the
whole homologous series of n-alkanols by eqn. 2, which follows from the application of
the additivity principle, results in an average relative deviation of ca. 18%. This is still

TABLE I

SUMMARY OF OPTIMIZED PARAMETERS OF EQN. I FOR PRIMARY n-ALKANOLS

n is the number of methylene groups between two carbon atoms in the molecule of primary n-alkanols
CH3(CHz)nCHzOH; a. b, c. dand e are the parameters in eqn. I; ,1,(%) = 100Vg,,"k - V•."p/V•."P; the

average relative error is defined as ,1, (%) = I,1,ji, where i is the number of experimental points.

n a b c d e ,1, (%)

0 -6.5859 2850.1 2.1225 - 799.90 24986.6 56 2.69
I - 7.0647 3249.89 1.8636 -1000.02 20012.7 50 3.28
2 - 7.4331 3600.13 1.9747 -1199.95 20965.5 47 5.17
3 -8.0081 3945.26 1.6426 -1397.40 20020.0 55 7.44
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TABLE Il

SUMMARY OF OPTIMIZED PARAMETERS OF EQNS. 2 AND 3

Parameter Value Parameter Value

C, -6.3427 C6 -0.2069
Cz -0.5703 C7 -798.95
C3 2795.27 Cs -187.18
C4 395.33 Cg 23501.06
Cs 2.1276 CtO -1390.41

Log Vg
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Fig. I. Relationship between log Vg and log c,jor n-propanol on Tenax calculated with eqn. I (solid lines)
and with eqns. 2 and 3 (dashed lines), and experimental points (ct = 15.2; 0 = 19.9; 0 = 23.5; () = 27.1;
e = 35.0°C).
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acceptable for the calculation of retention characteristics for trace analysis utilizing
preconcentration on Tenax.
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Gel permeation chromatography (GPC) is widely used for characterizing the
molecular weight distribution ofpolymers [1]. When a polymer solution is injected into
a GPC column with a solvent as the mobile phase, a regular GPC curve is obtained. If
a polymer solution is used as the mobile phase and the pure solvent is injected as
a sample, the chromatogram obtained will be a mirror image of the regular GPC curve
of the polymer sample. This is called vacancy chromatography. Otocka and Hellman
[2] reported vacancy chromatography with a conventional GPC column. Their results
indicated a difference (Llv) in elution volumes between the regular GPC mode and the
vacancy mode, and Llv increases with increase in molecular weight and flow-rate. As
a result, the calibration graphs obtained for regular GPC and vacancy chromato
graphy were not identical. It has been suggested that this discrepancy could be
minimized by using a high-performance GPC column. In this paper, vacancy
chromatography was studied in high performance GPC and the concentration
dependences in the regular GPC mode and the vacancy mode were examined.

EXPERIMENTAL

The instrument employed was a Waters Assoc. Model ALC/GPC 244 chromato
graph with UV and refractive index detectors. A single .uBondagel column was used at
a flow-rate of 1 ml/min. The polystyrene (PS) samples used were Waters Assoc.
narrow-distribution standards and laboratory-made anionic polymerized PS samples
(molecular weight 6000-1 800 000). Tetrahydrofuran (THF) was used as a solvent.

RESULTS AND DISCUSSION

A calibration graph was obtained using the regular GPC mode, the above PS
samples at a concentration of 0.3 . 10- 2 glml being injected into the column. Another
calibration graph was obtained using the vacancy technique in which the column was
eluted separately with PS solutions of different molecular weight at the same
concentration of0.3 . 10- 2 glml while pure THF solvent was injected as a sample into
the column.

The results showed that the two calibration graphs are not identical, and the
differences increase with increasing molecular weight, as shown in Fig. 1. However, by

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Fig. l. Comparison of calibration graphs for the regular (0) and vacancy (e) mode on a /lBondagel
column. PS concentration = 0.3 . 10- 2 g/m\.

lowering the concentration we obtained a vacancy chromatogram that is exactly the
mirror image of the regular GPC trace as shown in Fig. 2. The calibration graphs
obtained for vacancy and regular GPC for PS-THF at a concentration of 0.03 . 10- 2

glml are identical. These results indicate that the discrepancy in the elution volumes
between two modes should be attributed to a concentration dependence rather than to
the column performance.

Fig. 3 gives an example of the difference in elution volumes for a PS solution at
a concentration of0.6% . The initial slope of the peak elution volume vs. concentration
plot of PS (mol.wt. 6.9 . 105

) in the vacancy mode is much larger than that in the
regular mode, as shown in Fig. 4. This is due to a macromolecular crowding effect.
When the concentration of the polymer solution is increased, the dimensions of the
individual macromolecular chains begin to contract as compared with the size at
infinite dilution. In the regular GPC mode there is no polymer in the pores of the
column packing, whereas in the vacancy mode the solute polymer is present in the
pores of the packing. Hence in the latter instance the macromolecular crowding effect
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Fig. 4. Comparison of concentration (C) dependences in vacancy and regular GPC for PS of molecular
weight 6.9' 10'. Vp = peak elution volume.

would be expected to be more pronounced. This explains the greater concentration
dependence in the vacancy mode than in the regular mode.
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Methyl I-(butylcarbamoyI)-2-benzimidazolecarbamate (benomy)) is used
worldwide as a systemic fungicide for disease control in crops. The analysis of beno
myl residues in water is made difficult by the varying instability of the compound in
different organic solvents [1-3] and its low solubility in water [4]. Benomyl also de
composes in water, but at a rate slower than that in organic solvent [5,6].

High-performance liquid chromatographic (HPLC) methods are most popular
for the analysis of benomyl but most employ the determination of the degradation
product methyl 2-benzimidazolecarbamate (carbendazim or MBC) after quantitative
conversion of the parent compound [7-9]. These techniques are lacking in that the
MBC that is produced from the parent benomyl during the sample preparation pro
cedure cannot be distinguished from MBC that was present in the sample as a natural
degradation product of benomyI. This methodology, which is not acceptable in prin
ciple, has been widely used in the past, however, for the following two reasons. The
main reason is that the determination of intact benomyl residues is exceptionally
difficult. Another reason is that MBC is also fungitoxic, and the fungitoxicity of
benomyl is, in fact, thought to be due to the presence of MBC [10].

An HPLC method for the simultaneous determination of benomyI and MBC in
aqueous media has been described [11]. Benomyl is quantitatively converted by treat
ment with base to 3-butyl-2,4-dioxo-s-triazino[l,2-a]benzimidazole (STB), while

" Present address: Central Analytical and Materials Characterization Laboratories, and Metrology,
Standards and Maerial Division, The Research Institute, King Fahd University of Petroleum and Miner
als, Dhahran 31261, Saudi Arabia.
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MBG present in the sample matrix is unaffected and is determined as MBC. This
technique is suitable for the analysis of benomyl and MBC at the low ppm level.

In this paper, we present an automated method for the simultaneous determina
tion of benomyl, MBC (carbendazim) and nine other presticides at the ppba level.
Benomyl is determined as the intact parent compound and any MBC in the sample
can be determined exclusively as the natural degradation product.

For reasons discussed above, it would be advantageous to minimize exposure of
the sample to any organic solvent during the sample preparation procedure. On-line
pre-concentration (or trace enrichment) offers the possibility of isolating intact ana
Iytes directly from an aqueous sample matrix by retaining them on a solid sorbent
contained in a short pre-column. A subsequent valve switching allows mobile phase
to flush analytes from the pre-column to the HPLC analytical column without further
sample manipulation. Marvin et al. [12] have described an automated on-line pre
concentration method for the determination of pesticide residues in drinking water in
conjunction with HPLC and UV detection. With the inclusion of a buffered mobile
phase, the technique has been modified to include benomyl, MBC and aminocarb, as
well as the eight pesticides included in the original study. These include propoxur,
carbofuran, carbaryl, propham, captan, chloropropham, barban and butylate. All of
the aforementioned pesticides are of concern in Ontario environmental samples.

MATERIALS AND METHODS

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

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

Preparation of buffer solutions
Solutions of Na2HP04 and KH2P04 were prepared individually at 0.067 M.

The two resulting solutions were mixed at 3:2 (v/v) and the pH adjusted to 6.8. This
solution was diluted to 5% in water.

Pesticides
Solid pesticide standards were obtained fr('Jm the United States Environmental

Protection Agency, Research Triangle Park, NC, U.S.A. Purities of the individual
standards ranged from 97.5 to 100%. Benomyl was purchased commercially as Ben
late wettable powder (Wilson Labs., Laval, Canada, 50% active ingredient). The
pesticides, listed in the order in which they appear in the chromatograms, are (1)
MBC, (2) aminocarb, (3) propoxur, (4) carbofuran, (5) carbaryl, (6) propham, (7)
captan, (8) chloropropham, (9) barban, (10) benomyl and (11) butylate.

Preparation of stock standard solutions
Solid standards (with the exception of benomyl and MBC) were dissolved in

acetonitrile and diluted in acetonitrile. MBC was dissolved in methanol and diluted in

a Throughout this article, the American billion (109) is meant.
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methanol while benomyl was prepared as a suspension in distilled water.
As benomyl decomposes at room temperature [13], benomyl standard solutions

should be refigerated. Benomyl standard suspensions containing benomyl, at greater
concentrations than its solubility in water, must be thoroughly stirred before dilution
to ensure an even distribution of particulate matter in any aliquot removed.

The individual stock standard solutions were combined at different concentra
tions because of their varying sensitivities to UV detection. The combined standard
solution thus prepared was diluted with water to make standard water samples as
below.

Water samples
Standard water samples were prepared by diluting 1 ml of the combined stan

dard solution (prepared as above) to 1000 ml with distilled water from the laboratory
unless otherwise noted.

HPLC apparatus
The HPLC system consisted of a Waters (Milford, MA, U.S.A.) Model 600

Powerline solvent delivery system, a Waters WISP Model 710B sample processor, a
Waters Model 484 tunable absorbance UV detector, a Fisher Recordall series 5000
strip-chart recorder, and an NEC (Boxborough, MA, U.S.A.) Powermate 2 computer
system incorporating Waters 810 chromatography software.

Pre-columns were 5-,um Spherisorb CI8 and C8 3 cm x 4.6 mm J.D. cartridges
from Brownlee Labs. (Santa Clara, CA, U.S.A.). Analytical columns were a Supeko
sil LC-8 5-,um 25 cm x 4.6 mm J.D. (Supelco, Bellefonte, PA, U.S.A.), and a Phe
nomenex Spherisorb C I8 5-,um 15 cm x 4.6 mm J.D. (Phenomenex, Torrance, CA,
U.S.A.).

The on-line pre-concentration apparatus (Fig. 1) in corporated two high-pres
sure in-line filters with 0.5-,um frits from Mandel Scientific (Guelph, Ontario, Cana
da), and three Rheodyne Model 7000 2 position 6-port switching valves, one of which
was equipped with a Rheodyne Model 5701 air actuator controlled by a Rheodyne
Model 7163 solenoid valve kit (Rheodyne, Cotati, CA, U.S.A.).

Unidirectional elution from a C I8 pre-column onto a C I8 analytical column
was used as a standard procedure.

HPLC operating conditions
Wavelength, 220 nm; flow-rate, 1.5 ml/min; chart speed, 0.5 cm/min; detector

sensitivity, 0.075 A.U.F.S. (1 mV = 1 . 10- 3 A.U.); recorder range, 10 mV F.S.;
column temperature, ambient.

On-line pre-concentration
A 100-ml volume of water sample was passed through the pre-column while the

apparatus was in the "load" position unless otherwise noted.
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Fig. I. Schematic of the valve-switching system. V, P, and F denote valves, pumps and filters, respectively.
During the sample loading step, PI dispenses sample. During the elution steps, PI dispenses water, and P2
acetonitrile as part of the mobile phase. Pre-Culm. = Pre-column; Anal. Culm. = analytical column.

Elution
The following gradient program was run after switching the valves to the

"elute" position from the 'load' position:
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Elapsed time (min) Composition ofmobile phase: acetonitrile-buffer-water

Inital
5

15
25
30
35

30:70:0
30:70:0
60:30: 10
60:30: 10
30:50:20
30:70:0

Changes in the percentage of organic solvent in the mobile phase throughout
the gradient program occurred linearly. The final 10 min of the gradient program
serve to return the system to the initial conditions to enable another analysis run.

The inclusion of water in the mobile phase, resulting in a ternary gradient
system, was essential in order to maintain a flat baseline profile throughout the gra
dient program. Decreasing the buffer strength in the aqueous phase during increases
in the percentage of acetonitrile, results in an optimum baseline profile. If water was
not included in the mobile phase, thereby resulting in a binary gradient system, a
marked disturbance in the baseline (a huge bump) was unavoidable. Most analyte
peaks appeared on the up and down slopes, as well as at the top of the raised baseline.
The baseline disturbance can, however, be negated through the use of gradient correc
tion (baseline subtraction).

RESULTS AND DISCUSSION

Fig. 2 shows a chromatogram resulting from the analysis of a distilled water
sample containing the eleven pesticides of concern in the study using unidirectional
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Fig. 2. Chromatogram resulting from the analysis of a 100-ml sample by the descril}ed method. The
concentrations of the individual pesticides are the same as those listed in Table I.
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elution and a CIS stationary phase in both the pre-column and the analytical column.
Table I lists the pesticides, their retention times, sample concentrations, and mini
mum detectable concentrations. The minimum detectable concentrations were calcu
lated using a 3:1 signal-to-noise ratio with the exception of benomyI and MBC. The
minimum detectable concentrations for benomyl and MBC were calculated using a
6: 1 signal-to-noise ratio due to the broadness of the peak profiles. It was essentially
impossible to obtain a chromatogram of benomyl without the presence of MBC.
Even freshly prepared benomyl analytical standards, prepared in water, were observ
ed to contain a trace amount of MBC.

TABLE I

SELECTED PESTICIDES, THEIR RETENTION TIMES, SAMPLE CONCENTRATIONS AND
MINIMUM DETECTABLE CONCENTRATIONS FOR A 100-ml SAMPLE

The pesticides are numbered to coincide with those in the figures.

Compound

( I) MBC (carbendazim)
( 2) Aminocarb
( 3) Propoxur
( 4) Carbofuran
( 5) Carbaryl
( 6) Propham
( 7) Caplan
( 8) CI-Propham
( 9) Barban
(l0) Benomyl
(II) Butylate

Retention
lime
(min)

6.30
9.77

10.33
10.77
12.10
13.80
15.42
16.55
16.92
18.30
21.33

Sample
concentration
(pg/l)

2.5
4.0
4.0
4.5
0.5
2.5

20.0
2.0
3.0
8.0
5.0

Minimum deteclable
concentration
(ng/I)

100
65
65
70
10
50

460
30
40

500
150

A buffered mobile phase is necessary for the gradient elution program. Other
wise, the peak profile of MBC is unacceptably broad for quantitation. A ternary
gradient of acetonitrile, buffer, and water, was found to produce an optimum gra
dient profile allowing for accurate quantitation of the analytes. A binary gradient of
acetonitrile and buffer can be used if the option of gradient correction is available to
the analyst. Even with the buffered mobile phase, peak profiles for benomyl and MBC
were much broader than the other compounds. These peak profiles were not im
proved even when other experimental conditions were investigated. Experiments with
a more polar pre-column stationary phase (Cs), backflush and unidirectional elution,
and a different analytical column stationary phase (Cs), failed to improve peak pro
files for MBC and benomy!. The use of a Cs analytical column improves separation of
the three earlier eluting pesticides (aminocarb, propoxur, and carbofuran) but the
peak profile for benomyl is poor and co-elutes with butylate. Unidirectional elution
from a CIS pre-column onto a CIS analytical column was found to be the best
combination of experimental conditions.

As shown in Fig. 2, peak widths ofMBC and benomyl are substantially broader
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than those of the other compounds when using unidirectional elution. As concentra
tions and volumes of water sample (and accordingly, sample loading time) are in
creased, peak widths increased. In contrast, peak widths of MBC and benomyl are
substantially better if streight injections of 100-1l1 8.0-ppm benomyl standard suspen
sions are made directly onto the analytical column without passing through the pre
column. It appears that the band broadening, apparent in the pre-concentration
chromatograms, is a results of a large volume of sample loading.

Results obtained with backflush elution were substantially different from those
obtained with unidirectional elution. As shown in Fig. 3, four peaks were observed
with a sample that contained only MBC and benomy\. It is clear that both the MBC
and the benomyl displayed two peaks each. Of the two benomyl peaks, the first peak
represents benomyl eluted from particulate matter retained on the inlet side of the
pre-column [either on the 0.50-llm filter (FI) or at the head of the pre-column in Fig.
I]. The second peak represents benomyl which is present as solute in water and
adsorbed on the pre-column. This presents the possibility of a method for the quanti
tation of benomyl and MBC both as solute and in the solid state in water samples. It
is interesting to note that the peak shape of the first benomyl peak is substantially
sharper than the second. Similar results were observed with MBC.

In the above example, benomyl was analysed at 0.136 ppm (Fig. 3). MBC was
present in the sample as the degradation product of benomy\. The solubilities ofMBC
and benomyl are reported to be approximately 3 ppm in water [4]; thus the concentra
tions of benomyl and MBC were well within the solubilities of the analytes in water.
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Fig. 3. Chromatogram resulting from the analysis of a IO-ml O.136-ppm benomyl suspension. Peaks (M I,
BI) correspond to MBC and benomyl eluted from particulate matter. Peaks (M2, B2) correspond to MBC
and benomyl present as solutes. The sample was analysed by the described method, except that backflush
elution was used.
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The sample analysis still yielded four peaks, indicating that the analytes were present
in the particulate phase, as well as being present as solutes. This may be because the
sample was prepared by a 100: 1 dilution of a l3.6-ppm stock solution of benomyI and
analysed immediately. It appears, therefore, that a period of time is needed for the
benomyl to fully dissolve in the water matrix. Further evidence to support this was
the observation of a substantial decrease in the area of the first peak, and an increase
in the area of the second peak, when the same sample was analysed 45 min later. The
sum of the areas of the first and second benomyl peaks were equal for both sample
runs. Unidirectional elution yielded a large single peak with a peak area equal to that
of the sum of the two peaks obtained from backflush elution.

These findings reveal that consideration must be given to the basic handling
procedures of water samples regarding the need for filtration. Depending on the pore
size of the filters, regardless of whether they are used on-line or not, analytical results
may be substantially different. This is important when analysing samples for com
pounds which have very low solubilities in water. Benomyl is one of the compounds
which merits this consideration, as it is used at the 250-1000-ppm range in agricul
ture.

The peak profiles of MBC and benomyl can be much improved by elution with
a higher percentage of organic solvent in the mobile phase but this results in poor
resolution of the other analytes. If benomyl and MBC are the only compounds to be
analysed, both compounds can be eluted as sharp peaks by using a gradient program
in which the mobile phase contains a higher initial percentage of acetonitrile. Accord
ingly, the minimum detectable concentrations can be lowered substantially.

CONCLUSION

The method presented in this paper is accurate, sensitive and reproducible.
Benomyl in its intact form and MBC, the degradation compound, can be quantitated
simultaneously at the low ppb level. Both MBC and benomyl which are present as
particulate matter in water can also be quantitated separately if desired.
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The effects of anaesthetic agents on in vitro cell preparations and isolated per
fused organ preparations have been widely studied. The determination of the concen
tration of dissolved anaesthetic agents is critical when observations of the effects of
these agents on cells or organs are to be made, Several methods have been utilized to
administer these volatile agents to the in vitro preparations, e.g., bubbling of the
agents in the gaseous phase through the solutions or the addition of a saturated
aqueous solution of the anaesthetic agents to the preparation [1,2], It is also impor
tant to monitor the concentrations of the anaesthetics at various stages in the experi
ments because of the relatively rapid evaporation of these volatile substances from the
warm (3rC) experimental solutions. Gas chromatography (GC) is widely utilized for
the determination of the concentrations of anaesthetics [3,4], However, it requires the
extraction of the samples into an organic solvent, which is both time consuming and
expensive,

We describe here a simple high-performance liquid chromatographic (HPLC)
method for the direct determination of the commonly used volatile anaesthetics ha
lothane, isoflurane and enflurane, The method makes use of the fact that halothane
and to a lesser extent isoflurane and enflurane, in addition to the possession of an
absorbtion band in the infrared spectrum, also absorb ultraviolet radiation [1,5,6],

EXPERIMENTAL

Chemicals
Halothane (2-bromo-2-chloro-I,I,I,-trifluoroethane) was obtained from May

baker (Johannesburg, South Africa). Isoflurane (Forane, l-chloro-2,2,2-trifluoroeth
yldifluoromethyl ether) and enflurane (Enthrane, 2-chloro-l, 1,2-trifluoroethyldifluo
romethyl ether) were obtained from Abott Laboratories (Johannesburg, South
Africa), Toluene of analytical-reagent grade was purchased from BDH (Poole, U.K.)

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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and methanol ofHPLC grade from Merck (Darmstadt, F.R.G.). The water used was
glass distilled.

Apparatus
The chromatographic system consisted of Waters M45 HPLC pump with a

variable-wavelenght Pye Unicam PU4020 UV detector (Philips). The UV detector
was operated at 0.005 a. u.f.s. The samples were injected (injection volume 20 )1l) using
a Rheodyne 7125 loop injector onto the column (Nova-Pak CIS, Radial Compression
Module, 10 cm x 8 mm I.D., 4 Ilm spherical particles (Waters Assoc., Milford, MA,
U.S.A.) equipped with an RCSS Guard-Pak )1Bondapak CIS precolumn cartridge
(Waters Assoc.). The chromatograms were recorded and processed by a Spectra
Physics Chrom Jet SP 4400 recording integrator. The UV spectra of the investigated
volatile anaesthetics dissolved in the mobile phase were measured using a Pye Unicam
PU 8800 UV-VIS scanning spectrophotometer (Philips).

Chromatographic conditions
The eluent was methanol-water (50:50, vjv). The flow-rate was 3.5 mljmin. The

temperature was ambient and the detector wavelength was set at 210 nm for ha
lothane and 203 nm for isoflurane and enflurane determinations. The mobile phase
was degassed and filtered under vacuum through 0.5-)1m Millipore FH filters before
use.

Procedure
For the preparation of the calibration graph various amounts of volatile anaes

thetics were dissolved in methanol and spiked with phosphate buffer in order to
obtain the desired final concentrations in buffer (1 )1moljl-l mmoljl of halothane and
0.2-20 mmoljl ofisoflurane and enflurane). After mixing in a tightly closed glass tube,
50 )11 of spiked buffer were added to 50 )11 of internal standard mixture (0.05 mmoljl
toluene in methanol). A 20-)11 volume of the final sample was injected onto the col
umn.

RESULTS AND DISCUSSION

The UV spectra (Fig. lA) show that the anaesthetic agents dissolved in metha
nol-water (50:50, vjv) as the mobile phase exhibited maximum absorbance of ha
lothane at 210 nm and of both isoflurane and enflurane at 203 nm. It must be stressed,
however, that when the absorptions of all three anaesthetics were compared at the
same molar concentrations in the mobile phase, the absorption of halothane was at
least 200 times greater than that of either enflurane and isoflurane. Under the chosen
chromatographic conditions we were able to separate and detect at 203 nm all three
anaesthetics in one sample (Fig. 1 B and C). In an experimental situation, for which
the proposed method is intended, all three agents would not be present in the same
sample. "IVe Lherefore used toluene as an internal standard for the three differel1l
anaesthetics.

The calibration graph was prepared with phosphate buffer spiked with the
anaesthetics diluted with methanol in the ranges 1 )1moljl-l mmoljl of halothane and
0.2-20 mmoljl of isoflurane and enflurane. Over these wide ranges the assay showed a
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Fig. I. (A) UV spectra for halothane, isoflurane and enflurane dissolved in mobile phase. The concentra
tion of halothane in mobile phase was 200 times lower than those of isoflurane and enflurane. Chroma
tograms from injection of (B) blank phosphate buffer and (C) sample of phosphate buffer spiked with 0.1
mmo]/I of halothane and 10 mmol/l of isoflurane and enflurane. UV detection at 203 nm. Peaks: 1 =
enflurane; 2 = isoflurane; 3 = halothane; 4 = toluene (internal standard).

high degree of linearity on a line forced through the origin and the intra- and inter
assay relative standard deviations (R.S.D) were low (Table J). The sensitivity of the
method is adequate for monitoring the concentrations of the anaesthetics in buffers
through which the compounds are bubbled at levels as low as 0.5%. It was also found

TABLE I

CHARACTERISTIC PARAMETERS OF THE HPLC ASSAY OF VOLATILE ANAESTHETICS

Limit of detection = sample concentration when compound signal-to-noise ratio = 3, Correlation coeffi
cient refers to the linear fitted calibration graph. Intra-assay R.S.D.: on each of three different days three
samples each containing 0.1 mmol/! of halothane or 10 mmol/l of either isoflurane or enflurane were
analysed; the R.S.D. of the three samples for each of the three days was calculated, the average of these
R.S.D.s was taken and is reported as the intra-assay R.S.D. Inter-assay R.S.D. = the R.S.D. calculated
collectively for all nine samples for each compound. Accuracy = the deviation of the average of the nine
samples for each compound from the expected value of the concentration of the anaesthetic.

Parameter Halothane Isoflurane Enflurane

Limit of detection (mmol/I) 0.001 0.2 0.2
Correlation coefficient 0.98l 0.966 0.958
Intra-assay R.S.D. (%) 4.6 6.1 8.5
Inter-assay R.S.D. (%) 4.9 7.4 8.9
Accuracy (%) 5 6.5 10
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that the anaesthetics could be determined directly in various types of buffers (phos
phate-buffered saline, Krebs, Hanks) without disturbing the chromatographic condi
tions after direct injection of a buffer sample onto the column (not shown).

Many experiments of the effects of anaesthetic agents on isolated systems are
performed in buffer solutions. The direct determination of an anaesthetic of interest
in the buffer solution can be easily carried out without the use of an additional
extraction procedure such as would be required with the use of a more sophisticated
GC extraction technique.
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Phenolic compounds are widespread in nature and, although they mostly occur
as glycosides, the physiological activity is normally released by the aglyca as in the
case of juglone [I], In contrast to this common rule, the turgormediated leaf move
ment of Mimosa pudica L. is controlled by a sulphated glucoside of gallic acid, 4-0-[3
D-glucopyranosyl-6-sulphate)gallic acid, which we named PLMF I (periodic leaf
movement factor) [2]. This compound has been isolated from fourteen higher plants
which exhibit nyctinastic movements [3],

For our investigations of the structure-activity relationship of PLMF 1, for
leaf-closing activity on leaves of Mimosa pudica L., we had to synthesize the PLMF I
anomeric compound, i.e., 4-0-a-D-glucopyranosyl-6-sulphate)gallic acid [4]. As it
was not possible to obtain the pure compound by stereoselective glucosidation, the
problem was to separate an anomeric mixture containing the a- and [3-anomers in a
ra tio of 1: 1.

Separation of anomers is usually performed by fractional crystallization, but
unfortunately this method failed in this instance. With the medium-pressure liquid
chromatographic (MPLC) systems developed for the purification of synthesized
PLMF 1 and the free glucosides [5], the anomers could not be separated even on
different stationary phases and using several different mobile phases,

In this paper we report the high-performance liquid chromatographic (HPLC)
systems with which we finally succeeded in separating the anomeric glucosides of
gallic acid and their sulphated derivatives on both analytical and preparative scales,

EXPERIMENTAL

Chemicals
3,5-DiacetyI4-0-(o-2',3',4',6'-tetra-0-benzylglucopyranosyl)methylgallate was

a Present address: Department of Chemistry, Ecological Chemistry, University of Stellenbosch, Stcl
lenbosch 7600, South Africa.
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synthesized [6] using the trichloroacetimidate method described by Schmidt [7].
Cleavage of the protecting groups was carried out in two steps: first, debenzylation by
hydrogenolysis with hydrogen at room temperature and atm0spheric pressure using
Pd/C (10%) as catalyst, and second, cleavage of the acetyl groups and the methyl
group with Ba(OHh in concentrated aqueous solution in an inert gas atmosphere to
give finally the a- and p-anomers of 4-0-(o-glucopyranosyl)gallic acid in a ratio of
1: 1. The separated glucosides were sulphated using an SOrpyridine complex in abso
lute dimethylformamide as sulphating agent [8].

Water was purified by deionization on ion-exchange columns and passage
through a Milli-Q water purification system. Methanol was donated by BASF (Lud
wigshafen, F.R.G.) and was purified by rectification. Trifluoroacetic acid (TFA) for
spectroscopy (Uvasol) was purchased from Merck (Darmstadt, F.R.G.).

HPLC systems
The chromatographic system for analytical separations consisted of an LDC

ConstaMetric III HPLC pump and a Philips PU 4020 variable-wavelength absor
bance detector. Chromatograms were recorded on a Merck/Hitachi Model D 2000
integrator. Columns were 250 mm x 8 mm J.D., stainless steel, laboratory-packed
with Nucleosil C t8 (5 /lm, 100 A) purchased from Macherey-Nagel (Diiren, F.R.G.).
The chromatographic system for separations on a preparative scale consisted of a
Model HD-2-200 HPLC pump (Besta, Heidelberg, F.R.G.) and an LDC Spectro
Monitor III variable-wavelength absorbance detector. The column, purchased from
Macherey-Nagel, was 250 mm x 20 mm J.D., stainless steel, packed with Nucleosil
C t8 (7/lm, 100 A) coupled with a precolumn of30 mm x 16 mm J.D., stainless steel,
packed with Nucleosil C t8 (5 /lm, 100 A).

RESULTS AND DISCUSSION

4-0-(a-o-Glucopyranosyl)gallic acid (ia), 4-0-(P-o-glucopyranosyl)gallic acid
(lP) and their sulphated derivatives (2a and 2P) were separated by reversed-phase

b
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TABLE I

REVERSED-PHASE SEPARATION OF THE ANOMERIC GLUCOSIDES OF GALLIC ACID

Eluents: I = methanol-water (15:85, v/v) containing 2 111M TFA; II = methanol-water (12:88, v/v)
containing 2 mM TFA; III = methanol-water (10:90, v/v) containing 3 mM TFA; IV = methanol-water
(12:88, v/v) containing 3 mM TFA. a, Analytical system,flow-rate 3 ml/min; b, preparative system,
flow-rate 16 ml/min ..

Compound Retention time (min)"

la
1/3
2a
2/3

la

11.0 ± 0.2
13.3 ± 0.3

IIa

13.0 ± 0.3
16.2 ± 0.4
10.0 ± 0.5
11.8 ± 0.6

IIIa

17.0 ± 0.5
20.9 ± 0.6
11.3 ± 0.2
14.0 ± 0.3

(Vb

20.4 ± 0.6
26.3 ± 0.7

a Mean values ± standard error.

chromatography. The retention times of these substances obtained with different
chromatographic systems are presented in Table I. In all instances the IX-anomer
elutes first (Fig. I). Complete separation of the anomers IIX and If3 on a prepparative
scale was achieved within 30 min. The amount of substance separated with this sys-
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Fig. I. Typical analytical separation of (A) compounds 3, la and 1/3 (B) and compounds 2a and 2/3. Gallic
acid was added as an internal standard in both runs. Eluent, methanol-water (12:88, v/v) containing 2mM
TFA; flow-rate, 3 m1/min; column, 250 mm x 8 mm .J.D., Nucleosil C,8 (5 11m, 100 A).
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tern was usually 15 mg per run. During the scale-up of the analytical system, a column
of250 mm x 16 mm 1.0. packed with Nucleosil CiS (5 /lm, 100 A) was used. On this
column 3 mg were separated per run using methanol-water (12:88, v/v), containing 2
mM TFA as eluent at a flow-rate of 10 ml/min (results not shown).

Of major importance was the incorporation ofTFA in the eluent, as it provides
some advantages over glacial acetic acid. qnly small amounts ofTFA (1-3 mM) were
needed to obtain a high resolution. It also prevented tailing of peaks eluting with
higher retention times. Further, TFA is more convenient to use for preparative sep
arations, as it is easier to evaporate than glacial acetic acid.

Increasing the TFA content in a given mobile phase in I mM steps resulted in
an increase in the retention time of the acidic compounds owing to greater prot
onation of their acid groups [9]. This influence could be demonstrated by comparing
If3 with its isomer l-galloyl-f3-D-glucopyranose (3), in which f3-D-glucose is connected
to the carboxylic group of gallic acid [10, II]. As If3 possesses a carboxyl group, its
dissociation can be suppressed by the addition ofTFA, which shifts the equilibrium
in the direction of the less polar undissociated acid having a longer retention time on
the reversed-phase column. In the isomeric compound 3 the carboxyl group is ester
ified with f3-D-glucose, thus largely eliminating the influence of TFA on the retention
time of this substance. Whereas the retention time of If3 was 16.2 ± 0.4 min with
solvent system Ira, l-galloyl-f3-D-glucopyranose eluted after 5.8 ± 0.3 min using the
same system (Fig. IA) [6]. As illustrated by the retention times of the sulphated
glucosides 20: and 2f3 with system lIlA, the separation of strongly acidic compounds is
also possible.

The HPLC systems presented here are helpful for the separation and puri
fication of glucosides of phenolic acids. Scale-up from an analytical scale to the
described preparative separation is possible without any problems. The preparative
separation of the anomeric glucosides of gallic acid yields pure compounds that can
be used without further purification.

ACKNOWLEDGEMENTS

We thank Martina Schickedanz and Gerhard Schaller of our HPLC laboratory
for valuable technical assistance and helpful advice. Financial support from the Bun
desminister fUr Forschung und Technologie (BMFT), the Fonds der Chemischen
Industrie and the Deutsche Forschungsgemeinschaft (DFG) is gratefully acknowl
edged.

REFERENCES

I H. R. Bode, Planta, 51 (1958) 440.
2 H. Schildknecht, Spektrurn der Wissenschaft, No. 11(1986) 44.
3 P. Kallas, W. Meier-Augenstein and H. Schildknecht, Naturwiss. Rundsch., 42 (1989) 309.
4 P. Kallas, W. Meier-Augenstein and H. Schildknecht, f Plant Phvsiol.. 136 (1990) 225.
5 H. Schildknecht and R. Milde, Carbohydr. Res., 164 (1987) 23.
6 W. Meier-Augenstein, Ph. D. Thesis, University of Heidelberg, 1989.
7 R. R. Schmidt, Angew. Chern., Int. Ed. Engl., 25 (1986) 212.
8 H. Schildknecht, Angew. Chern. Int. Ed. Engl., 22 (1983) 695.
9 G. Schaller, personal communication.

10 E. Fischer and M. Bergmann, Chern. Ber., 51 (1918) 1760.
II O. Th. Schmidt and H. Reuss, Justus Liebigs Ann. Chern., 649 (1961) 137.



Journal of Chromatography, 518 (1990) 258-263
Elsevier Science Publishers B.V., Amsterdam

CHROM. 22 654

Note

Optimal conditions for long-term storage of biogenic amines
for subsequent analysis by column chromatography with
electrochemical detection

D. L. PALAZZOLO and S. K. QUADRI*

Neuroendocrine Research Laboratory, Department of Anatomy and Physiology (VMS 228), Kansas State
University, Manhallan, KS 66506 (US.A.)

(First received October 31st, 1989; revised manuscript received June 26th, 1990)

The optimal conditions for storage of biogenic amines in solutions are not
known. Temperature and pH of the solvents and length of storage have dramatic
effects on stabilities of amines [1-3], yet the variability in the storage conditions used
by various investigators is rather striking [4-6]. These amines have been stored in a
variety of weak acids and buffers, including perchloric acid, hydrochloric acid, formic
acid, and acetic acid, with molarities of 0.1 to 0.5; at temperatures ranging from room
temperature to - 80°C; and for periods of 12 h to several weeks or months [1-3,
7-11]. Not surprisingly, the results have been highly variable. Another complicating
factor has been the fact that not all biogenic amines behave uniformly under similar
storage conditions. We have noticed that catecholamines remain stable for weeks in
acidic solutions under refrigeration but indoleamines undergo fast degradation under
the same conditions. The aims of the present study were (1) to determine stabilities of
biogenic amines in Krebs-Ringer-Hensleit (KRH) saline under various combinations
of pH, temperature, and length of storage, and (2) to investigate the conditions opti
mum for storage of catecholamines and indoleamines together in KRH which is a
commonly used medium for studying release of biogenic amines.

EXPERIMENTAL

Experiment 1
This experiment was performed to determine the stabilities at room temper

ature of biogenic amines and the internal standard, dihydroxybenzylamine (DHBA),
dissolved in KRH of various pHs. Dopamine (DA, 11.70 mg), norepinephrine (NE,
11.48 mg), epinephrine (EPI, 11.30 mg), serotonin (5-HT, 11.40 mg), and DHBA
(14.96 mg) each were dissolved separately in 100 ml of 0.05 M perchloric acid. From
each of these solutions, 50 Jil were withdrawn and mixed with 99.95 ml of each of the
following four solvents: (1) 0.05 M perchloric acid (pH 1.40), (2) KRH and 1 M
perchloric acid in a ratio of 25: 1 (vjv) (pH 1.96), (3) KRH and 1 M perchloric acid in a

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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ratio of 50:1 (v/v) (pH 5.81), and (4) KRH (pH 7.81). KRH consisted of 117 mM
NaCl, 4.7 mM KC1, 1.2 mM MgS04 , 1.2 mM KHzP04 , 2.5 mM CaClz, 24.8 mM
NaHC03 and 11.1 mM glucose. The solutions were kept at room temperature (22°C).
From each of them, 15 J11 were withdrawn at 0,30,60 and 90 min, and their amine
content was determined by column chromatography with electrochemical detection.
The percent recovery of each amine was calculated by comparison with its recovery in
freshly made 0.05 M perch10ric acid.

Experiment 2
This experiment was performed to determine the effects of refrigeration on the

recovery of the above amines. They were prepared in four solutions as described
above and refrigerated (4°C). Within 2 h of refrigeration on day 0 and then on days 1,
2,4, 7, 14 and 28 after refrigeration, 15-J11 aliquots were withdrawn from each solu
tion and analyzed in duplicate.

Experiment 3
This experiment was performed to investigate the effects of freezing ( - 60°C) on

the recovery of amines. They were prepared as described in experiment I and immedi
ately frozen. Within 30 min after freezing on day 0 and again on days 1,2,4,7,14 and
28 after freezing, 15-J11 aliquots were withdrawn from each solution and analyzed in
quadruplicate. Before injection into the high-performance liquid chromatography
(HPLC)-electrochemical detection (ED) system, each solution was thawed for I min
at 60°C.

Column chromatography with electrochemical detection
This procedure has been described in detail previously [12]. The mobile phase

(pH 3.1) included monochloroacetic acid (14.15 g/I), sodium hydroxide (4.675 g/I),
EDTA (250 mg/I), octanesulfonic acid (300 mg/I), tetrahydrofuran (1.4%) and aceto
nitrile (3.5%). The sensitivity of the detector was I nA full scale, and the potential of
the working electrode was 0.8 V with respect to a Ag/AgCI reference electrode. The
temperatures of the column and mobile phase reservoir were maintained at 29.3
30.1°C and 43.2-44.0°C, respectively [12].

RESULTS

Effects of pH on stability of amines at room temperature
Percent recoveries of amines in KRH saline of various pH values after a 90-min

storage at room temperature are shown in Fig. I. There were no significant differences
in recoveries at 0 min or after storage for 30, 60 and 90 min; therefore, results for these
four time intervals were combined to calculate average percent recoveries for the
90-min period. As shown in Fig. I, when the amines were stored in pure KRH saline
(pH 7.81), marked reductions occurred in the recoveries of all catecholamines and
DHBA as compared to their recoveries in 0.05 M perchloric acid (pH 1.40). These
reductions were 46% (DA), 34% (NE), 46% (EPI), and 22% (DHBA). In contrast,
this pH had no effect on the recovery of 5-HT. In acidic KRH (pH 5.81), DA, NE,
and DHBA remained almost 100% stable, but EPI decreased by 10%, and 5-HT
increased by 16%. In highly acidic KRH (pH 1.96), recoveries of DA, NE, and
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Fig. I. Percent recoveries of dop<lmine (OA), norepinephrine (NE), epinephrine (EPI), dihydroxybcn
zylamine (OHBA) and serotonin (5-HT) after 90 min at room tcmperature (2YC) in Krcbs-Ringer
Hensleit (KRH) saline of pH 7.81, 5.81 and 1.96.

DHBA were again almost 100%, but EPI and 5-HT decreased by 26% and 21 'Yo,
respectively.

Effects ()f pH on stability of amines under refrigeration
In alkaline KRH saline (pH 7.81), all the catecholamines and DHBA suffered

100% loss by day 2 (Fig. 2). On the other hand, 5-HT decreased more gradually, until
it became undetectable by day 28. In acidic KRH saline (pH 5.81), the decline in the
recoveries remained essentially the same, except that 5-HT became undetectable ear
lier (day 14) than before. In highly acidic KRH saline (pH 1.96), recoveries of all the
amines improved considerably and more than 50% ofDA, NE and DHBA and more
than 20% of EPI and 5-HT were recovered on day 28. In 0.05 M perchloric acid (pH
1.4), 5-HT declined rapidly and was undetectable by day 14, whereas DA and EPI
declined more gradually and NE and DHBA suffered only minor losses by day 28.

Effect ofpH on stability of amines under freezing
Freezing had remarkable stabilizing effects on all the catecholamines and

DHBA. They remained completely stable up to 28 days under all the pHs tested (Fig.
2). However, the losses in 5-HT were very significant and very rapid under acidic
conditions. Recoveries of this amine decreased by more than 75% in acidic KRH (pH
1.96) and by more than 50% in 0.05 M perchloric acid (pH 1.4) within I day. How
ever, like catecholamines, 5-HT remained completely stable for up to 28 days in KRH
solutions of pHs 5.81 and 7.81.

DISCUSSION

The results presented above demonstrate that the stabilities of biogenic amines
in solutions are affected not only by pH, temperature and length of storage, but also
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by slight differences in structures of amines. At room temperature, DA and NE
remained stable for at least 90 min in acidic KRH saline (pH 1.96). But, this was not
true for the other catecholamine, EPI, indicating that minor differences in structure
can lead to major differences in stabilities. Interestingly, the loss of this catecholamine
was almost identical to the loss of the indoleamine, 5-HT, under the same conditions,
making it difficult to relate stability to chemical structure with confidence.

The results indicate that catecholamines are more stable in acidic solutions.
However, acid solutions do not confer stability for indefinite periods of time [1,3,5,6].
In 0.4 M perchloric acid, NE recovery decreases by 50% in 4 months [1]. Also, there is
a limit to acidity of the solvents before it becomes detrimental to stability of cate
cholamines. According to one report, at room temperature, NE was stable for several
hours in the pH range of 4-5, but losses occurred below pH 3 [3].

Our observation that 5-HT is not stable in strong acidic solutions is consistent
with earlier reports [1,3]. Acidic solutions are also not suitable for storage of 5-HT
metabolites. In dilute hydrochloric acid, 5-hydroxyindoleacetic acid (5-HIAA) suf
fered losses at room temperature, 4°C, and - 20°C, and these losses were greater in
stronger acidic solutions [3].

Our results give a clear demonstration of the advantages of low temperature for
storing amines. In alkaline KRH (pH 7.81), DA and NE decreased by 30-45% at
room temperature but remained stable for up to 28 days at - 60°C. In acidic KRH
(pH 1.96), EPI decreased by more than 25% in 90 min at room temperature, but
remained more than 80% stable for 2 days at 4°C and was 100% stable for 28 days at
- 60°C. Other investigators also have recognized the beneficial effects of low temper
atures on the stability of amines [1-3].

Low temperatures, however, do not always guarantee stability. The behavior of
5-HT is a case in point. In acidic KRH (pH 1.96), it decreased by 25% in 90 min at
room temperature, remained 50% stable for 7 days at 4°C, but suffered a loss of more
than 75% in 1 day at - 60°C. In 0.05 M perchloric acid (pH 1.4), it decreased by 84%
in 7 days at 4°C but lost more than 60% of its content within I day at - 60°C. Taken
together, these examples indicate that for each amine, there is a combination of pH
and low temperature that is most conductive to its stability.

The results of this study demonstrate that it is possible to devise conditions that
maintain stability of catecholamines and indoleamines in the same solution. DA, NE,
EPI, and 5-HT remained 100% stable for 28 days at - 60°C if stored in KRH saline
of pH 5.8 I or 7.8 I. We feel that pH of 5.8 I is more suitable, because at that pH all of
the amines also remained stable for at least 90 min at room temperature, whereas at
pH 7.81 catecholamines decreased by more than 25% in 90 min at room temperature.
Thus, pH 5.81 would permit short delays in freezing without any losses.

ACKNOWLEDGEMENT

This is contribution No. 90-170-J from the Kansas Agricultural Experiment
Station.

REFERENCES

I L. M. Gunne, Acla Physiol. Scand., 58, Supp!. 204 (1963) 5.



NOTES

2 C. F. Saller and A. I. Salama, J. Chromatogr., 309 (1984) 287.
3 A. S. Welch and B. L. Welch, Anal. Biochem., 30 (1969) 161.
4 N. E. Anden and T. Magnusson, Acta Physiol. Scand., 69 (1967) 87.
5 G. B. West, J. Pharm. Pharmacol., 4 (1952) 560.
6 A. Bertler, A. Carlsson and E. Rosengren, Acta. Physiol. Scand., 44 (1958) 273.
7 G. S. Mayer and R. E. Shoup, J. Chromatogr., 255 (1983) 533.
8 P. Herregodts and Y. Michotte, J. Chromatogr., 345 (1985) 33.
9 W. A. Hunt and T. K. Dalton, Anal. Biochem., 135 (1983) 269.

lO V. M. Gregory, J. Chromatogr., 345 (1985) 140.
II V. J. Aloyo and R. F. Walker, J. Endocrinol, 114 (1987) 3.
12 D. L. Palazzolo and S. K. Quadri, J. Chromatogr., 479 (1989) 216.

263



Journal of Chromatography, 518 (1990) 264-267
Elsevier Science Publishers B.V.,'Amsterdam

CHROM. 22 572

Note

Investigation of interfering products in the high-performance
liquid chromatographic determination of polyamines as
benzoyl derivatives

SATORU WATANABE" and TAIICHI SAITO

Department of Pharmacology, Kawasaki Medical School, 577 Matsushima, Kurashiki City, Dkayama 701
01 (Japan)

SHOICHI SATO, SUMIKA NAGASE and SATOSHI UEDA

Department of Medical Technology, Kawasaki College oj'Allied Health Professions, 316 Matsushima, Ku
rashiki City, Okayama 701-{)1 (Japan)

and

MASAFUMI TOMITA

Department of Legal Medicine, Kawasaki Medical School, 577 Matsushima, Kurashiki City, Okayama
701~01 (Japan) ,

(First received January 11th, 1990; revised manuscript received April 24th, 1990)

The determination ofpolyamines (putrescine, spermidine and spermine) in cells,
tissues and organs is necessary in order to clarify the precise physiology of living
organisms and the role of cell proliferations within them. Recently, several workers
have employed benzoyl derivatization procedures [1-3] in the determination of these
polyamines by high-performance liquid chromatography (HPLC). These procedures
are both rapid and simple. In the course of our application of these benzoylation
procedures to the determination of polyamines in rat organs, we observed slow
moving peaks at retention times of 7.8 and 17.0 min in addition to those of three
benzoyl polyamines which were synthesized by the previous workers [1-3]. The size of
these two peaks changed with the reaction time of benzoylation and the standing time
of the benzoyl polyamines in methanol before measurement. These peaks influenced
the peak area ofN,N'-dibenzoylbutane-l,4-diamine and made accurate measurement
of the polyamines impossible. I(they could be eliminated, then precise measurements
could be made.

EXPERIMENTAL

Equipment
HPLC studies were performed on an LC~6Achromatograph(Shimadzu, Kyoto,

Japan) equipped with a Chromatopac C-R3A data processing system and an SPD-66A
UV spectrophotometric detector oJ;le.rated· at '254 nm under isocratic conditions.

0021-9673/90/$03:50 © 1990 ElsevietSGi~nce Publishers B.V,
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A reversed-phase column (Cosmosil 5 ClS) (150 x 3 mm 1.0.) was purchased from
Nakalai Tesque (Kyoto, Japan).

Polyamines and benzoyl chloride were obtained from Sigma (St. Louis, MO,
U.S.A.) and Wako (Osaka, Japan), respectively.

Procedure l

To 50 fll of a sample containing 25 nmol of polyamines were added 2.0 ml of
2 M sodium hydroxide followed by 50 fll of benzoyl chloride. The mixture was well
shaken with a vortex mixer until the disappearance of benzoyl chloride (5.0 min), after
which it was allowed to stand for 3.0 h at 40°C. Next, 2.0 ml of saturated sodium
chloride solution were added, followed by 2.0 ml ofdiethyl ether. The solution was well
mixed and centrifuged at 700 g for 25 min to separate the layers, and the diethyl ether
phase was removed by evaporation in a stream of nitrogen. The residue was dissolved
in 100 fll of hot methanol (40-50°C) and 10 fll of the solution were charged to the
HPLC system.

RESULTS AND DISCUSSION

Contrary to our expectations, the HPLC of the benzoylated polyamines showed
two peaks with retention times of 7.8 and 17.0 min in addition to those of
N,N'-dibenzoylbutane-I ,4-diamine, N,N' ,4-tribenzoyl-4-azaoctane-1 ,8-diamine and
N,N',4,9-tetrabenzoyl-4,9-diazadodecane-l, 12-diamine, as shown in Fig. 1. The peak
areas ofN,N'-dibenzoylbutane-I,4-diamine at 4.0 min and of the unidentified peak at

a

c

b

d

o

e

5 10 15 20min

Fig. I. Separation of benzoylated polyamine by HPLC. The reaction time was 3.0 h at 40°C. Operating
conditions: column, IS cm Cosmosil 5 CIS; mobile phase, water-acetonitrile~methanol (9: 10: I) containing
0.2% trifluoroacetic acid; column temperature, ambienl; flow-rate, 0.6 ml/min. Peaks: a = benzoylated
putrescine; b = benzoylated 1,6-diaminohexane; c = benzoylated spermidine; d = benzoylated spermine;
e = methyl benzoate; f = 'benzoic anhydride. '
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Fig. 2. Reactions producing benzoic acid, benzoic anhydride and methyl benzoate.

7.8 min increased with extended storage time in methanol, whereas the peak area at
17.0 min decreased. Therefore, these three peaks seem to be closely related to each
other as shown in reactions poducing benzoic acid, benzoic anhydride and methyl
benzoate (Fig. 2). Benzoyl chloride (1) reacted partly with polyamines and was
hydrolysed to benzoic acid (2), then benzoyl chloride and benzoic acid condensed to
give benzoic anhydride (3) which was extracted efficiently by diethyl ether. After
evaporation of the diethyl ether, the benzoic anhydride immediately began to undergo
solvolysis in methanol and produced methyl benzoate (4) and benzoic acid during
storage, as shown in Fig. 3. The peaks with retention times of4.0,7.8 and 17.0 min were
thus identified as benzoic acid, methyl benzoate and benzoic anhydride, respectively,
by comparison with authentic samples.

Unfortunately, the peak of benzoic acid was superimposed on that of
N,N'-dibenzoylbutane-l,4-diamine under our experimental conditions regardless of
the application of different solvent systems. Therefore. care should be taken in using

(x)

200

o 4 8 12 16 20 24

time(h)

Fig. 3. Time course of the solvolysis of benzoic anhydride (A) in methanol to benzoic acid (0) and methyl
benzoate (e) at 25°C, as determined by HPLC. The ordinate represents the percentages of benzoic acid,
methyl benzoate and benzoic anhydride versus the respective concentrations at 30 min after starting the
reaction.
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the benzoylation method for the determination of polyamines, as peaks of products
occurring as a result of the reaction might be superimposed over those of the
benzoylated polyamines in HPLC, leading to incorrect deductions. To eliminate this
benzoic acid, it is necessary to decompose the benzoic anhydride produced in the solu
tion by the benzoylation reaction before diethyl ether extraction of the benzoylated
polyamines, as the benzoic anhydride solvolyses to benzoic acid and methyl benzoate
in methanol. The decomposition of the benzoic anhydride produced in the reaction
mixture seems to be dependent on the temperature and time of the benzoylation. When
benzoylation was carried out overnight at 40°C with shaking of the mixture of benzoyl
chloride and polyamines, benzoic anhydride was still observed. However, it was not
present in the mixture when it was shaken vigorously overnight at 60°C. There were no
differences in the concentrations of N,N'-dibenzoylbutane-l ,4-diamine, N,N' ,4-tri
benzoyl-4-azaoctane-l,8-diamine and N,N',4,9-tetrabenzoyl-4,9-diazadodecane-1 ,2
diamine due to the variations in temperature.
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The use of iodine-containing feed supplements and teat dips in the farming
industry has resulted in significant increases in the concentration of iodide in milk.
Because of its toxicity, excessive intake of iodine is cause for health concern [1]. Since
from 25% to more than 50% of the dietary intake [1,2] of iodine is from milk and dairy
products in the form of iodide, a simple and reliable method for the routine
determination of iodide in such products is desirable.

Several methods are available for the determination of iodide in milk.
Microchemical methods require acid digestion [2] or alkaline ashing [3] of the sample
prior to quantification based on the modified Sandell-Kolthoff reaction. A gas
chromatographic method with electron-capture detection involves making an iodobu
tanone [4] or 2-iodoethanol [5] derivative. A differential-pulse polarographic method
[6] also requires ashing. Iodide has been determined by ion chromatography with UV
detection following combustion of the sample in a Sch6ninger flask [7]. Except for the
gas chromatographic method, which determines inorganic iodine, the above methods
give the total iodine content of milk.

As most of the iodide in milk is in the ionic form [8], iodide-specific electrodes
[1,9] can be used and are the simplest of all the detection devices. However, the
electrode response is slow at low iodide concentrations and the approach is subject to
interference from free sulphydryl groups in pasteurized milk and dairy products [1].

In the method proposed here, precipitation of milk proteins and most ofthe fat is
effected by addition of methanol. The remaining organics are removed by means of
a C 18 solid-phase extraction cartridge before ion chromatographic separation and
electrochemical detection of iodide. Table salt is simply diluted, filtered and directly
analysed by high-performance liquid chromatography (HPLC).

EXPERIMENTAL

Reagents
Degassed Milli-Q water (Millipore, Bedford, MA, U.S.A.) was used for making

solutions. The mobile phase consisted of 0.0055 M KH2P04 at its natural pH ofabout

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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5. For solid-phase extraction clean-up, Waters Assoc. Sep-Pak CIS cartridges and
0.45-.um filters were used. A 500 .ug/ml iodide stock solution was prepared from
potassium iodide and dilutions were made as necessary. Milk and other samples were
purchased from local supermarkets. Spiking of milk was done by diluting 0.2 ml of
appropriate concentrated aqueous iodide standard to 100 ml with milk.

Liquid chromatography
The HPLC system consisted ofa Beckman Model 112 solvent-delivery module,

a Model 420 controlleJ; and a Model 340 organizer with a 50-ttl loop. A Bioanalytical
Systems LC-4B amperometric detector was used with a silver working electrode at
0.155 V and 0.005 in. film thickness. Peak areas were computed with a Spectra Physics
SP 4270 integrator. A Vydac 302 IC (Separations Group, Hesperia, CA, U.S.A.),
column (250 x 4.6 mm LD) preceded by a Vydac ion guard column was used for
separations. The mobile phase flow-rate was maintained at 2 ml/min.

Sample preparation
Milk. A 25-ml volume of milk was incubated in a 150-ml beaker in a water-bath

for 3 min at 38°C. Following this, 50 ml of analytical-reagent grade methanol were
added, the solution was mixed by swirling and the beaker was left in the bath for
a further 3 min. The sample was allowed to stand at room temperature for 30 min and
then filtered through Whatman No. 1 filter-paper. After another a further 30 min
about 4 ml of clear filtrate were passed through a Sep-Pak CIS cartridge. The first 2 ml
of the eluate were discarded and the remainder was filtered through a 0.45-.um filter for
analysis.

Other samples. Yogurt and cream were treated in the same way as milk. For
instant milk powder an 8-10% solution in water was prepared and then treated as for
milk. For processed cheese, a 10-g sample of cut pieces of cheese was weighed in a 150
ml beaker and mixed with water to give about 50 ml of sample. The sample was
homogenized (Polytron) for 1 min and the homogenate was diluted to 100 ml with
methanol, homogenized again and filtered. A 4-ml volume of the filtrate was passed
through a Sep-Pak CIS cartridge and the remainder of the procedure for milk was
followed.

Procedure
A 100-.u1 aliquot of the sample filtrate was injected into the HPLC system. Iodide

was determined by comparing the peak areas of the sample and the standard treated in
exactly the same manner.

RESULTS AND DISCUSSION

Three different ion chromatographic columns were evaluated for the separation
of iodide in milk sample extracts. Fig. I shows typical chromatograms obtained.
Although all three columns performed well for pure iodide standards, there were
signifiant differences when actual samples were analysed. With the Partisil 10 SAX
column (Whatman) (A), the iodide peak was immediately preceded by another peak of
almost equal height. In the case of the IC Pak Anion column (Waters Assoc.) (B).
a huge matrix peak followed the iodide peak, thus affecting quantification. The best
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Fig. I. Chromatograms of a whole-milk extract obtained under different conditions. (A) Partisil 10 SAX;
mobile phase, 0.0065 M KH 2P04 (pH 6.2) at 2 ml/min. (B) IC Pak Anion; mobile phase, 0.005
M p-hydroxybenzoic acid (pH 10.5) at 0.9 ml/min. (C) Vydac 3021C; mobile phase, 0.0065 M KH 2P04 (pH
6.3) at 2 ml/min.

TABLE I

IODIDE IN DAIRY PRODUCTS

Sample

Milk:
Brand A:

Whole
2% fat
Skim

Brand B:
Whole
2% fat
Skim

Brand C:
Whole
2% fat
Skim

Chocolate milk
Yoghurt
Half-and-half cream
Instant milk powder"
Processed cheese (brick)

Iodide (J1g/l)

363
633
529

730
1074
480

244
236
273

350
351
350

3000 J1g/kg
320 J1g/kg

" Normally diluted ca. 10-fold before consumption.
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Fig. 2. Typical chromatograms obtained using the procedure described in the text. (A) Instant milk powder;
(B) yogurt; (C) processed cheese; (D) table salt.

results were obtained with a Vydac 302 Ie column (Separations Group) (C), where the
iodide peak was clearly separated from the other sample components.

Several ionic reagents were checked for precipitation of proteins in milk. Some
of them were found to be electroactive under the chromatographic conditions chosen
and either gave a large response close to iodide elution time or resulted in a high
background. Precipitation of proteins by adding an equal volume of acetonitrile [7] to
milk was found to be satisfactory. However, it was observed that the response of iodide
increased with repeated injections of filtrate. This effect was substantially reduced
when methanol was used as the precipitant. No significant change in peak area was
noticed on repeated injections over a I-h period.

The detector response to iodide was linear in the range 2-100 ng injected.
Replicate determinations on 25-ml aliquots of a whole milk sample gave a relative
standard deviation of3.3% at a level of600 Jig/I. The recovery of iodide at levels of 400
and 800Jig/l added to milk was 99% and 114%, respectively. Yogurt, chocolate milk,
half-and-half cream, instant milk powder and processed cheese gave recoveries of 92,
100, 110, 99 and 103%, respectively. The detection limits were about 25 Jig/l for the
foods examined.

Table I presents results obtained for a variety of dairy products. The values for
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milk ranged from 236 to 1074 f.1g/1 iodide with an overall average of 507 f.1g/l, which
compares well with earlier data for milk from this geographical area [2] obtained using
a completely different technique. The wide range of values is probably due to the
difference in the use of iodophors within the dairy industry. The concentration of
iodide was not related to the fat content of the milk. The other dairy products analysed
had iodide concentrations within the range found for the milk products (instant milk
powder being diluted ca. lO-fold before consumption). Fig. 2 shows some typical
chromatograms obtained using the described method. No interferences or technical
problems were encountered with any of the sample types examined.

Confirmation of the iodide peak in selected samples was carried out by adding
silver nitrate to the sample extract to precipitate the iodide. The extract was then
passed through a cation-exchange solid-phase extraction tube (Supelco) to remove the
silver ions and then an aliquot was injected into the HPLC system. The iodide peak was
completely removed by the silver nitrate treatment indicating that it was, indeed,
iodide (bromide, chloride and fluoride elute with different retention times).

Iodide in table salt was determined using the same HPLC system. Table salt was
simply dissolved in water (0.2%, w/v), filtered and analysed for iodide. No
interferences from chloride were observed (see Fig. 2). The recovery of iodide from
table salt was 94% at a 100 f.1g/g spiking level. A similar technique using electro
chemical detection with a platinum electrode and different chromatographic con
ditions has been reported recently [10].

The method described is simple, sensitive and selective. It may be adapted to the
determination of ionic iodide in other food types.
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The application of gradient elution in thin-layer chromatography (TLC) has
been found to be very effective in the separation of complex mixtures, e.g., plant
extracts [1-9], whose components have a wide range of polarity. Various methods of
gradient elution have been elaborated, for instance, by preadsorption of solvent va
pours in chambers devised by Geiss and Schlitt (see ref. 1), Kaiser [10] and De Zeeuw
[1,12] or by the use of eluent distributors as described by Niederwieser and Honegger
[2,3], Soczewinski and co-workers [13-15] and more recently Dzido and Soczewinski
[16,17].

In all gradient techniques, if there are large differences in the eluent strengths of
the component solvents of the mobile phase [A (weaker) and B (stronger)], deforma
tion of the gradient profile is observed, owing to much stronger adsorption of compo
nent B in the layer, which is especially significant at low concentrations of solvent B.
This effect leads to accumulation of spots in the zone of strong changes in the compo
sition of the mobile phase [13].

In order to eliminate this undesirable effect, a combined polyzonal-stepwise
gradient programme was applied in a recent paper [18]. As in ordinary stepwise
gradients, the eluent is composed of two solvents, A (weaker) and B (stronger), the
content of solvent B being increased stepwise; however, one component (or both) is
composed of several solvents (e.g., B[, Bz and B3) of diffetentiated eluent strength eO,
so that eg 1 < eRz < eg3 . Under these conditions, solvents B1-B3 undergo frontal
chromatography, as in polyzonal elution, thus reducing the sudden changes in the
eluent strength along the layer.

In this paper, an analogous ternary stepwise gradient programme was applied
to the analysis of Chelidonium alkaloids in the waste alkaloid fractions after industrial
isolation of two dominant alkaloids used in therapy, chelidonine and protopine [19].
The extracts contain alkaloidal derivatives of benzophenanthridine, protoberberine,
protopine and aporphine; some of them have interesting pharmacological properties
[20] such as anticancer and spasmolytic (chelidonine and protopine), antimicrobial
(chelerithrine) and anti-inflammatory properties (sanguinarine).

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

NOTES

The industrial waste alkaloid fraction was obtained from Herbapol (Wroclaw,
Poland). Reference alkaloids were prepared in this Department according to several
procedures [21-23]. A chloroform solution of the mixture of alkaloids was spotted
without preliminary purification on precoated silica gel plates (Si 60, 5 x 10 cm; E.
Merck, Darmstadt, F.R.G.). The separated spots were detected under UV light (366
nm) or with Dragendroff's reagent.

A horizontal sandwich chamber with a glass distributor was used [13,14],
equipped with a spiral PTFE capillary serving as a reservoir of eluent fractions [15].
The gradient programmes applied are given in Table I. Portions of 0.2 ml of six eluent
fractions were introduced into six small test-tubes and sucked consecutively into the
PTFE capillary in the reverse order (6-1) by moving the plunger of the syringe [IS]
backwards; to avoid mixing, each fraction was separated by a small air bubble. After
introducing fraction under the distributor of the chamber and starting the devel
opment, the consecutive fractions of increasing eluent strength were sucked under the
distributor by capillary forces so that stepwise gradient elution was produced.

A simpler method [13,14] consists in direct introduction of the consecutive
eluent fractions 1-6 under the distributor from a micropipette, after complete absorp
tion of the previous fraction by the layer. The PTFE capillary is then not necessary.

RESULTS AND DISCUSSION

Fig. 1 presents the chromatograms of the waste alkaloid extract obtained for a
binary, six-step gradient programme (Table I). The spots are accumulated in the
lower part of the chromatogram and a distinct eluent demixing front is visible. The
use of fractions containing higher concentrations of methanol did not improve the
separation.

Fig. 2 is the chromatogram obtained with the first ternary stepwise gradient
programme given in Table I and Fig. 3 that obtained with the second ternary gradient
programme given in Table I. It can be seen that the use of ethyl acetate as a compo-

TABLE I

SIX-STEP GRADIENT ELUTION PROGRAMMES WITH BINARY AND TERNARY ELUENTS

Eluent Solvent Eluent fraction No.

2 3 4 5 6

Binary A=toluene 99 98 95 93 90 88
B=methanol I 2 5 7 10 12

Ternary A = toluene-ethyl
acetate (I: I) 99 98 95 93 92 90
B = isopropanol I 2 5 7 8 10

Ternary A = toluene-ethyl
acetate (I: I) 100 98 97 95 93 90
B=methanol 2 3 5 7 10
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Fig. I. Chromatogram of alkaloid extract (E) and reference solutes: (I) sanguinarine; (2) homochelidonine;
(3) chelerithrine; (4) allocryptopine; (5) protopine; (6) chelidonine. Stepwise gradient according to Table I
with binary eluent. White spots, visible under UV radiation and reacting with Dragendorff's reagent; black
spots, visible only under UV radiation. Reference alkaloids, 4 1'1 of 0.1 % (w(v) solution; extract, 8 1'1 of
0.5% solution.

nent of the mobile phase, owing to its moderate eluent strength, eliminated the effect
of solvent demixing; the alkaloid spots are well shaped and compact, distributed
along the whole chromatogram. Twelve spots reacting with Dragendorff's reagent are
visible, including a large amount of chelidonine and trace amounts of three alkaloids
(a, b and c) which could not be separated in isocratic systems and in systems reported
in earlier papers [24,25]. These are presumably chelamine, chelamidine and coptisine
[20]. The total number of separated spots visible under UV light is about 30. It is also
noteworthy that two pairs of alkaloids are well separated in the system reported, i.e.,
protopine-allocryptopine and chelerithrine-sanguinarine (pseudochelerithrine), with
minor structural differences (dimethoxy or methylenedioxy groups). These pairs of
alkaloids show small differences in RF values in other systems [22-25].
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Fig. 2. As in Fig. I, with gradient programme according to Table I using the first ternary eluent.

Fig. 3. As in Fig. I, with gradient programme according to Table I using the second ternary eluent.
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CONCLUSIONS

NOTES

The separation efficiency in gradient TLC in the polyzonal-stepwise mode is
much better, especially for complex samples containing solutes with a wide range of
polarity, which requires a steep gradient with great differences in the polarities of
component solvents A and B. Even the relatively simple ternary system is suitable
also for the micropreparative TLC separation of alkaloids as reference compounds.

The method is suitable for direct TLC of waste alkaloid fractions without pre
liminary purification, which permits the detection of additional alkaloids present in
trace amounts. It is also suitable for the analytical control of subsequent separation
stages.

The concept of a polyzonal-stepwise gradient, where the component solvents A
or B (or both) are mixtures of several solvents, can also be used in high-performance
liquid chromatography for simple, two-compartment gradient generators.
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Letter to the Editor

Effect of zHzO on the resolution of the optical isomers of
ibuprofen on an a 1-acid glycoprotein column

Sir,
Recently we have been working with an (Xl-Acid glycoprotein ((Xl-AGP) column

(purchased from Chrom Tech) for the chiral separation of a variety of molecules. We
are interested in the mechanism of chiral recognition processes involved in the resolu
tion of optical isomers as we feel that such an understanding will facilitate the pre
diction of the correct choice of analytical column for a particular separation. Un
fortunately, as in the case of other immobilised protein systems the mechanism of
chiral recognition by (XI-AGP is complex and not yet known in detail. Although
hydrophobic and electrostatic interactions are thought [I] to affect chiral discrimi
nation by protein columns, other interactions can also be of importance. To enhance
our understanding of the mechanisms of interaction on (Xl-AGP we have investigated
the influence of replacing H 20 by 2H20 as the mobile phase on the separation of the
enantiomers of a model carboxylic acid, namely ibuprofen.

ICH 3),CHCH,--0-CHICH3)C02H

Ibuprofen

We carried out the chiral resolution of the enantiomers of ibuprofen using phosphate
buffer as the mobile phase. This consisted 01'0.01 M KH2P04 adjusted to the required
pH with 0.01 M K 2HP04 . The acidity (p2H) of 2H20 solutions was measured with an
ordinary glass electrode by adding 0.40 to the observed reading of a pH meter which
was calibrated with standard buffers in aqueous solution [2]. The flow-rate of the
mobile phase was maintained at 0.5 ml min - 1 in all experiments. The temperature of
the column was 2YC and UV detection was at a wavelength of 225 nm. Results are
tabulated in Tables I and II.

It is known [3] that the retention of carboxylic acids is. increased on the (XI-AGP
column with a decrease in pH. This has been confirmed in our studies and may be due
either to an increase in the unionised form of ibuprofen or to an increase in the
number of positive charges on (XI-AGP or to a combination of both effects. Fig. I
shows that the largest change in the capacity factors of the two enantiomers of ibu
profen (labelled k A and k B) occurs around a pH of 6.5. As the pKa of ibuprofen is
about 4.5, this molecule is expected to exist largely in the unionised form in the pH
range of 5.6 to 7.5. Moreover, amine groups on the protein derived from lysine and

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

RESOLUTION OF THE ENANTIOMERS OF IBUPROFEN USING H 2 0 IN THE MOBILE PHASE

kAand kBvalues are averages of two experiments.

pH kA kB kB-kA IX

5.99 11.93 15.86 3.93 1.33
6.30 7.44 9.10 1.86 1.26
6.49 5.54 7.23 1.69 1.31
6.71 3.71 4.90 1.20 1.32
7.00 2.19 2.81 0.62 1.28
7.28 1.60 2.0t 0.41 1.26
7.50 1.31 1.53 0.22 1.17

TABLE II

RESOLUTION OF THE ENANTIOMERS OF IBUPROFEN USING 2H 20

kAand kBvalues are averages of two experiments.

p 2H kA kB kB~kA IX

6.17 21.63 28.51 6.89 1.32
6.50 12.58 17.12 4.54 1.36
6.80 8.47 11.36 2.89 1.34
7.30 4.37 5.46 1.09 1.25

30

20

10

o

I
8.5

1
5.5

I I
6.5 7.5

pH or p2H

Fig. I. Variation of k
A

and kR with pH using either H20 or 2H 20 as the mobile phase.
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arginine residues have pKa values of about 10.5 and over 12, respectively, so that in
the pH region mentioned such amino groups are expected to be fully protonated. On
the other hand, the basic site on a histidine residue will accept a proton to form a
conjugate acid of pKa ~ 6.4-7.0 and carrying a positive charge. A wider pH profile
could have given a better indication on whether a histidine residue plays a role in the
chiral separation of the antipodes o'f ibuprofen. Low pH values have an adverse effect
on the stability of the (Xl-acid glycoprotein column.

Fig. I also shows that both enantiomers of ibuprofen are retained more in
zH 20 rather than in H20 solutions of the same acidity. This isotope effect is further,
illustrated in the chromatograms shown in Fig. 2 for chiral resolutions carried out at
pH or p2H values close to 7.3; in this case almost baseline resolution of the
enantiomers of ibuprofen is only obtained in 2H20 solution. The magnitude of the
isotope effect is again demonstrated in Fig. 3 by plotting the difference in the capacity
factors (k B - k A ) either in 2H20 or H20 solutions versus pH or p2H.

As shown in Tables I and II the separation factor (X does not change appreciably
over a range of pH or p2H values. In contrast the resolution factor Rs changes
markedly with acidity and varies linearly as shown by other workers [4]. Rs values
have been plotted versus pH or p2H in Fig. 4. These were found to be generally higher
in 2HzO compared to H20 in the acidity region of 6-7, usually recommended for the
(Xl-AGP column. Moreover, the slope of Rs against p2H is steeper than that of Rs

against pH. We have performed repeated analyses of (Xl-AGP using 2H20 with no
apparent effect on the stability of the column although we have no knowledge about
the effect of this solvent in altering the conformation of the protein via changes in
hydrogen and hydrophobic bonds.

'--- p2H 7.3

............................ pH 7.3

o 3 6 9 12 15 18 21 24 27 30

Retention time (minutes)

Fig. 2. Chromatograms of ibuprofen at a pH or p2 H around 7.3 (see Tables I and II for accurate acidity
values).
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6.0 6.5 7.0 7.5

pH or p2H

Fig. 3. A plot of kB - k A versus pH or p2 H.

We feel that changes in retention characteristics of the enantiomers of a mole
cule observed on replacing H 20 with 2H20 as the mobile phase can have analytical
advantages in that it can be used to improve chiral resolution, apparently by in
creasing the number of theoretical plates in a column, although the occurrence of
such an effect is not universal with all compounds. In fact, preliminary studies carried
out on Atenolol, which contains a secondary amine substituent, does not show any

£
"~
c:
.2
:;
o
III..
a:

1.5

1.0

0.5

6 7

pH or p2 H

Fig. 4. Illustration of the increase of the resolution factor, R" with a decrease in acidity.
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significant increase in resolution of the respective enantiomers using 2H 20 as the
mobile phase. Presently we are investigating the magnitude of a 2H 20 effect on the
chiral resolution of other acids and we shall report this data in due course.

Separation and Detection Methods Section,
SmithKline Beecham, The Frythe,
Welwyn, Herts. AL6 9AR (U.K.)
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The scientific programme will cover all aspects of mass spectrometry: theory,
fundamental studies, applications, and instrumentation. An important aim of the
Organizing Committee is to provide an atmosphere which will stimulate the ex
change of information between the attending scientists.

.Plenary lectures will be given by invited speakers who will review areas in mass
spectrometry such as instrumentation, theory, multi-photon ionisation, gas phase
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specialized reviews covering similar subjects, and topics such as high masses,
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reaction dynamics, pyrolysis, geochemistry, environmental and forensic applica
tions, biochemical and biomedical studies, and chemometrics.

Contributed papers will be accepted for poster sessions only. All those intending
to contribute to the conference are invited to submit papers. All contributed papers
will be refereed. The final date for submission of abstracts is 15 January 1991 and
for revised/extended abstracts 1 June 991.

The proceedings of the Conference, CO~I--''';''·ry;. a plenary and keynote lectures
in full, will be published by Elsevier Science RtJblishers as a hard-cover book,
entitled "Advances in Mass Spectrometry, Volume 12" and as two consecutive
volumes of the International Journal of Mass Spectrometry and Ion Processes.
These will be published after the conference. A book containing the revised/ex
tended abstracts of all contributed papers will be made available to registered
participants at the conference. There will be an extensive exhibition of scientific
equipment, including mass spectrometers in operation, and of the relevant lit
erature.
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paid at a later date. The accompanying person's fee is 011.150. The registratiun
fee for students working for a research degree will be Ofl.250 if paid on or before
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For further details, contact:
Conference Secretariat IMSC-XII
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