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PREFACE

Chromatography ‘87 contains the papers presented at two sym-
posia: the Sixth and Seventh Annual American-Eastern-European
Symposium on Liquid Chromatography, held in 1986 and 1987 , in
Balatonszéplak and Budapest, respectively.

The papers - lectures and posters - presented at these two
symposia cover a wide variety of topics, from theoretical
discussions to practical applications. Some of the papers draw
theoretical conclusions from well-established, practical research
while others describe the practical use of theoretical consider-
ations. Although the title of the symposia specifies 1liquid
chromatography, a few papers dealing with other branches of
chromatography are also included. This broad range of the
presented reports characterizes our symposium series.

Another characteristic of our symposium series is the wide
geographical distribution of the participants: they came from
the United States of America, Asia, Western and Eastern Europe.
This wide geographical distribution provides an excellent op-
portunity for the mutual exchange of ideas, particularly to
those who in general do not have the opportunity to attend the
principal, large international chromatography meetings outside
their own area. We, the organizers of these symposia are always
very careful to provide the opportunity to the scientists from
the west and the east for personal meetings. Although rot every
participant submitted the manuscript of his presentation for
this volume, all of them actively participated in the jnformal

exchange of ideas. We are very grateful for this.



Obviously, the contents of this wvolume reflect the fields of
interest of the participants. Thus, not every topic which is
generally considered as a major research area in chromatography
is handled in the papers. Reviews of our past Proceedings have
sometimes mentioned this as a shortcoming. We do not question
this, however, the editors cannot invent subjectsfor the Proceed-
ings: by its nature, such a volume always represents the cross-
section of the research interests of the participants.

Another question mentioned by reviewers of past volumes in
this series is the slow publication of the Proceedings. Again,
we do not quarrel with them, however, one has to understand that
this is often beyond the control of the editors. Coordination of
authors from many countries most of whom having only a limited
knowledge in English, and dealing with a limited capability for
printing in that language is a very difficult task and obviously
requires compromises in a number of questions. The situation is
not different in this volume either which combines the papers
presented at two symposia: hence, the publication of the 1986
Symposium papers is inevitably delayed while the papers presented
at the 1987 Symposium are published relatively quickly.

As in the past volumes, Dr. Leslie S. Ettre has again served
as the coeditor of the Proceedings. His help had been invaluable
in reviewing the papers, suggesting modifications to the authors,
in correcting their manuscripts, and - I should add - also in
participating at the Symposium, always willing to discuss with
the participants their problems, offer them suggestions for their
future work, and in general, acting as an elder statesman with
an over-thirty-years experience in the various chromatographic
techniques.

On September 16, 1987, Dr. Ettre celebrated his sixty-fifth
birthday. While others retire at this age, he has no intention
to do this: he is as vigorous as ever, and more active than many
men much younger than he. I would like to dedicate this volume
to his honor, wishing him good health and continued enjoyment in

both his professional and private life.
Budapest, May 1988

Huba Kaldsz
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HPLC AWALYSIS OF ECDYSTEROIDS IN PLANTS AND ANIMALS
R. LAFONT

Ecole Normale Supérieure, CNRS UA 686, Biochimie et Physiologie
du Développement, Paris, France

Ecdysteroids represent a large family of steroids (more than 100 compounds) widespread
among Invertebrates (Zooecdysteroids) and Plants (Phytoecdysteroids)[1]. In Invertebrates (at
least in Arthropods and probably also Nematodes) they are important hormones which control both
development and reproduction, and it is also presently conjectured that they do so in several other
Invertebrate groups. Their presence in Plants, on the other hand, is considered as a protective
means against non-adapted phytophagous Insects [2] , but this assumption has in fact received up

to now only limited experimental support.

OH

Figure 1. Structure of the ecdysone molecule

From a chemical point of view, ecdysteroids are characterized by several common features,
i.e. (1) they have retained the entire skeleton of cholesterol (C-27 ecdysteroids) or of homologues
bearing a methyl (or ethyl) group at the C-24 position (2) they have a 5f hydrogen (non-planar

steroid nucleus), (3) almost all bear a 7-en-6-one chromophore (maximum absorbance at 242-3 nm



in methanol), and (4) they contain several hydroxyl groups that render them rather water-soluble, in
any case much more than Vertebrate steroid hormones.

Besides these common features, ecdysteroids may present several variations which can
strongly modify their polarity and consequently their chromatographic properties. We can therefore

recognise :
-y lar roi
+ non-ionic : GLUCOSIDES
+ jonic : PHOSPHATE/SULFATE ESTERS, ECDYSONOIC ACIDS

- ium-polari mpoun
+ ECDYSONE and 20-HYDROXYECDYSONE
+ metabolites bearing one additional -OH group
+ various 28-C and 29-C compounds (essentially in plants)
+ immediate precursors of ecdysone
+ ACETATES, GLYCOLATES
+ DOUBLE CONJUGATES (e.g. BENZOATE+GLUCOSIDE)
- apolar compoun
+ low-polarity precursors (e.g. KETODIOL=2,22,25 trideoxyecdysone)
+ FATTY ACID ESTERS

PHOSPHATE
. FATTY ACIDS
CONJUGATION " ACETIC ACID
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6
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Figure 2. Major metabolites of the ecdysone molecule in animals
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Of course these different types of compounds have to be analyzed using specific

chromatographic procedures. We will focuse here on the various HPLC systems currently used.

THE CHROMATOGRAPHIC SYSTEMS

We have previously reviewed the first systems used (1968-1980) [3] and only systems
presently used will be described here (see also [4]).

Normal phase systems

The systems generally use silica columns. Sometimes Diol- or Aminopropyl- bonded
phases are used for specific purposes. Bonded phases allow in theory to use gradient elution and to
separate in a single run compounds of very different polarity, but they give significantly lower
efficiencies and finally this possibility is not really used.

Solvent systems consist of either binary mixtures (directly derived from the solvent
systems used for TLC), or ternary and even quaternary mixtures. In practice binary systems give
generally poor efficiencies with peak tailing and do not allow to separate complex mixtures. By
contrast, more evolved solvents give much better results, regarding both peak symmetry and
selectivity. Among them it seems that mixtures of methylene chloride, isopropanol and water are
the most widely used. The original mixture (125:25:2) was used to separate compounds having one
OH less or more than ecdysone [5]. For less polar compounds the percentage of isopropanol has to
be decreased (e.g. 125:20:1.5 ; 125:15:1 or 250:15:1) and of course for more polar compounds
(e.g. 26-hydroxyecdysone and 20,26-dihydroxyecdysone) more eluting mixtures (e.g. 125:40:3)
can be used with a good efficiency (figure 3).

The water content in these solvents is just below saturation, and is essential for peak
symmetry. It allows to perform partition rather than absorption chromatography, and recovery of
the injected compounds is very good. In addition, it is possible to rinse the columns with a few ml
of methanol and they re-equilibrate very quickly (after about 5 column volumes).

In our hands, columns from different manufacturers gave very different results, and in
several cases (probably due to silica deactivation) their performances decreased sharply after only a

few days of use. Best results (regarding efficiency and reproducibility upon prolonged use) were

obtained with Zorbax®-SIL columns.



Aminopropyl-bonded columns (eluted with dichloroethane/methanol/isopropanol) appeared
to provide interesting selectivities for the separation of 3f3-, 3a- and 3-oxo-ecdysteroid mixtures,

although the authors report that retention times were not reproducible upon continuous use [6].
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Figure 3. Separation of a mixture of reference ecdysteroids on a normal-phase column. Operating
conditions : column Zorbax®-SIL 250 mm long, 4.6 mm i.d., solvent methylene chloride/
isopropanol/water (125:40:3), flow-rate 1 ml/min. 2DE = 2-deoxyecdysone; 2D20E = 2-deoxy-20-
hydroxyecdysone; E = ecdysone; 20E = 20-hydroxyecdysone; 26E = 26-hydroxyecdysone; 2026E
= 20,26-dihydroxyecdysone

Reverse-phase systems

They are the most commonly used, essentially with ODS-bonded columns. Other columns
(C8, C6 or Phenyl-bonded phases) have also been used and they give rather identical results.

The most common use of ODS column is its application to the separation of ecdysone and
20-hydroxyecdysone (sometimes also 2-deoxyecdysone) from biological samples prior to
radioimmunoassay, and this may be achieved with methanol/water mixtures. When more complex
samples are to be analyzed, especially during metabolic studies, it appears more advisable to use a
buffer instead of water (e.g. Tris, citrate or phosphate) [7,8]: this results in a better separation of

4



BEFORE HYDROLYSIS AFTER HYDROLYSIS

24E22P

2dE

20E22P

e
J L»JM l ! “ b

0 20 40 min 0 20 40 min

Figure 4. Analysis of ecdysteroids in Locusta migratoria eggs using a Spherisorb-ODS 2 column
(250 mm long, 4.6 mm i.d.) eluted with a linear gradient (60 min) from 8% to 40% acetonitrile in

20 mM Tris/l{ClO4, pH 7.5. Flow-rate 1 ml/min.

[E] = ecdysone; [20E] = 20-hydroxyecdysone; [2DE] = 2-deoxyecdysone; [22P] = 22-phosphate
conjugate

ionic components (ecdysonoic acids and/or conjugates) that elute as sharp peaks. Acetonitrile is
generally preferred to methanol : it gives higher efficiencies and allows working at much lower
pressures, which results in a longer lifetime of the columns. An application of such a system to
Locust eggs is given in figure 4.

The selectivity of reverse-phase systems varies with their origin : the order of elution of a
set of reference compounds may differ when using columns from different manufacturers [9]. In
addition, it is possible to improve the separation of a given pair of compounds by using different

organic solvents. Thus when a pair of compounds seem difficult to separate with methanol or



acetonitrile, it may be of interest to check tetrahydrofuran, or a mixture of two organic solvents.

This problem has been investigated in details by Wilson et al. [9] (figure 5).
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Figure 5. Variations in the selectivity of reverse-phase chromatographic systems due to the columns

(A) or the solvent systems used (B) (from reference [9], reproduced with permission of Elsevier).
A : Selectivity differences between Spherisorb-ODS eluted with (1) acetonitrile/water (15:85) or (2)
methanol/water (35:65) and Nucleosil-ODS eluted with (3) methanol/water (50:50) or (4)
acetonitrile/water (20:80).

B : Comparison of different solvents with a Spherisorb-ODS column : (1) methanol/water (35:65),
(2) acetonitrile/water (15:85), (3) tetrahydrofuran/water (10:90) and (4) dioxan/water (20:80).
Retention is given relative to ecdysone [A] which is given a value of 100.

[A] = ecdysone; [B] = 20-hydroxyecdysone; [C] = 2-deoxyecdysone; [D] = 2-deoxy-20-hydroxy-
ecdysone; [E] = ponasterone A; [F] = polypodine B; [G] = makisterone A; [H] = inokosterone; [I]
= cyasterone; [J] = poststerone; [K] = ajugasterone C; [L] = muristerone A

The use of acetonitrile/water mixtures may in some cases lead to excessive peak tailing even
with non-ionic compounds, and this problem is overcome by using 0.1% trifluoroacetic acid in
water (acetic acid also works but needs higher concentrations).Such acidic conditions appear
especially adapted to the analysis of mixtures containing 3-oxo ecdysteroids [10]. In counterpart,

they give poor results with conjugates or ecdysonoic acids.
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Ion-pair and ion-exchange chromat h

Most polar ecdysteroids are anionic compounds, and thus some specific chromatographic
systems may be used for their analysis. They have until now been used in a few cases only.

Ton-pair chromatography uses reversed-phase columns and a mobile phase which contains
a cationic detergent (cetyltrimethylammonium bromide or tetrabutylammonium hydrogen sulfate),
the presence of which leads to an increased retention of anionic ecdysteroids whereas non-ionic
compounds elute at the same place as in the absence of detergent. This method has received little
applications [7,11,12].

Anion-exchange columns have been more often used, essentially for the purification of
phosphate conjugates, for instance from the eggs of Schistocerca gregaria [13]. They use in that

case a mobile phase based on acetatebuffer [8].

DETECTION PROCEDURES
Many methods may of course be used for the detection of ecdysteroids in column effluents,
with of course some limitations linked with the nature of the mobile phase.We will describe here

only two methods which are rapidly developing.

UV Detection

Most ecdysteroids show a strong UV absorbance (€ = 12,000 at 242 nm). This allows the
easy detection of these compounds in the nanogram range, either when using a spectrophotometer
set at this maximum of absorbance or a (cheaper) fixed-UV (254 nm) detector.

In many cases, when analyzing biological samples, it would be of interest to obtain UV
spectra of the different peaks. Thus in addition to the coelution with a reference ecdysteroid, any
UV-absorbing peak would be further characterized by its absorbance spectrum, which represents
an additional evidence for its identity and purity. Of course this can be achieved through off-line
procedures, i.e. by collecting the different peaks evaporating the solvent and dissolving again in
methanol. It appears that (1) it is rather time-consuming and (2) it does not work with low amounts
of compounds, due to the simultaneous presence of various impurities in the effluent. In this
respect, diode-array detectors eliminate both of these drawbacks by providing on line data with a

good sensitivity. Thus it was possible to obtain a good spectrum with less than 100 ng of



20-hydroxyecdysone contained within an haemolymph sample from Pieris brassicae pupae [14]
(figure 6 shows the 3-D map obtained) and it seems that even lower amounts could be processed to
give useful data. Of course when ecdysteroid concentrations are large, as is the case in plant

extracts, diode array detectors allow immediately to decide which peak may belong to the

ecdysteroid family.
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Figure 6. Analysis of a haemolymph extract from Pieris brassicae pupae by normal phase
chromatography (Zorbax-SIL column, 250 mm long, 4.6 mm i.d., eluted at a flow-rate of 2 ml/min
with isooctane/isopropanol/water 100:40:3), using a diode-array detector (Waters 990).The contour
plot presented here represents the part of the chromatogram where 20-hydroxyecdysone (20E) is
eluted (at 12.94 min), and gives evidence that the compound which elutes at that time shows a
maximum of absorbance at 242 nm. Of interest is to notice the high sensitivity reached, as the 20E
peak gave a maximal absorbance of 0.0085 AU only, which was enough to obtain a characteristic
UV spectrum after correcting for background and smoothing (data from ref. [14], courtesy of Drs
Beydon, Fabre and Goichon)

The possibility to use such detectors is linked with the use of selvents which do not absorb
UV. This is not at all the case with the normal-phase solvents, which contain either chloroform or
methylene chloride (cut-off respectively at 245 and 233 nm). This led us to design solvents based

on hydrocarbons (hexane or isooctane) mixed with isopropanol/water as previously mentioned.



The efficiency of such systems is slightly lower, and their selectivity is significantly different from
that of the methylene chloride-based solvents, but they work quite well with biological samples
[14]. As an alternative, it would be possible to use of hexane/ethanol/methanol/acetonitrile

(85:15:3:3).[15].

Several radioactivity monitors have become available in the last years. They allow both
sensitive and convenient analyses of samples from metabolic studies. The advantages of such
apparatus over conventional fraction collection are numerous :

- with a 0.5 ml detection cell and respective flow-rates of 1 ml/min for the column effluent
and 3 ml/min for the scintillation cocktail, the resolution is equivalent with the collection of 0.15 or
0.20 ml fractions, which for a 60 min run would correspond to 3-400 fractions !

- the result is directly available, even when performing double-labeling experiments, with
peak integration and complete report;

- there is a direct correspondence of radioactivity with the data from the UV monitor, which
are processed simultaneously, and this may be very important when two compounds are eluting
very close together.

The method works well with reversed-phase systems (figure 7), and its use for
normal-phase implies that non-quenching solvents are used. This problem is in fact similar to

that mentioned above with diode-array detectors, and it may be solved by using isooctane-based

solvents.

PREPARATION OF BIOLOGICAL SAMPLES

Sample preparation is classically perfarmed by using methanol (or ethanol) extraction,
followed by solvent partition(s) and silica column chromatography [7,16-18].

Recently some new procedures for sample processing were designed, which introduce the
adsorption of ecdysteroids dissolved in water or aqueous methanol on C-18 bonded silica
mini-columns (e.d. Sep-Pak® cartridges) followed by elution with a step-gradient of methanol in
water, which is able to separate the three classes of compounds mentioned above [8,12,19-21].

The use of Florisil® cartridges (normal-phase) has also been reported as a substitute to silica



column chromatography step : elution is performed by a step gradient of ethanol in chloroform

[22].
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Figure 7. Separation of 20-hydroxyecdysone and its acetates on a Spherisorb-ODS 2 column (250
mm long, 4.6 mm i.d.) using a linear gradient (in 45 min) from 20% to 70% acetonitrile in 0.1%
TFA, flow-rate 1 ml/min. Radioactivity was continuously monitored with a Flo-One model IC
detector (Radiomatics, Tampa, Florida) : detector cell volume 0.5 ml, scintillation cocktail

Lumaflow III, flow-rate 3 ml/min

Of course many other methods may be used for a more or less selective preparation of
ecdysteroid fractions, depending on the sample size. Small samples can be processed using

disposable cartridges, but larger ones need either convent®onal procedures, flash-chromatography
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or droplet-counter-current chromatography [23]. This last method allows to obtain quite pure

fractions.

SOME EXAMPLES OF APPLICATION

HPLC techniques are widely used in the ecdysteroid field for many applications which
include (1) the separation of all the major ecdysteroids contained in animal (insect) extracts using
RIA for their detection (e.g. [24]+ figure 8) or [3H} monitoring in metabolic studies (e.g. [25] +
figure 9), (2) the isolation in pure form of specific compounds which are then characterized by
physico-chemical methods (mass spectrometry, NMR,...).Generally two successive HPLC steps
are enough to get pure compounds. Table I gives some HPLC systems classically used for the three

different classes ( polar, medium polar and apolar) of ecdysteroids.
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Figure 8. HPLC-RIA analysis of ecdysteroids from the gut of day 14 female developing adults of
Manduca sexta. Operating conditions : column pBondapak (Waters) 15 cm long, 3.9 mm i.d.,
flow-rate 1 ml/min. Gradient elution from 100% solvent A (5% acetonitrile: 95% 20 mM
tris/perchlorate buffer, pH 7.5) to a mixture of 85% solvent A 15% solvent B (95% acetonitrile: 5%
tris/perchlorate buffer) in 60 min, followed by 5 min isocratic 15%B/85%A and then a 10 min
cleansing shift to 100%B. Collected fractions were assayed by RIA using two different antisera
(H-2Ab and H-22Ab). Abbreviations : [E] = ecdysone; [20E] = 20-hydroxyecdysone; [20E-oic] =
20-hydroxyecdysonoic acid; [E-oic] = ecdysonoic acid; [20,26E] = 20,26-dihydroxyecdysone;
[26E] = 26-hydroxyecdysone; [20E'] = 3-epi-20-hydroxyecdysone; [E'] = 3-epi-ecdysone;
[2-deoxy-E] = 2-deoxyecdysone. (reproduced from reference [24] by courtesiy of Marcel Dekker,
Inc.)
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Figure 9. RP-HPLC analysis of [*H]20-hydroxyecdysone metabolites from the frass of Heliothis

virescens larvae fed with this compound. Column : Spherisorb-ODS 2 (250 mm long) eluded with
methanol/0.1% TFA at 1 ml/min. Gradient conditions : from 40% to 90% methanol in 20 min,
then 90% to 100% methanol in 20 min, then 100% methanol. Radioactivity monitoring was

performed as described in figure 7

CONCLUSION

HPLC represents a very efficient means for the analysis of ecdysteroids. Some of its future
developments might include fluorescent derivative formation for a detection in the picogram range
[35,36], and on-line HPLC-MS coupling.

But HPLC is by no means the sole technique available and, according with specific needs,
other methods may be preferred.

HPTLC [37-40] may be regarded as an alternative means of analysis particularly suitable

for routine metabolic studies.

DCCC [23] on the other hand is particularly interesting for preparative-scale experiments
(up to 1 g). It is essentially used for plant extracts [41] (which contain large amounts of
ecdysteroids) but it works as well with insect extracts (it was for instance applied to Bombyx

pupae [23]).
GLC was used since the early 70 s [16], but it is now of limited use, although GLC/ECD

represents a highly sensitive method [42]. Only GLC/MS (SIM mode) seems to be used presently,

in order to identify ecdysteroids present at very low concentrations, e.g. in Helminths [43,44].
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Thus indeed many methods are currently available for ecdysteroid analyses, among which

HPLC is presently the most versatile and widely used one.

Table I. Selected examples of chromatographic systems commonly used for the analysis of
ecdysteroids [the use of gradient elution allows a single system to separate the three classes of
ecdysteroids in a single run]

Class of ecdysteroids Type of chromatography Reference (e.g.)
POLAR REVERSE-PHASE CHROMATOGRAPHY
Methanol/water [18]
Methanol/sodium acetate [11]
Acetonitrile/Tris-HCIO, [7,26]
Acetonitrile/Tris-HCl [18]
Acetonitrile/sodium citrate [26]
ION-PAIR CHROMATOGRAPHY
Acetonitrile/Cetrimide-Phosphate [7]
Methanol/Tetrabutylammonium [3:1,12]
ION-EXCHANGE CHROMATOGRAPHY
Ammonium acetate (Partisil SAX) [8]
MEDIUM REVERSE-PHASE CHROMATOGRAPHY
Ethanol/water [27]
Methanol/water [28]
Acetonitrile/water [29,30]
Acetonitrile/0.1% trifluoroacetic acid [31]
Acetonitrile/buffer [5]
Tetrahydrofuran/water [9]
Dioxan/water [9]

NORMAL-PHASE CHROMATOGRAPHY
SILICA : dichloromethane/isopropanol/water [3,5,7]

isooctane/isopropanol/water [14]

hexane/ethanol/methanol/acetonitrile [15]
DIOL : dichloromethane/isopropanol/water 3]
APS : dichloromethane/isopropanol/methanol [6]

APOLAR REVERSE-PHASE CHROMATOGRAPHY

Methanol/Tris-HCIO, [32]
Methanol [33]
Acetonitrile/isopropanol [34]

NORMAL-PHASE CHROMATOGRAPHY
SILICA : dichloromethane/isopropanol/water [32]

Abbreviations : SAX = strong anion exchanger ; APS : aminopropyl silane
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About 15 years ago a new type of sorbents, i.e., surface-
layer sorbents were successfully introduced in the practice of
gas chromatography (1, 2).

In gas-adsorption chromatography the time of the molecular
adsorption itself is usually very short (3). Therefore the
adsorption kinetics are mainly defined by the diffusion in the
gas to the adsorbent surface: to the outer surface of the parti-
cles of non-porous adsorbents and additionally, to the inner
surface in the pores of the particles of porous adsorbents.

Sorption processes in surface-layer sorbents occur not
in the whole volume of the particle but in the surface layer of
small depth, equal to the thickness of the active sorbent layer.
Resistance to the mass transfer for such type of sorbents, as
compared with ordinary (volumetric) sorbents, is decreasing,
since the length of the diffusion routes into the depth of the
particle decreases. Consequently the diffusion time which will
be determined not only by the particle diameter (4), but also
by the thickness of the active layer, is also decreasing.

Separation processes on porous polymer sorbents according
to Hollis (5) differ from those in gas-liquid or gas-adsorption
chromatography. Chromatography on porous polymer sorbents is
realized in the whole volume of the particles. At present there
is no single opinion on the separation mechanism with the
porous polymer.

We have studied the properties of the surface-layer variant

of the polymer sorbent Polysorb-1 (60:40 co-polymer of styrene
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and divinylbenzene) and also in intself, as column packing.

The properties of the sorbents were compared using similar
column lengths (1.5 m) and the same column diameter (3 mm).
Cl-C4 hydrocarbon gases, C5‘C10 hydrocarbons, Cl-C8 alcohols
and some acids were used as model mixtures.

A surface-layer sorbent was prepared by mechanical shaking
of the solid support Chromosorb W (particle size: 0.16-0.20 mm)
with fine dispersive Polysorb-1 powder, in the mass ratio of
1:4. Polysorb-1 (particle size: 0.16-0.2 mm) was also used as
a column packing. The column temperature was 140°C. Thermal'’
conductivity detector was used. Helium was the carrier gas at
a flow rate of 30 ml/min for Cl—C4 hydrocarbon gases, and
50 ml/min in the other cases.,

Table I lists the values of the adjusted retention vol-
umes and the asymmetry coefficients for the investigated sample
components on the studied sorbents. As shown unsaturated
hydrocarbons are eluting earlier from the column than saturated
hydrocarbons with the same number of carbon atoms, and the
other components are eluting according to their boiling
temperature, on both sorbents.

The retention volumes on the surface-layer sorbent are
less than on the volumetric sorbent; consequently the analysis
time decreases. With surface-layer sorbents the peaks obtained
are more symmetrical, since in this case, the sorption and
desorption processes defining the spread of the chromato-
graphic zones occur only in the thin layer of the active
sorbent. The symmetry of the peaks indicates the establish-
ment of adsorptive equilibrium.

One of the main characteristics of the sorbents used in
gas chromatography is the separation factor (6). When comparing
columns with surface and volumetric sorbents, we have used
the specific characteristic K/tg, i.e., the ratio of the
separation factor to the mean time of the component output
for two neighbouring peaks (7). This parameter characterizes
the separation on the column relative to the analysis time.

As shown in Table II, the separability on the column with
surface-layer sorbent relative to the analysis time is higher

than with the volumetric sorbent.
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Table I. The reduced retention volumes (V}) and asymmetry
coefficients (Ka) of individual sorbates on the
studied sorbents

VA K
Sorbate R 2
Polysorb-1 +Polysorb-l Polysorb-1 +Polysorb—l
chromosorb W chramosorb W

CH4 073 0.53 1.0 1.0
C2H4 1.4 1.04 1102 1.0
C2H6 2.79 151 125 1«13
C3H6 3.29 211 1537 225
C3H8 6.78 4.84 113 1,10
C4H10 773 6.69 1,58 1522
pentane 2.64 1:90 1220 1.01
hexene-1 3.68 2.95 1.60 1.40
hexane 4,61 3.49 s o7,
heptane 5416 4.69 137 1,22
octene-1 627 4.91 1..25 1al.3
octane 6.69 5 e Db 1.54 1,13
nonane 7:36 6,21 1,32 115
decane 8521 6.« 78 1..58 1:.22
methanol 214 Ls13 122 105
ethanol 2.61 .39 1.54 112
iso-propanol a2 1.9 1,20 i (3 o
n-propanol 3.79 2+:62 1:60 1.40
n-butanol 4,95 4.10 1.33 1.20
n-pentanol 6.54 4.70 125 112
n-hexanol 7 .85 5.84 1.30 1. 13
n-neptanol 8.68 6.70 1437 1..25
n-octanol 9.09 Te2d 1467 1.:30
formic acid 4.10 2.82 133 107
acetic acid 8:53 5.80 1 525 107
propionic acid 25.77 20.81 1:30 1.:13

For model mixtures given in Table I we calculated the
uniformity criteria being the analog to the selectivity co-
efficient for the separation of multicomponent mixtures, and
fast-action coefficients, the values of which are summarized
in Table III.

Fast-action coefficients, being the criterion of the
generalized type, are defined by the sorbent selectivity

relative to the worst separable pair, the column sorptive
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Table II. Coefficients of separation of certain component
pairs with account of analysis time

e o
components =
C2H4—C2H6 0.01 0.14
CoHg=C3Hg 0.09 0ik2
C3H6-C3H8 0.02 0.06
C3H8-C4H10 0.06 0.14
pentane-hexene-1 0.12 0.18
hexene-1l-hexane L0 9 0.20
hexane-heptane 073 1..20
heptane-octene-1 0.84 1.06
octene-l-octane 0,75 1,03
methanol-ethanol 1201 1,250
ethanol-propanol 151 2.20
propanol-butanol 1.60 1.86
butanol-pentanol 1.62 1..80
pentanol-hexanol 1.73 1..193
hexanol-heptanol 1.70 191

Table III. Comparison of uniformity criteria and fast
action coefficients for multicomponent

mixtures of the studied sorbents

Sorbent

model mixture

Polysorb-1

Polysorb-1
Chromosorb W

CH4-C H:C5H =C H-=

ailglallg=lesti
C3Hg=Cy4H, g

3

0:121 0.398°10

0.493

0.627-10"

3

pentane-hexene-1-
hexane-octane-1
octane—-nonane-
decane

0.193 0.449-.10"

3

0.533

0.521-10"

3

methanol-ethanol-
propanol (iso-)-n,
propanol-butanol-
pentanol-hexanol-
heptanol-octanol

0,231 0.357-20"

3

0.454

0.388:10

3

formic acid-
acetic acid
propionic acid

0.122 0.296-10

3

0.306

0.326-10"

3
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Table IV. Values of N/tp for individual components on
surface-layer and volumetric sorbents

Sorbent N/tR
Sorbate Polysorb-1 volumetric 29 % Polysorb-1
sorbent ) +Chromosorb W
pentane 881 1 U U e
hexane 622 L, 133
neptane 612 1,580
octane 889 2,155
nonane 913 1,892
decane 836 1,706
methanol 284 648
ethanol 322 756
propanol 225 615
butanol 248 654

capacity, its effectiveness and the dimension of the peak
distribution on the chromatogram.

This table shows, that under similar conditions of the
experiment the separation of the model mixtures occurs with
better parameters on the surface-layer sorbent than on volu-
metric one.

To compare the work of the columns with different types
of sorbents, we have calculated the effective number of
theoretical plates per unit of the time (N/tR)(7) (Table 1IV).

Thus, the use of the surface-layer sorbents gives certain
advantages; under similar conditions of the experiment the
effectiveness of the columns with surface-layer sorbent is
higher than with volumetric one, the time of analysis decreases,

the chromatographic zone. spread is removed.
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SUMMARY

A new high-sensitivity photoionization detector for use
with both packed and capillary columns is presented. The
design of the detector and of the UV source used are described.
Advantages and disadvantages of the applied UV lamp are
discussed.

Performance data and relative response values are given

for selected hydrocarbons.
INTRODUCTION

The analytical performance of a gas chromatograph
essentially depends on the detector used. In most cases only
some of the established detectors are available. Among these
are the thermal-conductivity detector (TCD) the flame-ioniza-
tion detector (FID), the electron-canture detector (ECD), the
thermionic detector (TID) and the flame-photometric detector
(FPD) . It is to be expected that the photoionization detector
(PID) characterized by excellent analytical properties will
also be added to the generally used detectors. The PID is a
nondestructive, concentration-dependent detector which can be
successfully operated with packed columns. A concentration-
sensitive detector has a natural advantage over a mass-flow
detector such as the FID for capillary column analyses, parti-
cularly where sensitivity is important, because its response
increases with decreasing flow rate.
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For many compounds, especially for olefins and aromatics,
the sensitivity of the PID is greater than that of the FID
(1-3). It is possible to realize relatively simple designs of
the photoionization detector which are easy to use. A proper
design enables a low background current and a very low noise
level to be obtained which is the prerequisite for reaching
a low minimum detectable level. The PID is applicable with
several carrier gases such as nitrogen, hydrogen, carbon
dioxide, all noble gases, particularly helium (He) and even with
pure air. Various investigations and improvements show that
interest in this type of detector has steadily increased. The
present paper describes a new PID with a high-intensity 10.20

eV-UV source and presents the performance data of this detector.

APPARATUS AND EXPERIMENTAL

Figure 1 shows the scheme of the PID. Its most essential
parts are the UV source and the ionization chamber with two
electrodes and the gas lines. The heart of the PID is the UV
source. In this case a low pressure hydrogen discharge lamp
with a hollow cathode is applied as the UV source. The hollow
cathode discharge tube is a radiation source using the radiation
in the range of the negative glow of a gas discharge.

Figure 2 shows such a hollow cathode discharge tube. The
precise balance between the cathode size, the cathode material
and the filling gas pressure is important for the proper
functioning of the lamp. Due to the excitation conditions the

radiation of the lamp is characterized by sharp spectral
lines of neutral and ionized compounds of the cathode material

and of the filling gas. Since for the PID the resonance radia-
tion of the filling gas is of importance rather than the atomic
line of the atomized cathode material a cathode material has

to be selected whose atomizability is as small as possible.

Such a material is e.g., tungsten or molybdenum. The ultra-
violet transmitting faceplate consists of vacuum-grown magnesium
fluoride crystal (Mng). By means of a disk it is connected
vacuum tight with the glass tube of the UV source. The described

UV source is filled with ultrapure hydrogen. In the glow
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Fig. 1. Schematic of the PID. 1 - ionization chamber;
2 - column exit; 3 - make-up gas inlet; 4 - gas outlet;

5 - UV source; 6 - MgFp-window; 7 - ceramic insulator;
8 - connection part; 9 - cell housing; 10 - ring mantel
heater
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Fig. 2. UV source. 1 - cathode; 2 - anode; 3 - lamp body;
4 - gilded copper disk; 5 - crystal window
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discharge mainly the resonance line of atomic hydrogen is

excited with a wavelength of 121.568 nm (Lyman alpha line).
The maximum radiation intensity of the lamp amounts to
10
1-10

operated at a current of 5 mA over a long time. At this current

photons per second. In continuous work the lamp can be

the lifetime of the lamp would be at least two years. Over a
relatively short period discharge currents from 30 to 50 mA are
possible. However at high discharge currents an increasing
cathode atomization takes place, which in turn causes increas-
ing gas sorption.

The ionization chamber of the PID is formed by the source
window and two insulators made of KER 710 ceramic. The electro-
des are positioned so that the photons from the UV source
cannot fall on them. A parallel arrangement of the electrodes
is possible. However, a cylindrical shape of the chamber can
also be chosen where the electrodes are placed as circular
segments on the inner side of the upper insulator. This insula-
tor part has four gas outlet bores and is shaped so that the
crystal window is precisely placed between the electrodes and
that the inner surface of the part forms a ring slit with the
gilded copper disk supporting the window. Through this ring
slit the gas leaves the ionization chamber. This arrangement
results in a short time constant. The carrier gas flows into
the ionization chamber through an axial bore in the second
insulator, the so-called connection part, sealing the chamber
at the bottom.

Capillary columns as well as other chromatographic
columns can be fitted into this connection part. In addition,
it contains the make-up gas inlet, the gas outlet and the
receptacles for the collecting and polarizing electrodes. On
its upper side the connection part has a ring-shaped groove
for withdrawing the gas from the ionization chamber. The two-
piece detector cell is placed in a ring mantel heater with a
maximum power consumption of 160 W.

The detector was used on a modified GCH 18.3 gas chromato-
graph (VEB Chromatron, Berlin). The separation columns were
packed with Chromosorb W coated with 10 % SE-30 and methylsi-

licone were connected directly to the detector cell. The
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carrier gas was pure helium or nitrogen with a column flow of
15-50 ml/min. The PID was investigated with two various
cylindrical ionization chambers, which had different volume.

RESULTS AND DISCUSSION
For the two ionization chambers (100 and 200 pl effective
volume) the detection limit and the sensitivity of the PID

were determined at various lamp currents.

Table I. Performance data of the PID*

Lamp current Cell volume, 200 pl Cell volume, 100 ul
(ma) NG (pg/s) E (A.s.)/g NG (pg/s) E (As.) /g
3 0.42 0.08 0.62 0.06
5 0.24 0.14 0.36 0.10
8 (6181187 0.2% 0.23 0.16
1% 0.12 0.30 0.16 0522

*Test substance, benzené€;, carrier gas, nitrogen; flow rate,
16.7 ml/min. Detection limits and sensitivities are given in
terms of pg/s and (A.s.)/g to permit comparison with the
performance of the mass-flow dependent FID.

The results are given in Table I. From the data it can be
seen that better results were obtained by using the chamber
with 200 pl cell volume. However, the differences in the
detection limit and sensitivity between the two chambers are
not considerable.

When helium (purity: 99.99 %) is used as the carrier gas

14

it is possible to reach a detection limit of 5-10° g/sec

benzene. The linear dynamic range of the detector is 105. In
all the measurements the polarization voltage was 80 V. Even
at relatively high lamp currents the noise level of the PID
was low: it did not exceed l.6°10_14
of the PID was 1-5 pA.

The sensitivity of the PID decreases with increasing

A. The background current

operating temperature. The reason for this phenomenon is the
change in the radiation intensity of the UV lamp. At high

temperatures, not only the transmission limit of the crystal
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window shifts toward longer wavelengths but also an increased

absorption of UV rays takes place. In addition the increase in
the temperature causes an increase in the pressure in the lamp.
In turn, the pressure increase disturbs the optimum process of

the gas discharge between the lamp electrodes.

Table II. Performance data of the present detector

Performance data

sensitivity [(A.s.)/qg] 0.3 (carrier gas: nitrogen)
0.6 (carrier gas: helium)

detection limit for 0.1 (carrier gas: nitrogen)

benzene (pg/s) 0.05 (carrier gas: helium)

background current (pA) 5

noise level (a) 1.5'10_14

linear dynamic range 105

operating temperature

(°c) up to 250

carrier gas pure nitrogen or helium

Table III. Relative response factors (r) related
to benzene (r=100)

Substance 14
benzene 100
toluene 175
m-xylene 300
2-hexyne 120
3-hexyne 45
2-heptyne - 90
hexane 23
heptane 3:2
octane 3.0
nohane 2.7

Table II presents the performance data of the present
PID. It can be seen that our PID is particularly characterized
by a very low detection limit, small background current and

low noise level.
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Relative response values for some compounds related to
benzene are given in Table III. It can be seen that the
sensitivity to aromatic hydrocarbons is higher than to ali-
phatic hydrocarbons and that the sensitivity for alkynes is
higher than for alkanes.

CONCLUSIONS

A new photoionization detector is presented. It is
characterized by a UV lamp with a very large photon flux
(1010 photons/sec) and a long lifetime (about 2 years) and
permits the detection of a great number of substances with
high sensitivity.

The extent of the linear dynamic range amounts to five
orders of magnitude. A disadvantage in comparison to known

PID's is the relatively large dimensions of the UV lamp.
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INTRODUCTION

According to the elution behaviour on a cation-exchange
resin the adult human hemoglobin (HbA) can be divided into sub-
fractions. A few minor fast-hemoglobin fractions (HbAla, -b,
-c) are appearing before the main component (HbAO). These
findings have been first reported in the late fifties (1).
According to later results, an electrophoretically less positive
hemoglobin fraction can be detected in elevated quantity in
diabetic patients (10). From the main component of the chromato-
graphically fast fractions, HbAlc was identical with this
diabetic fraction. After structural analysis the chemical
nature of this hemoglobin component was elucidated: it is a
glycoprotein (3). It was found that hemoglobin glycolisation
takes place by non-enzymatic processes in the mature red blood
cells. The percentages of this post-translational glycolisation
depends on the blood sugar level (7). The developing process
and the structure of the HbAlc are summarized in Fig. 1.

Because the existence of the glycohemoglobin is equal
with the life span of the red blood cells, its determination is
a powerful tool for the evaluation of the retrospective blood
sugar status. For this reason glycohemoglobin measurement is in
the focus of interest of diabetologists.

The possibilities of glycohemoglobin determination are
originated from its chemical nature. According to this, cation-

-exchange chromatographic (by macro- or micro-column, and bath-

31



HC=0 HC=N-R CHz=N*H;-R

HCOH HCOH cC=0
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HCOH HCOH HCOH
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Aldimine Ketoamine
(pre-Aqc) (stable HbAc)

Fig. 1. The formation of glycohemoglobin. R = the beta chain
of hemoglobin A

wise technique), affinity chromatographic, electrophoretic,
isoelectric focusing, immuno, spectrophotometric, fluorimetric
and colorimetric assays exist. These were summarised and well-
—-documented in the review of Miedema and Casparie (9).

Because the glycohemoglobin level is a background mirror
of the glucose status of a diabetic patient, literary data are
dealing mostly with humans. Only a few reports are available
on non-human investigations (4, 5, 7, 13, 14).

According to our opinion, the investigation of the glyco-
hemoglobin level helps us with the evaluation of the chronic

energy-deficit (critically low blood-sugar) of cows.

MATERIALS AND METHODS

Venous blood samples were taken from cows into heparinised
tubes. The urine of the cows after calving was tested with
sodium nitroprusside (NazFe‘KHﬂ 5NO) for ketone bodies. The
centrifugated packed cells were three times washed with
physiological saline solution and subsequently they were
hemolysed with a detergent solution (0.3 mM sodium dodecys
sulfate). The investigations were carried out with these
hemolysates.

Glycohemoglobin can be determined in the following ways:
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Colorimetry: By the modified tiobarbituric acid (TBA)
method (12) with a test Kit (Reanal, Budapest, Hungary).

Affinity chromatography: On Glyco-Gel B (m-aminophenyl
boronic acid, covalently coupled to cross-linked 6 % agarose)
with a test Kit (Pierce Chemical Company, Rockford, Ill., USA).

Cation-exchange chromatography: On CM-Sephadex C-50
(Pharmacia, Uppsala, Sweden) matrix in column (I.D. 1.6 cm;
bed height 10 cm). Buffers: A.: 10 mmol sodium acetate/acetic
acid pH 5 (11); B.: 0.1 mol NaOH containing 0.5 mol NacCl.
Gradient: 0 to 100 % B.

Batch chromatography: A 100 ul hemolysate aliquot was mixed
with 3 ml CM-Sephadex A-50 slurry (approx. l:1 sodium acetate
buffer:gel, v/v). After a short centrifugation the optical
density of the supernatant was measured.

Isocelectric focusing: With LKB Multiphor instrument on
thin-layer polyacrilamide gel containing beta-alanine (6).

The quantitative evaluation of the isoelectrophoretogram was
carried out by a soft laser densitometer of LKB.

Photometric measurements were taken by Specord UV-VIS
(C.Zeiss Jena, GDR) at 443 nm in the case of the TBA reaction

and at 415 nm in the other chromatographic determinations.

RESULTS AND DISCUSSION

The isoelectrofocusing and one typical densitogram of
bovine hemolysate are shown in Fig. 2. The Hb component, placed
at a higher distance to the anode than the main component (HBO),
has lower electric charge due to glycolisation. This Hb
fraction is the GHb, i.e., the HbAlc. The mobility of the
bovine Hb in the electric field is similar to human Hb (6), in
identical circumstances. As the isoelectrofocusing shows, the
distance between the major and minor component is very narrow,
i.e., the isoelectric points distinguish only a little these
proteins (11).

We compared the results of affinity chromatographic separ-
ation and colorimetric determination of bovine GHb. The values,
given in percentages, are summarised in Table I. The slightly

higher mean of the affinity chromatographic determination is
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Fig. 2. Isoelectrofocusing of bovine and human hemolysates and a typical densitogram.
Thin-layer polyacrilamide gel containing beta alanine, pH gradient 6-9 by
Ampholyne



Table I. Determination of GHb in ten cattles by affinity
chromatography and colorimetry. Correlation of
the values between the two methods: r = 0.07

Glycohemoglobin %

No. Affinity Colorimetry
chromatography TBA reaction
§ 8 2.60 2.50
2l 2.90 272
e 2«31 2.25
4. 182 1.94
5 2362 2,55
6is 2570 2...60
7 2.80 2435
8. 2.65 2.65
9 3,45 2.85
10 2.50 217
mean 2.63 2,45
S.«Ds 0.4 027
oD at 415 rmm 0 000Q
e H
7’ 4 el
/
i/ 1
/
I
!
] = 5y
Q g
’ 4 il Iz
ol
/ o\ﬁ 0B OO ”DJ Lkv“m
1] T 1 1
& = 10 15 o Fraoctiom

Fig. 3. Elution profile of a bovine hemolysate on CM-Sephadex
C-50. Column 1.6 cm i.d., bed height 10 cm, gradient
elution with buffer A (10 mM sodium acetate/acetic acid,
PH 5) to buffer B (100 mM NaOH containing 500 mM NacCl;

0 to 100 %). Fraction volume 5 ml
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perhaps due to the binding affinity of the Schiff base form
(Pre HbAlc) to the immobilised boronic acid matrix.

The elution profile of the hemolysate on the CM-Sephadex
C-50 column can be seen in Fig. 3. The first peak appeares
immediately at the start of the elution. Subsequently, by the
increasing of both the pH and pI of the buffer a large colored
fraction (HbAO) was eluted. The proteins of the first peak
cannot bind to the cation-exchange gel because its electric
charge is decreased because of glycolisation. In this separation
we could not distinguish among the GHb-s (HbAla, HbAlb, HbAlc),
but because HbAlc is the major component among the minor
fractions, this would be, according to our opinion, not so
important. The column chromatographic techniques are relatively
time consuming in the case of the mini-column methods also.
Therefore we have developed a batch chromatographic separation
of GHb, as described in details under the methods. This proved
to be a quick and reproducible technique.

The results of bovine GHb measurement are presented in a
distribution diagram (Fig, 4). The normal ievel of the bovine
GHb is near to 2.5 % of the total hemoglobin. This is half of
the human value (4.5-6.5 %) (9, 12). The life span of human and
cattle red blood cells is similarly 120 days. The explanation
of the lower bovine GHb concentration is the lower blood sugar
level of the ruminants.

In cattles the physiological blood sugar level is one-third
(1.6-3.3 mmol/l) of that observed in other mammals. This is a
phylogenetical property, originating from the carbohydrate
fermentation in their rumen. For this reason, when the pathways
of the blood sugar producing glyconeogenetic steps are hindered,
the quantity of ketone bodies increases easily. This develops
a keto-acidotic status, the so-called ketosis (2). The ketotic
animal loses the appetite, and its milk production decreases.

Ketonuria is an indicator of the intensive ketone body
production. This condition is formed if the easily oxidable
blood sugar is not enough for the energy production needed for
the metabolism. Ketonuric cows have significantly (<5 %) lower
GHb level than non ketonuric cows (Fig. 4). This result indi-

cates that their blood sugar has been in the lower range in the

36



FREDUEHDY oy 497

152 jj

Fig. 4. Distribution diagram of the glycohemoglobin content
of bovine samples. A: Cows without ketonuria (n=125,
x=2.39, s.d.=1.03); B: Cows with ketonuria (n=36,

x=2.18, s.d4.=0.73); (p<0.05)

last two months. The lower GHb level of cows with subclinical
ketosis (ketonuria) proves the energy-defficiency of weeks

before.
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INTRODUCTION

The advent of high-performance liquid chromatography
{HPLC) opened new possibilities for the study of food consti-
tuents. The use of this technique can result in faster, simple
and perfect analysis of complicated samples like carotenoids,
organic acids and carbohydrates.

Separation and identification of tomato fruit pigments
were achieved by thin-layer and column chromatography with
different adsorbents and (1-5) eluents. These chromatographic
systems were not so accurate and convenient to be used as
analytical methods for the determination of both the micro
and macro constituents. Moreover, oxidation and isomerization
take place during the separation process since colour sub-
stances are very sensitive to light, oxygen and some organic
solvents. Zakaria et al. (6) developed a new HPLC method to
isolate carotenoid pigments from tomato fruits using several
stationary phases with chloroform in acetonitrile at different
ratios, as the mobile phase. Attention was paid only to a- and
B-carotenes and lycopene in tomato fruit samples saponificated
before analysis. In previous work tomato fruit pigments were
separated on Chromsil C18 column with acetone water as the
mobile phase (7). The use of acetone with Chromsil C,g was
very harmful and oxidation of the pigments could not be
avoided.

Determination of organic acids in fruits and vegetables

was carried out by several chromatographic techniques
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including paper chromatography (8-9), gas chromatography (10)
and liquid chromatography (11, 12). These methods may lack
specificity, may be time-consuming or may require derivatiza-
tion of the acid before analysis. Recently, HPLC methods have
been used for the rapid specific and direct determination of
organic acids in food products. However, these techniques were
either specific for the determination of one organic acid such
as e.g., citric (13) and ascorbic acid (14) or require derivati-
zation before analysis (15).

For the past several years gas chromatography and, more
recently, HPLC have been used for the determination of sugars
in foods. HPLC separation and detection of soluble carbo-
hydrates have been developed with many advantages (16, 17). The
application of HPLC systems for the determination of sugars in
some food products is satisfactory and gives accurate results
(18, 19). These methods are used in both basic research and
industrial operations.

The objective of this study was to develop and apply HPLC
methods for the separation of coloured substances, organic
acids and carbohydrates and to follow their metabolic pathways

during the ripening stages of tomato fruits.

EXPERIMENTS

Tomato fruits (Lycopersicum esculentum var ventura) at
different stages of ripening were obtained from experimental
fields of the Chemistry Department, University of Horticulture,
Budapest. The fruits were directly stored at refrigeration
temperature after harvesting.

Tetrabutyl ammonium hydroxide was purchased from Sigma.
Sugar standards were from Supelco; organic solvents, citric
acid, tartaric acid and malic acid were from Reanal. Other

organic acids were from Sigma.



Sample preparation methods

Pigment solutions. Four tomato fruits were cut into small

pieces and 10 g samples, in duplicates, were disintegrated in a
mortar with quartz sand and homogenized in 30 ml methanol. The
initial homogenate was filtered through a funnel containing a
piece of cotton. The residues were recovered for extraction by
mechanically shaking with 60 ml of 4:2 carbon tetrachloride -
methanol for 30 minutes at room temperature. The pigments
soluble in the first methanol fraction were recovered by shaking
the methanol fraction with 30 ml of carbon tetrachloride and
let to stand for 5 minutes; then the lower carbon tetrachloride
fraction was separated with a separatory funnel and remixed
with the carbon tetrachloride-methanol extracting mixture.
After mechanical shaking the organic lower phase was separated
by a separatory funnel and dried on anhydrous sodium sulfate.
The solvent was removed under vacuum in a rotary evaporator at
ambient temperature. The solid material was redissolved in a
suitable volume of the HPLC eluent with a minimal volume of

chloroform.

Samples containing organic acids and soluble carbohydrates.

Twenty grams of tomato fruits (random sample) were disinte-
grated in a mortar with quartz sand and homogenized with 40 ml
of 2 % metaphosphoric acid. The initial homogenate was mechani-
cally shaken at ambient temperature for 30 minutes and
filtrated through a filter paper (Rundfilter MN640 d). The
clear filtrate was stored in a refrigerator (4°C) for the
determination of the organic acid and in a freezer (—20°C) for

carbohydrate analysis.

HPLC methods

Pigment separation. A Beckman series liquid chromatograph

equipped with a Model 114 M pump, a Model 340 organizer fitted
with a 20 ul sample loop, a Model 420 controller and a Model
165 variable wavelength detector was used. The detector signal
was electronically integrated by a Shimadzu C-R3A integrator.
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The pigments were separated with a 250 x 4.6 mm i.d. column
packed with Chromsil Cig 10 um particles. A 39:57:4 mixture of
acetonitrile-isopropyl alcohol-water and a 9:1 mixture of
acetone-water were used as the mobile phase, at a flow rate of

1 ml/min. The separated pigments were detected at 438 nm.

Organic acid separation. The same liquid chromatograph as

described above was used. The standards and the organic acids
in the tomato fruit were separated on a 250 x 4.6 mm i.d.
column packed with LiChrosorb C18 (10 ym) using 0.75 nM tetra-
butyl ammonium hydroxide in 97.5:2.5 0.01 M KHZPO -methanol as

4
the mobile phase, at 1 ml/min. Detection was done at 225 nm.

Separation of carbohydrates. A Liquochrom 2010 series

liquid chromatograph equipped with a Model 312 Liquopump (Labor
MIM) a refractive index detector (KNAUER) and a Model OH-814/1
potentiometric recorder was used. The sugars were separated

on a 250 x 4.0 mm i.d. column containing LiChrosorb NH2 (S qim)
using 8:2 acetonitrile-water as the mobile phase, at 1 ml/min
and 50°C.

Peak identification

Ldentification of tomato fruit pigments was based on the
retention times and was compared with available standards such
as B-, t-carotene and lycopene. Since retention times alone
are not sufficient for accurate identification, stopped-flow
visible spectra of the chromatographic peaks were also obtained
using the scanning system of the Beckman equipment. The maxima
between 300-700 nm of each compound were compared with
literature data (20-23).

The peaks of organic acids and sugars were identified
according to the retention times in comparison with the
standards as well as by co-chromatography with the standards.
Direct scanning of the organic acid peaks was also achieved

between 200-300 nm for both standard and sample organic acids.
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RESULTS AND DISCUSSION

Separation of pigments

Acetone has been used as the mobile phase for the separa-
tion of carotenoids of plant origin in reversed-phase C18
(24-25) . However, the use of acetone with C18 adsorbent was
found to have many disadvantages: (a) It loosens the C18 phase
causing a decrease in the separation ability; (b) in the
presence of acetone many coloured substances are strongly bond
on the functional group of the adsorbent; and (c) it promotes
oxidation of some pigments during the separation process.

The changes in the retention times of many pigments from
tomato fruit after several injections into a Chromsil C18
column eluted with 9:1 acetone-water can be seen in Table I.

It was found that the retention time of some pigments such as
lutein increased while the retention times of lycopene violet
xanthophyll and B-carotene decreased when acetone-water was used
as the mobile phase. Unstability of the capacitiy factor with
acetone elution necessitated the use of a new mobile phase for
the HPLC separation of pigments with a minimal harmful effect
on the C18 column. Therefore, many eluents having similar pola-
rity as acetone-water have been applied for the separation of
tomato fruit pigments. Among several eluent mixtures 39:57:4
acetonitrile-isopropanol-water was found as the best for this
purpose. Stability of retention times, a capacity factor range
of 1.07-10.24 and short elution time are some of the advantages
of this mobile phase (Tables I and II).

The different pigments were identified at different stages
of ripening of the tomato fruit by direct scanning of the
absorption maxima of each pigment separated on C18 column with
the new mobile phase and comparison with values published in
literature. This method is rapid and solves the problem when
two components have the same retention time but appear at
different stages of ripening such as pyropheophytin B and violet
xanthophyll which differ in their absorption spectra.

Application of the newly elaborated HPLC system to the
simultaneous fractionation of tomato fruit pigments resulted

in an additional information about the nature of the pigments
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Table I. Change in retention time of some pigments
during several injections

No Acetone-isopropanol-water Acetone-water
injec- 39:57:4 91
Bion [ tein violet Iycopene & -  Iutein Violet Lycopene  f-
xanthoph Carotene xanthoph Carotene
Retention time (minutes) Retention time (minutes)

5 4.47 5.60 T+57 10,240 4.1 746 12:.56 17.2
10 4.45 5.61 7.59 10.244 4.22 7.45 12.16 17.0
15 4.45 5:59 7+63 10523 4.36 6.88 12.08 16.75
20 4.45 54161 7.58 10.25 4.42 6.75 1.1.+9 1655
25 4.48 5462 7+62 10527 4.49 6.5 1175 16,44

A* +0 .03 +0.03 +0.06 +0.03 +0.39 -0.43 -0.81 =-=0.8

A*The difference between maximum and minimum retention time
after 25 injections

Table II. Retention time (tgr) and capacity factor (k')* of
tomato fruit pigments separated by HPLC

Pigments** Acetone-isopropanol-water Acetone-water
| 1
tr k tr k
Zeaxanthine 3«72 1.07 3.06 0.63
Lutein 4.47 1.50 4.1 120
Chlorophyll B 5.08 1483 5478 2.05
Violet xanthophyll 5.60 2,11 7 .02 2.74
B-Pyropheophytin 5.9 2.30 7.6 8.0
Lycopene TB7 2 ) 12.56 5.6
cis Neurosporene 8.15 3.85 1305 5.9
Neurosporene 8.76 3.85 13.66 6.2
g-Carotene 10.24 4.7 L7 2 8.05
Rt
* k' = € where tO = retention time of the solvent.
o

Zeaxanthin, lutein, chlorophyll B, pyropheophytin and cis
neurosporene were found in green fruits, whereas., violet

xanthophylls, lycopene, neurosporene and B-carotene were

found in orange and red fruit.
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and their metabolic changes during the stages of ripening. Among
several pigments zeaxanthin, lutein, chlorophyll B pyropheo-
phytion B, neoxantin, lycopene, neurosporene, and B-carotene
were separated and identified (Fig. 1). The peak at a retention
time of 9.6 min was found to have two areas of visible spectra,
the first at 405 nm and 652 nm while the second was at 470 nm,
503 nm and 534 nm. These maximum values are due to a chlorophyll
derivative and carotene isomers, so, this peak may be due to
chlorophyll-carotenoid complex which disappears when the fruit
becomes yellow.

Biosynthesis of carotenoids in tomato fruits was found to
start with the conversion of chlorophyll to pyropheophytin
followed by accumulation of cis-neurosporene. Disappearance of
cis-neurosporene was accompanied by the accumulation of neuro-
sporene and lycopene in yellow fruit indicating that isomeriza-
tion reaction of cis ‘to trans neurosporene was necessary for
the subsequent development of red pigments. The proposed reac-
tions of the first steps of chlorophyll discolourisation
includes conversion of chlorophylls to pyropheophytins followed
by rapid deamination reactions leading to accumulation of
phytoene and phytofluene. The next steps are the same with the
general scheme of carotenoid biosynthesis shown in Fig. 2 with
the exception that cis-neurosporene accumulated at the beginning
of chlorophyll decolourisation phase followed by the appearance
of trans neurosporene indicating that isomerization of cis to
trans form is required for the development of yellow and red
pigments.

Effect of titavit treatment (spraying the plant twice with
Titanium ascorbate) on the biosynthesis of carotenoids is also
shown in Fig. 3. The treatment caused an increase in the rate
of biosynthesis of the yellow and red pigments at the first
stages of ripening but, at the final stage the lycopene
content on the treated fruits was lower than of the control
samples. On the other hand the f£-carotene content of treated
samples was three times higher than of the control fruits. These
observations led to the suggestion that titanium affected the
biochemical pathway of carotenoid synthesis at several points
as shown in Fig. 2. The effects of titanium on pigment bio-

synthesis can be summarized as:
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(a) The treatment promotes biosynthesis of pyropheophytion in
green fruit.

(b) Conversion of cis-neurosporene to neurosporene and then
to lycopene was faster in treated fruit at the first stage
of ripening.

(c) At the final stage of ripening lycopene biosynthesis was
disturbed to some extent in treated fruit with high

increase in neurosporene and B-carotene concentration.

These results indicated that titanium treatment disturbed
the dehydrogenation of neurosporene to lycopene and/or promoted
the cyclization of lycopene to g-carotene at the final stage

of ripening.

Determination of organtc actids

In a previous work Biacs and co-workers (26) elaborated
a new ion-pair chromatography system for organic acid separa-
tion. In this system tetrabutyl ammonium served as the coupling
ion and phosphate as the counter ion. The separation was
improved by increasing the concentration of the coupling ion
and adding methanol to the eluent. Application of this system
for organic acid determination in tomato fruit and following
their metabolic pathways resulted in rapid, accurate and also
specific determination without any derivatization. Capacity
factor and retention time of several organic acid standards are
shown in Table III.

Figure 4 illustrated a typical chromatogram of organic
acids in mature, green and red tomato fruits. The first two
peaks are a mixture of unidentified water soluble compounds
which were unretained on the column. These are followed by
glucorunic y-lacton, an organic metabolite of ascorbic acid
biosynthesis, ascorbic acid, iso-ascorbic, malic, tartaric,
isocitric, citric, oxalic, fumaric, gallic and an unidentified
aromatic acid. Aromatic and ascorbic acids strongly absorb at
225 nm and even although their peaks in the chromatogram are
large, the actual amount present is smaller than that of other

acids such as citric, tartaric and malic which appear as small

48



6v

Peak Peak

:::3% T area 1103
801 LUTEIN VIOLET XANTHOPHYL NEUROSPORENE LYCOPENE B-CAROTENE 1000
F el
1
|
I
-
) i
= I
£ 401 : —_ r500
o i
v |
Y s | |
—
80 — 1000
L_W —
] —
: b
>
EAO 500
=
GY O R G Y O R G Y O R G ¥ O R G ¥ OR

RIPENING STAGES

Fig. 3. Changes in the concentration of the major pigments in tomato fruit during
ripening. G = green, Y = yellow, O = orange, R = red



0S

i 2
1
g 7
.
4 -
E -
‘ H
o Green fruit a Red fruit
Fig. 4. HPLC chromatograms of organic acids extracted from green and red ripe tomato.
1 = Glucorunic-y-lacton, 2 = Ascorbic acid, 3 = Malic acid, 4 = Tartaric acid,
5 = Tsocitric aecid, 6 = Suecinie acid, 7 = Citrie acid, 8 = Oxalie aecid,
9 = Fumaric acid, 10 = Gallic acid



Table III. The retention times (tgr) and capacity factors (k')
of organic acids

Name tr k'
Glucoronic acid y-lactone 3.34 0.7
Galacturonic acid 3.66 0.87
Glycolic acid 4107 1.: 22
Chinic acid 4.21 X4
Shikimic acid 4.27 1:18
Glucoronic acid 4.44 1.26
Ascorbic acid 4.67 138
Formic acid 4.81 1.45
Iso-ascorbic acid 4.96 1863
Acetic acid 5.03 157
Lactic acid 532 17l
Malic acid 5:./86 1..98
Tartaric acid 6.66 2+39
Iso citrie acid 7.34 2.74
Succinic acid 8. 1:5 315
Propionic acid 9.54 3.87
Citrig agid 114592 5.08
Oxalic acid 12 .89 5.88
Malonic acid 13.80 6.04
Fumaric acid 14.64 6.48
Oxalacetic acid 1672 7453
Gallic acid 18.64 8.51
Isovaleric acid 19:79 O .

peaks. Green tomato fruit contains large amount of glucuranic

yYy-lacton and small amount of ascorbic acid. The amount of

glucuronic y-lacton then decreased with a high increase in

the ascorbic acid content indicating that glucuronic y-lacton

is an intermediate of ascorbic acid biosynthesis in tomato

FruLts

These results show that tomato fruit contain mainly

citric, tartarie,

acid (Table 1IV).

ascorbic,

succinic,

ilso-elitriec and oxalic

51



Table IV. Organic acid content of the tomato fruit at
different stages of ripening

Concentration of organic acid in the

Organic tomato  mg/100 g

i Green Yellow Orange Red
Ascorbic 1:27 42.35 28.8 193
Malic 236 1505 20.63 23.14
Tartaric 41.9 60.4 1027 1836
Suceinie 9.4 93,2 157 68.8
Isocitric 17 126 29.4 32.6
citrie 1555 824 693 604.4
Fumaric 0.35 0.14 none none
Gallic 1.12 0.345 none 0.22

At the final stages of ripening the ascorbic acid content
decreased as a result of oxidation, therefore, the maximum
amount of vitamin C could be found in yellow fruit (Fig. 5).
The technologically most important acid of tomato fruit is
citric. The concentration of citric acid was high in green
fruit then decreased with the development of ripening. Other
organic acids of tricarboxylic cycle exhibited the same
behaviour except tartaric and some unidentified acids which
slightly increased. Unlike in sweet potato (27) the inverse
correlation between citric and malic acid has not been
observed. Being stable at low level malic acid was believed
to be the precursor of sugar synthesis in tomato fruit.

HPLC investigation of the organic acid content of tomato
fruit resulted in a new information about the effects of
Titavit treatment on the biochemical pathways of some organic

acids. These effects could be summarized as:

(a) In general Titavit treatment increased the concentration
of most organic acids in tomato fruit.

(b) Unlike in control samples the concentration of fumaric
and oxalo-acetic acid increased in Titavit-treated fruits
revealing that titanium activated the succinic acid de-

hydrogenase enzyme (Fig. 6).
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(c) At the final stage of ripening ascorbic acid oxidation in
titavit-treated fruits was lower than in the control
samples.

(d) Titavit treatment promoted the biosynthesis of some aroma-

tic acids.

These results are of nutritional and technological importance
since, as a result of titativ treatment, a significant in-
crease was estimated in the ascorbic and citric acid content

of tomato fruit.

Determination of soluble carbohydrates

Detector response to all sugars tested was linear in the
concentration range of 0.1-10 %. The variability in the
fructose, glucose and sucrose concentration was found less than
2.52, 1.94 and 0.8 % respectively among several injections of
the same sample. The detection limit of the system was as low
as 0.1 ¢ of each sugar.

The extraction method used for organic acids was also
appropriate for sugar extraction and no specific procedure
was necessary since organic acids and other impurities are
not detectable when refractometric detector is used.

Figure 7 illustrates a typical chromatogram of sugars
separated from ripe tomato fruits. The major sugars, fructose
and glucose, eluted within 6-8 minutes followed by sucrose
which was detectable only at the first stages of ripening.

The presence of fructose, glucose and also sucrose
indicated that the biosynthesis of monosaccharides started
through sucrose inversion and other metabolic pathways during
the biological ripening of the tomato fruit. As the amount of
inverted sucrose is not parallel with the amount of glucose
and fructose formed during the ripening process, sugar bio-
synthesis may involve the inverse correlation with some organic
acid like malic, as mentioned before.

Clucose concentration decreased when the fruit became
yellow, whereas the fructose concentration increased (Fig. 8).

This indicates that the conversion of chlorophylls to yellow
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and red pigments required glucose exhaustion as energy source.

Inversion of sucrose to fructose and glucose was faster
in Titativ-treated fruits leading to a higher accumulation of
invert sugars in comparison with the control samples. During
the ripening process of Titavit-treated fruits the subsequent
development in carotenoid biosynthesis (in orange fruit)
exhausted much fructose. This abnormality in energy require-
ment supported the suggestion that the normal biosynthesis of
red carotenoid has been affected and disturbed by the Titavit-
treatment.

During freeze-storage for 6-months sugar exhaustion for
energy supply was also much more in the control fruit than
in Titavit-treated fruit. This observation indicated that the

Titavit treatment improved the storage stability of tomato

fruits.
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NEW ADVANCES IN CHIRAL STATIONARY PHASES - A REVIEW
J. BOJARSKI

Department of Organic Chemistry, Nicolaus Copernicus Academy
of Medicine, Krakdéw, Poland

Chromatographic separation of enantiomers is a relatively
young but quite active and broad research field.

During the 1985 Budapest Symposium I have discussed this
subject with a special emphasis on its pharmaceutical applica-
tions (1). Now I would like to be more specific and concentrate
on the advances in the field of chiral stationary phases which
are used for the direct resolution of optical isomers.

There are many excellent reviews on the chromatographic
separations of racemates, discussing among others the direct
methods of chiral separation by gas chromatography (2-6) and
liquid chromatography (2, 4, 5, 7-12), using different types
of stationary phases. The present paper will be limited to the
results published in the last two years, with special attention
to phases used in high-performance liquid chromatograohy.

In my opinion, the greatest breakthrough during this time
was the commercial introduction of different chiral stationary
phases and their availability for the chromatographic resolu-
tion of enantiomers of different types of compounds.

Historically the first, introduced even earlier, were
columns filled with stationary phases developed by William
Pirkle of the University of Illinois. Their chiral selectors
were the 3,5-dinitrobenzoyl derivatives of D- and L-phenyl-
glycine and L-leucine bonded to the silica support by the ami-
nopropyl spacer with covalent (Fig. 1.) or ionic linkage.
Manufacturers from the United States (Regis, J.T. Baker),

Europe (Serva), and Japan (Sumimoto) distribute various types
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of these phases for analytical and preparative purposes.

Until recently these phases were the most popular and
their use is widely documented in the literature. In addition
to the pharmaceutical applications mentioned previously (1)
additional examples include the resolution of enantiomers of
amphetamine (13), N-acylated heterocyclic amines (14), hydroxy
derivatives of polycyclic aromatic hydrocarbons (15, 16),
phosphine oxides (17), 2-carboxyindoles and N-aryl-g-amino
esters (18), ephedrine and related compounds (19), g-naphthyl-
carbamate derivatives of pharmaceutically important amino
compounds (20), primaquine and its metabolites (21), a new
antidepressive compound with cyclopropane moiety (22) and
methamphetamine (23).

Recently new stationary phases developed by Pirkle (Fig.
2.) were introduced by Regis Chemical Co. Their chiral cores
are D- and/or L-naphthylalanine and naphthylvaline (24).
Columns containing these phases separate efficiently the
dinitrobenzoyl derivatives of amide, carbamate and urea types
obtained from amines, amino acids, alcohols and thiols by an
appropriate derivatization with 3,5-dinitrobenzoyl chloride
or 3,5-dinitrophenyl isocyanate (24).

Daicel Chemical Industries Ltd. offers different chiral
columns based on poly(triphenylmethyl methacrylate) (Chiralpak
OT and OP), cellulose derivatives (Chiralcel OA, OB, OC, OE
and OK) and ligand-exchange stationary phases with amino acid-
copper complexes (Chiralpak WH and WM). The chemical structures
of Chiralpak (+)OT and (+)OP are shown in Fig. 3.

These stationary phases owe their chirality and recogni-
tion properties to the helicity of the polymer. Recently
published papers of Okamoto et al. (25, 26) give a deeper
insight into their properties, application range and also
provide references to earlier studies. Applications of (+)poly
(triphenylmethyl methacrylate) to optical resolution of some
stilbestrol analogues (27) and 10,10'-dihydroxymethyl-9,9'-
biphenanthrene (28) have also been reported.

Chiralcel stationary phases (Fig. 4.) are differently
modified ether or ester type cellulose derivatives bonded to

macroporous silica. Their synthesis and performance were
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described in 1984 (29) and recently Wainer et al. reported
successful resolutions of enantiomers of amides (30) and sulfur
compounds (31) on these phases. Manufacturer's brochures
provide further examples of separations of enantiomers on
Chiralcel and Chiralpak packings (32).

Among other commercially available chiral stationary
phases we can list Cyclobond I, which has g-cyclodextrin
covalently bonded to silica gel, distributed by Advanced
Separation Technologies Inc. (USA). A similar phase is also
distributed by Serva. This phase was synthesized by Armstrong

(33, 34) and several studies have been published on its use for

64



the separation of enantiomers of dansyl derivatives of amino
acids (35), drugs (35, 36), metallocenes (37) and binaphthyli-
dyl crown ethers (38). A significant improvement was recently
announced in the columns containing this phase (39) but closer
experimental details have not been disclosed.

Enantiopac and Resolvosil columns, manufactured by LKB
and Macherey and Nagel, respectively, represent chiral station-
ary phases with the support coated with proteins. These phases
are classified as "affinity phases" (40) because their separa-
tion mechanism is based on the principle of biocaffinity, and
as such, strongly depends on several factors which influence
the protein structure and function, including the temperature,
PH, ionic strength and concentration of the organic modifier in
the mobile phase.

In the Enantiopac column the protein is al—acid glycopro-
tein (orosomucoid), broadly investigated by Hermansson (41) and
others (42) for the analytical and pharmaceutical applications
in the chiral separation of different drugs.

Bovine serum albumin is a chiral selector in the Resol-
vosil column, designed on the basis of studies of Allenmark et
al. (43). Many compounds, mainly of biochemical and pharmacolo-
gical interest, were successfully resolved on this chiral phase
(44-46) .

Macherey and Nagel also offer Nucleosil Chiral-1 stationary
phase (Fig. 5.) which separates enantiomers according to the
principle of chiral ligand exchange chromatography (CLEC).

The immobilized complex of hydroxyproline and copper can
resolve racemic mixtures of several amino acids.

The stereoselectivity of the chiral stationary phase
consisting of (2S, 4R, 2'RS)-4-hydroxy=1-(2'-hydroxydodecyl)
proline-copper complex is also based on CLEC (47). This phase
covers the reversed-phase type silica gel and forms a thin
layer on the chiral plate, used for the thin-layer chromato-
graphic separation of enantiomers. The resolutions of enantio-
mers of amino acids (48), L-DOPA (49), penicillamine derivative
with thiazolidine structure (50), methyldopa (51) and stereo-
isomeric dipeptides (52) are examples for such separations.

The same manufacturer also distributes cross-linked acetylated
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cellulose for chiral separations.

Supelco, Inc. introduced a chiral stationary phase under
the name Supelcosil LC-(R)urea. Its structure is given in
Pig. 6.

The manufacturer claims good resolution for racemic mix-
tures of phenylhydantoin-type derivatives of amino acids (53).
Phases synthesized by 0i et al. (54-57) are among the chiral
phases distributed by Sumimoto Chemical, Osaka, Japan, under

the name of Sumipax with different designations. Typical
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examples of the chemical structures of these phases are shown
in FPig.s 7.

Similarly to the phases developed by Pirkle the chiral
recognition and separations on these phases are also due to
hydrogen bonding, m-m, dipole-dipole and steric interactions.

For those who are seeking for a practical guide among
different commercially available chiral stationary phases, the
recent review by Ddppen et al. (40) may be of excellent assis-
tance. "It gives some information about the recommended
eluents and also about the compatibility with achiral phases
for column switching. Special hints and possibilities for
preparative separations are mentioned" as well (40).

Although the choice among different, commercially avail-
able chiral stationary phases seems to be rich, there is a
constant effort to design new chiral phases with better
properties for the optical resolution of different groups of
compounds. The factors contributing to this evolution are
easier and more efficient synthesis, lower cost and broader
access to the starting materials. A brief review of these
studies will be given below, using the classification of phases
based on their separation principles, as proposed by Dippen et
al. (40).

LIGAND EXCHANGE PHASES

The ligand exchange phase used for the preparation of
Chiral-plate was also employed in HPLC for the determination
of the enantiomeric purity of D-penicillamine, an important
pharmaceutical product (58).

Audebert and coworkers investigated a new, optically
active phase (Fig. 8a) which is a copolymer of acrylamide and
vinylpyridine monomer substituted by L-proline moiety. This
phase was coated on silica and complexed with cupric ions.
The packing has been tested for the separation of amino acid
enantiomers and compared with another packing of this type
with the chiral phase shown in Fig. 8b (59, 60). In general,

the separation factors were higher for the former chiral phase.
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Fig. 8. Stationary phases of Audebert et al. (59)
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Another chiral stationary phase with (+)L-tartaric acid
bonded to the silica support via 3-trimethoxysilylpropylamine
was used for the determination of enantiomeric catecholamines
by CLEC (61).

Glibitz (62) studied the application of chiral stationary
phases of the general type shown in Fig. 9. where the appropri-
ate chiral ligand, able to complex metal ions, is bonded to the
silica via 3-glycidoxypropyltrimethoxysilane. Those ligands
represent mainly amino acids, such as L-proline, L-hydroxy-
proline, L-valine, L-histidine, L-phenylalanine, but also
diamines (L-propylenediamine), amino alcohols (L-ephedrine) and
hydroxyacids (L-tartaric acid). These phases were used for the
resolution of enantiomers of amino acids and their derivatives,
glycyl dipeptides and hydroxy acids (62).

One of the phases of Gilibitz, that with L-proline as the
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chiral ligand, was prepared directly by on-column synthesis and
utilized for the resolution of some aromatic a-amino acid
racemates. Grierson and Adam claim a reasonable stability of
this column, good peak symmetry and selectivity with a reason-
able degree of efficiency (63). In all these studies the tempe-
rature, pH and mobile phase composition were varied for optimi-
zation purposes.

The so-called "clay chromatography", studied by Yamagishi,
where the chiral stationary phase is A-Ru-tris(1,10-phenantre-
throline)2+ on montmorillonite, seems to separate also enantio-

mers of some aromatic compounds according to the CLEC principle
(64-65) .

HELICAL POLYMER PHASES

Polymers which posses the property of helicity such as
e.g., poly(triphenylmethyl methacrylate) or cellulose, may
resolve enantiomers due to their steric fit between the layers
of the helix.

Cellulose derivatives and other polysaccharides are exten-
sively studied as potential or already used chiral stationary
phases. An excellent survey of these studies appeared recently
in the Journal of Liquid Chromatography (66).

Triacetylcellulose seems to be the most frequently used
material of this type (67). The preparation of the silica
support coated with this phase was reported by Okamoto et al.
(68) , while the separation of enantiomers of a trial drug
oxindazac (69) and other drugs (7) or polychlorinated biphenyls
(71) exemplify its usefulness.

Francotte and coworkers (72) studied the influence of the
supramolecular structure of cellulose triacetate and found that
heterogeneously acetylated cellulose is the only form of cellu-
lose triacetate which is able to resolve a broad variety of ra-
cemic compounds. The crystal structure of this polymer has an
important impact on the chiral discrimination ability.

Mannschreck et al. (73) described preparative separation
on triacetylcellulose with an optimization of the particle size

and column loading and a use of axial compression of the column
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to shorten the time of separation. Applications of tribenzoyl-
cellulose (68, 74) and different phenylcarbamate derivatives of
polysaccharides (75, 76) as chiral stationary phases were also
reported.

Native cellulose was used for the resolution of some chiral
indoles (77) and racemic 2,4-dinitrophenyl derivatives of amino
acids (78).

Although much work was devoted to the elucidation of the
mechanism of chiral discrimination of polysaccharides, their
behavior was regarded "as confusing as the case of the five
blind men and the elephant" (66). However, due to the relatively
cheap and naturally occurring raw material, we can anticipate
further research in this field and an expanding range of appli-
cations of such phases for the chromatographic separation of

enantiomers on both analytical and preparative scale.

CAVITY PHASES

The principle of separation of enantiomers on the so-called
"cavity phases" is similar to that for the helical polymer
phases, but different steric fit is required for the inclusion
of optical antipodes into more or less well-defined cavity
structures formed within the polymer matrix or inside the larger
molecules attached to the solid support. One of the examples
may comprise chiral polyacrylamides and polymethacrylamides
broadly investigated by Blaschke and coworkers (9) and used
primarily for the preparative resolution of various chiral
dxugs (70; 79) .

Similar phases (Fig. 10.) were synthesized by Japanese
investigators and represent a polyamide which has an anti
head-to-head coumarin dimer component with different substitu-
ents on and between the nitrogen atoms (80) and the polyamides
synthesized from (-)1,2-diphenylethylenediamine and dichlorides
of appropriate dicarboxylic acids (81).

Different racemic mixtures were resolved on these phases,
among others, those of benzoin, mandelamide and 2,2'-dihydroxy-
1,1'-binaphthyl.
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Cyclodextrin molecules are cyclic oligosaccharides formed
from glucose units bonded through a-1,4-linkages and designated
by o, B, and y for species with 6, 7 and 8 glucose molecules in
the toroid, respectively. The OH-groups of the glucose units
may be modified by etherification, esterification or substitu-
tion by other substituents, expanding the structural diversity
of these phases. Columns commercially available with the
B-cyclodextrin stationary phase were already mentioned.

Feitsma et al. (82) investigated the resolution of enantio-
mers of some aromatic carboxylic acids, structurally related to
oxyphenonium, a potent anticholinergic drug, by HPLC on the
B-cyclodextrin phase prepared by themselves. They reported a
success in the case of cyclohexylphenylglycolic acid and cyclo-
hexylphenylacetic acid and also evaluated the effect of the
mobile phase composition, column temperature and sample concen-
tration on the retention time and selectivity; however, the
application of these results for the analytical control in
pharmacokinetic studies seems doubtful.

A similar phase was used for the optical resolution of
mandelic acid esters (83) and effects of structural changes in
the chiral structure on the separation factors were discussed.

Modified cyclodextrins were also used as chiral phases.
6-Deoxyamino-B-cyclodextrin has been immobilized through its

epoxy glyceride group on hydrophobic gel beads (84), while the
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so-called "cyclodextrin polymers", i.e. cyclodextrins coupled
and cross-linked by appropriate di- or polyfunctional reagents,
were used as gel beads for the chromatographic separation of
enantiomers of different alkaloids (85-87).

The details on the discrimination of enantiomers on the
cyclodextrin phases are still obscure  and remain to be eluci-
dated. Although the inclusion complexation is by all means a
decisive factor, it is not the only one. For examples, it was
reported that the enantiomers of warfarin, an anticoagulant drug,
cannot be resolved on the g-cyclodextrin column (36), but their
partial resolution was accomplished by complexation with
g-cyclodextrin and subsequent chromatography on Sephadex gel
(88) .

There are also phases with chiral cavities which are
produced by the process of imprinting them inside the polymer
matrix with the appropriate chiral template molecules. After a
removal of these molecules, the chiral cavities thus formed may
discriminate between enantiomers of the same or complementary
structure. This mechanism is similar to the highly stereoselec-
tive enzyme action in biological systems. Recently published
papers give excellent examples for the preparation of these
phases (89) and the resolution of racemic mixtures of some

amino acid derivatives (90).

"BRUSH TYPE" PHASES

Finally, some "brush type" chiral stationary phases will be
discussed. The name comes from the similarity of the structures
with different chiral molecules attached to the surface of the
silica support to this well known object and was originally
given to the reversed phases, where hydrocarbon chains of
different length were attached to the silica. The previously
discussed stationary phases of Pirkle belong to this class and
his research group is leading in their synthesis and the evalua-
tion of the chiral recognition mechanism for these chromato-
graphic media.

Figure 11 represents a phase with the chiral selector

having 5-a-naphthylhydantoin structure. The structural variatons
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Fig. 12. Phases with a-naphthylalkylamine moiety

include the presence of a methyl group at position 1 of the
hydantoin ring or the presence of two methyl groups in posi-
tions 6 and 7 of the naphthalene moiety.

Figure 12 shows phases derived from a-naphthylalkylamines
(92, 93) where their moieties are bonded to the silica support
by varied length hydrocarbon spacer.

On these phases many enantiomers of amino acids and other
compounds with amino and hydroxy groups were separated after
derivatization with 3,5-dinitrobenzoyl chloride or 3,5-dinitro-

phenyl isocyanate (93-96). Analogous phases were also
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synthesized with the urea moiety between the chiral center and
the hydrocarbon spacer instead of the amide linkage (97).

It was found that two different chiral recognition
processes may be involved in the overall separation mechanism
on these phases. These processes are of a competitive character
and are based, on one hand, on the dipole-dipole stacking inter-
actions, which lead to intercalation of the hydrophobic part of
the enantiomer molecule into "the brush" of the chiral station-
ary phase, and, on the other hand, on hydrogen bonding inter-
actions of non-intercalative process. The enantioselectivity
of these processes leads in opposite directions, what may
explain some phenomena of changing the order of elution of
enantiomers of even closely related racemic compounds, depending
on their structure, which may favor the first or the second
process.

The density of the chiral "brush" on the surface of silica
gel may also influence the discrimination of enantiomers,
depending on the predominant chiral recognition mechanism
described above (94).

Besides the interactions just mentioned, other types such
as e.g., m—acceptor - gn-donor (charge transfer) bonding forces
may add to the enantioselectivity effects and therefore, one
can often encounter various aromatic moieties in the chiral
phases. Many "brush type" chiral stationary phases have been
synthesized with this principle in mind.

Figure 13 shows a phase analogous to one of the phases by
Pirkle; the only difference is in the substitution of penta-
fluorobenzoyl moiety for the 3,5-dinitrobenzoyl moiety (98).
The strong electron-withdrawing effect of fluorine atoms makes
the aromatic ring very electron-deficient and this results in
smaller capacity factors in comparison with those obtained on
a similarly loaded column prepared with Pirkle's phase and in
the higher separation factors for some racemic solutes on the
pentafluorobenzoyl phase.

tour new chiral stationary phases, with the general
structure and combination of substituents as shown in Fig. 14.,
were synthesized by Berndt and Kriliger (99) and tested for the

separation of enantiomers of isopropyl esters of N-(3,5-dinitro-

74



O\ ® O
_Si—(CH, ), - NH, 00C -C— NH-CO F
o] |

Fig. 13. Stationary phase with the pentafluorobenzoyl moiety

z R
|
o- s. (CH;),~NHCO - C —NH—COOR'
|
CH,CH,
e O oo

CHy
R'= @cn,- . (cHy)e-

Phases synthesized by Berndt and Kriiger

\

Fig. 14.

OU
0,5"(°“z)s‘ NH - CO—(‘ZH—-CH,

NH
|
CHO

Fig. 15. N-formyl-g-phenyl-a-alanine phase

75



benzoyl)-g-amino acids. Only the combinations with R being
phenyl and R' being benzy or tert-butyl proved to be useful for
this purpose.

Benzodiazepine-type drugs, camazepam and temazepam were
successfully resolved on the chiral phase shown in Fig. 15.,
constructed from N-formyl-g-phenyl-g-alanine covalently bonded
to ‘the silica gel (70).

Some brush-type phases have not only one but more chiral
centers. For the phase shown in Fig. 16., when R = phenyl,
there are two chiral centers. The phenylgylcyl moiety has the
R configuration, while naphthylethylamine component may be in
the R or S configuration. When isopropanol-hexane was used as
the mobile phase there were small differences between these
phases in the chiral discrimination of enantiomers of 3,5-di-
nitrobenzoyl amino acid esters, but these differences become
significant when dichloromethane was substituted for isopropanol
(100) . The same chiral selector, 1l-(a-naphthyl)ethylamine, was
in the chiral phases synthesized recently by Ddppen et al.(101).

Two chiral centers are also in the chiral phase designed
by Feibush et al. (102) (Fig. 17.).

This structure was carefully planned, taking into account
the possibility of hydrogen bond formation between its appro-
priate parts, such as the nitrogen atoms of the amide or pyri-
dine ring and the complementary substructures of drugs such as
barbiturates, glutarimides and hydantoins. Some racemic
representatives of these classes were successfully resolved,
thus proving the correctness of the applied approach.

Very interesting phases were reported by Rosini and co-
workers (103). A molecule of quinine, a Cinchona alkaloid,
was used as the chiral selector and they coupled it via its
vinyl group with the silica gel support through 3-mercaptopro-
pylsilane spacer. The acetyl derivative of this phase was also
prepared (Fig. 18.). These phases show enantioselectivity
toward racemic mixtures of binaphthol derivatives. The mecha-
nism of their resolution has also been proposed, taking into
account possible interactions between the chiral selector and

the selectand molecules.
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Another naturally occurring material, D-glucose, served
for the preparation of stationary phases shown in Fig. 19.

They were obtained by binding appropriately substituted
l-isothiocyanato-D-glucopyranosides to aminopropyl silica gel
(104) . Depending on the substituents in the sugar moiety, diffe-
rent enantioselectivities were observed for the derivatives of
amino acids and A-adrenoreceptor blocking drugs. It was found
that the introduction of an amide function at the C-2 atom
facilitates chiral discrimination. Even better results were
obtained after derivatization, which made possible additional
charge transfer interactions, due to the presence of the dini-
trophenyl group.

Figure 20 shows some chiral stationary phases where the
chiral selectors were substituted tartramide (105) or N-acyl-L-
valine (106) moieties. The chiral resolution on these phases
was discussed in terms of the formation of weak hydrogen bonds
with appropriate solutes.

Similar stationary phases may be generated "in situ" by
dynamic coating of silica gel by chiral reagents with L-valine
tert-butylamide moiety (106, 107) added to the mobile phase.

Chiral stationary phases built from L-valine, L-alanine
and L-proline tripeptide bonded to the silica gel were also
reported, as capable of discrimination of chiral dipeptides
(108) .

Di-n-butyl-L-tartrate coated on a solid support formed the
chiral stationary phase used for the resolution of enantiomers
of ephedrine and its analogs by ion-pair chromatography with
hexafluorophosphate as the counter ion (109).

CONCLUDING REMARKS

Let us finish this short review of recent research on the
chiral stationary phases with some general remarks and an
anticipation of the future trends. '

There is no doubt that the future will bring us other
chiral stationary phases with better properties than those
available now. However, we are just at the beginning of more
detailed studies on the mechanism of chiral recognition. At
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present we are able to understand and use it for qualitative
predictions only in rather simple cases. There is certainly

a need for broader investigations on the relationship between
the chemical structure of the chiral selectors and selectands
and the magnitude of chiral discrimination.

A quantitative approach to the problem of chromatographic
separation of enantiomers on chiral stationary phases is still
a melody of the future. However, probably the first tones of
this melody were just sounded when the recently published
papers reported the beginning of a theoretical analysis on

the different conformations of the stationary phases of Pirkle
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and on the energy changes during their interconversions (110,
111) . Quoting Lipkowitz, Landwer and Darden we can also believe
that "with the aid of molecular graphics, molecular mechanics,
molecular orbital theory and some common sense we can pinpéint
the important interactions in chiral recognition and via compu-
ter simulation help design improved versions of the chiral

surface used for enantiomer separation" (111).
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OBJECTIVES

One of the major goals in modern bioanalytical HPLC is the
quantitative detection of single compounds present in highly
complex body fluids such as blood, serum, plasma, urine, milk,
lymphatic fluid and liquor. Despite its high resolution power,
sensitivity, precision and practicability, HPLC analysis of
biological matrices is restricted by the pretreatment and
processing of an appropriate sample. Often sample preparation
represents the weakest chain segment in an analytical HPLC-
procedure as it still involves many elaborated, manually
performed and thus error-prone and time consuming work-up steps.
Thus, the goal in sample preparation should be a rapid and if
possible an automated, HPLC-system integrated procedure with a
high selectivity and specificity for the analyte. This also
implies that the recovery of the analyte should be quantitative
and that the purity of the extract should already be as high as
possible.

In order to fulfill this criteria the classical liquid-
liquid extraction methods are more and more substituted by
solid-phase extraction procedures, which use silica- or polymer-
bonded phase materials filled in disposable cartridges or
small, conventional columns. This strategy allows a sample
preparation in a manually or semi-automatically performed
off-line mode under reduced-pressure conditions or in an on-
line mode under HPLC-system internal conditions. Prerequisite

for an on-line sample clean-up is a column switching technique
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between the sample processing pre-column and a suitable analy-
tical column.

The key to obtaining high recoveries of a purified com-
pound is to identify the bonded phase that is most selective
for that compound. The selectivity of a given phase material is
determined by the different affinities of the sorbent with
respect to the compound of interest and the residual matrix
constituents. This is expressed by the different distribution
coefficients or capacity factor (k') of the analyte versus a
chemically-bonded phase and a mobile phase. Dependent from the
relative interaction energies, which occur in the corresponding
phase, the analyte will be retained at the stationary phase of
the pre-column or it moves with the mobile phase. Taking into
account the relative energy amount of the different inter-
actions (ionic, hydrogen bond, dipole-dipole, van der Waals),
the ideal interaction with the bonded phase would be a covalent
one. Prerequisite for such an ideal sample processing, however,
would be only a temporary covalent fixation. This means that a
total retention (k'>1000) of the analyte is followed by a
total elution (k'<10_3). This "all-or-nothing" or "on-off"
principal for extractive sample processing represents a special
kind of high-performance affinity chromatography (HPAC) and
can be described as digital HPLC.

Figure 1 shows the investigated biomolecules (unmodified,
modified and hypermodified ribonucleosides as well as the
parent catecholamines), the quantitation of which in body
fluids is of importance in pathobiochemistry and clinical
chemistry as these compounds serve as diagnostic marker
molecules for a variety of distinct metabolic disorders.

For affinity chromatography, i.e. digital chromatography,
the cis-diol system of these compounds was chosen as a selecti-
vity criterion, as this structural moiety reversibly forms
under alkaline conditions a cyclic diester with tetrahedral
configured boronic acid (1). This biospecific affinity ligand
was immobilized via its m—-aminophenyl derivative to various
gel supports, e.g. agarose, cellulose, polyacrylamide, and
used for the manual or partially automated (2) clean-up of
ribonucleosides (3-12) and catecholamines (13) under low
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Fig. 1. Structural formula. 1 = pseudouridine (¥); 2 = cyti-

dine (Cyd);3 = uridine (Urd); 4 = 5-amino-imidazole-
4-carboxamido-N-ribofuranoside (AICAR); 5 = Nl-methyl-
adenosine (mlAdo); 6 = inosine (Ino); 7 = guanosine
(Guo); 8 = 2-pyridone-5-carboxamido-N-ribofuranoside
(PCNR) = 1,6-dihydro-6-oxo-1-(g-D-ribofuranosyl)-3-
pyridinecarboxylic amide; 9 = N3-methyluridine (m3Urd);
10 = adenosine (Ado); 11 = Nl-methylinosine (mliIno);
12 = Nlmethylguanosine (mlGuo); 13 = N4-acetylcytidine
(ac4cyd); 14 = N2-methylguanosine (m2Guo); 15 = N2-di-
methylguanosine (m22Guo); 16 = N6—methyladenosine
(méAdo) ; 17 = N-carbamoylthreonyladenosine (tbado) ;

18 = N6-dimethyladenosine (m62Ado)
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pressure, i.e. off-line conditions.

After these sample-pretreatment steps, HPLC-analysis of
ribonucleosides and catecholamines is usually performed on
reversed-phase materials either under isocratic conditions or
in a gradient elution mode.

A methodological improvement was achieved when we
succeeded with the preparation of a m-aminophenylboronic acid-
substituted chromatography (HPAC) (14). On the basis of this
affinity material and a column-switching technique, we set up
an instrumentally-connected two column liquid chromatographic
on-line system that can be used for a system-integrated direct
clean-up and analysis of ribonucleosides (15-19) and catechol-
amines (20, 21) in protein-free fluids.

More recently, we prepared a new bonded-phase material
(patent pending) which, for the first time, allows the direct
application and subsequent on-line analysis of proteinaceous
fluids, such as serum or milk (22). The pre-column material is
a chemically modified, semi-rigid gel and allows a simulta-
neous performance of two different modes of high-performance
liquid chromatography. First, by virtue of its gel-permeation
properties, macromolecules (e.g. proteins) can be quantitati-
vely separated from the solute (SEC: size-exclusion chromato-
graphy). Secondly, by support, high-performance affinity
chromatography (HPAC) or digital HPLC of cis-diol containing
compounds can be carried out.

In cooperation with E. Merck (Darmstadt, FRG) we finally
built a fully automated and commercially available HPLC-
analyzer for ribonucleosides and catecholamines. This unique
device is distinguished by its practicability with respect to
routinely quantifying and profiling these compounds in the
biological fluids of individuals with different diseases and
thus should encourage more extensive research in the bio-

chemical as well as in the clinical field.



ANALYTICAL PROCEDURE

Instrumentation

The HPLC-analyzer is built up with modular units from
E. Merck (Darmstadt, FRG). As shown in Fig. 2 the apparatus is
composed of a L 5000 LC-controller Model (LC-C), two Model 655A-12
pumps (Pl1, P2), a Model 655A-40 autosampler (AS), a Model ELV 7000
automatic valve switching system (ASV), a Model F-1100
fluorescence detector (FD) for catecholamine analysis, a
Model 655A-22 UV-detector (UV) for ribonucleoside analysis,

a Model D-2000 integrator (I), a precolumn (PC) and an analy-
tical column (AC). For the optional use of post-column deriva-
tization the Model 655A-13 reaction-system (RS) was integrated.

In order to perform a dual-column switching technique the
pre-column and the analytical column were connected via an
automatic six-port valve, the configuration of which is shown
1in Figs 3%

This instrumental set-up allows the independent use of
the basic HPLC-system besides the dual mode. Thus, reliability
of the overall system performance can easily be controlled by
comparing the off-line (RPLC) analysis of a standard mixture
with the on-line (HPAC-SEC/RPLC) analysis of an adequate
sample.

For post-column fluorogenic derivatization of the catechol-
amines norepinephrine and epinephrine to the corresponding
trihydroxyindole derivative (cf. Fig. 5) a reaction system,
which is illustrated in Fig. 4, is placed between the analy-
tical column outlet and the fluorescence detector.

The aromatic cathecholamine ring system is stepwise
oxidized in the first knitted reaction coil to the corres-
ponding adrenoquinone (1) and adrenochrome (2) respectively
(cf. Fig. 5) by the action of a buffered ferricyanide solution
(E), which is delivered by the synchronized pump 1 (SP-1).

In order to stabilize the fluorophore generated at the
first step as well as to destroy excess ferricyanide a
reducing agent (ascorbic acid) is added by pump 2 (SP-2)
before the alkalization process (cf. Fig. 5).
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Fig. 3. Valve switching positions. Left: off-line mode;
pre-column (PC) and analytical column (AC) can be
run separately. Right: on-line mode; pre-column and
analytical column are series-connected through valve
positions 2-1-4-3. P1, pump 1; P2, pump 2; AS, auto-
sampler; ASV, automatic switching valve

The intramolecular rearrangement of the adrenochrome is
induced by NaOH in the third reaction coil. This process
generates stabile trihydroxyindole derivatives (3) with high
fluorescence quantum yield at an excitation wavelength of 410

nm and an emission wavelength of 520 nm.

Digital Chromatography

Figure 6 schematically shows the chromatographic prop-
erties of the newly developed pre-column material for the
on-line sample processing, i.e. digital chromatography of
cis-diols. The stationary phase is a chemically modified,
semi-rigid gel which tolerates pH-values from 1 to 12 and a
back pressure up to 2000 psi.

The column material allows the simultaneous performance
of two different modes of high performance liquid chromato-
graphy.
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Reaction diagram for the generation of trihydroxy-

95



HPAC
pH 8.7
REGENER - SEC
ATION
OH TRANSFER
8-OH ELUTION
= HO ) pH 3.0
R HO

Fig. 6. Chromatogravhic properties of the pre-column.
HPAC, high-performance affinity chromatography;
SEC, size-exclusion chromatography

First, by virtue of its size-exclusion (SEC) properties,
macromolecules (e.g. proteins) can be quantitatively separated
from the solute.

Secondly, by immobilizing a specifically modified phenyl-
boronic acid to the gel support, high-performance affinity
chromatography (HPAC) can be performed. The affinity ligand,
i.e. tetrahedral configured boronic acid, is capable of a pH-
controlled, i.e. reversible, covalent and thus digital inter-
action with the diol group of catechoclamines and ribonucleo-
sides by the chemospecific formation of a cyclic boronate
ester (cf« Fig. 7)«

Although the binding characteristic of boronic acid with
vicinal diols is highly selective, secondary interactions of

the bonded phase with other functional groups can cause an
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unspecific retention of sample contaminants. These interactions
(hydrogen bonding, charge transfer complexes, ion exchange
phenomena, hydrophobic interactions) have been diminished by

an optimized buffer composition, molarity and pH value. In
order to keep the elution volume of the analytes from the pre-
column at a minimum, i.e. one column bed volume, the acidic
elution buffer was optimized with regard to pH value, ionic
strength and capacity. In addition, this buffer had to serve as
mobile phase for the subsequent analytical separation of the

investigated diols.

Analysis Cycle

In principle, the desired group-selective prefractionation
and on-line clean-up of ribonucleosides and catecholamines is
carried out by a simple pH-step elution, followed by the
analytical resolution under reversed-phase conditions.

The overall on-line analysis cycle is characterized by

five discrete steps:

(1) Sample application (10-500 yl) via the autosampler in
valve-position "off-line" (cf. Fig. 3) followed by chemo-
selective binding (cf. Figs 6, 7) as well as enrichment
of the cis-diol compounds on the affinity ligand on the
pre-column (cf. Fig. 2) under slightly alkaline, i.e.
buffer D conditions ("HPAC-STEP", cf. Figs 6, 7).

(2) Simultaneous, quantitative elution of the residual matrix
constituents from the pre-column into the waste ("SEC-STEP",
cf. Fig. 6).

(3) Microprocessor controlled valve-switching into position
"on-line" (cf. Fig. 3). Quantitative, group-selective
elution of the cis-diol compounds from the pre-column
(cf. Fig. 6, 7) by acidification (buffer A) of the immo-
bilized cyclic boronate ester and simultaneous on-line
transfer in a single, narrow elution-band through position
2-1-4-3 of the valve to the top of the series-connected
analytical column ("TRANSFER-STEP").
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(4) Automated valve-switching into position "off-line" (cf. Fig.
3) and separation of the cis-diol compounds on the analyti-
cal column under reversed phase chromatography conditions
(SEPARATION-STEP) .

(5) Reconditioning of the tetrahedral trihydroxyboronyl
functionality (cf. Figs 6, 7) for a new extraction cycle
during the analytical run with the initial eluent D
(REGENERATION-STEP) .

RESULTS

The detailed experimental conditions are described for
ribonucleoside analysis in ref. (23) and for catecholamine
analysis in ref. (24).

Figure 8 represents typical chromatograms, which demon-
strate that the investigated compounds can be easily identified
and quantitated using the described analytical approach.

CONCLUSIONS

Our approach to use a coupled dual column system for the
on-line processing and trace analysis of catecholamines and
ribonucleosides succeeded in the development of the first
fully automated HPLC-analyzer for these compounds in highly
complex and even protein-containing biological matrices.

The dual column technique applied is based on a newly
developed and unique column material for digital chromato-
graphy and combines the selectivity of biocaffinity- and size-
exclusion-chromatography with the high resolution and speed of
analysis of reversed-phase chromatography.

The high analytical precision and excellent long-term
stability of the HPLC-analyzer is documented by the very low
intra- and interassay values of the coefficient of variation
for retention times and quantitation. The broad linear measuring
range covers by far the concentrations found in normal and
pathological samples.

The high accuracy, which primarily is based on the
quantitative and matrix-independent recovery of the investi-
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Fig. 8. Automated on-line analysis of free urimnary catechol-

amines with native fluorescence detection.

Sample volumes: 100 pl

Peaks: 1 = norepinephrine; 2 = epinephrine;

3 = dopamine.

(A) Standard. Concentrations: 1 = 0.0047 nmol;
2 =0.016 nmol; 3 = 0.130 nmol.

(B) Native urine. Concentrations: 1 = 0.063 nmol;
2 = 0,016 nmmol: 3 = 0.250 nmol.

(C) 24-hr urine. Concentrations: 1 = 0.056 nmol;
2 = 0.015 nmol; 3 = 0.343 nmol.

(D) Pathological urine (phaeochromocytoma).
Concentrations: 1 = 0.259 nmol; 2 = 0.293 nmol;
3 =0.161 nmol
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Fig. 9. Automated on-line analysis of free urinary, plasma and
serum catecholamines with trihydroxyindole fluorescence
detection. Peaks: 1 = norepinephrine; 2 = epinephrine.
(A) Standard: sample-volume 100 pl. Concentrations:
1 =2.78 pmol; 2 = 2.72 pmol.

(B) Native urine; sample volume 20 pl. Concentrations:
1 =7.25 pmol; 2 = 1.69 pmol.

(C) 24-hr urine; sample volume 20 ul. Concentrations:
1 = 10.81 pmol; 2 = 1.24 pmol.

(D) Plasma; sample volume 500 ul. Concentrations:
1 = 1,97 pmols 2 = 0.23 pmol.

(E) Serum; sample volume 500 pl. Concentrations:
1 =1.85 pmol; 2 = 0.25 pmol
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gated analytes, the practicability and the commercial availabi-
lity of the HPLC-analyser offer the system as a powerful ana-
lytical method for investigations in the biochemical as well as
in the clinical reasearch field.

Further applications of this method will be: (i) trace
enrichment for the structural characterization of diol-con-
taining compounds in biological fluids; (ii) small-scale
preparation of natural diol-containing compounds; (iii) inves-
tigation of disorders in catecholamine, ribonucleoside, ribo-
nucleotide and/or RNA metabolism; (iv) a non-invasive screening
test (urinary modified ribonucleosides) for cancer diseases in
humans; (v) investigation of renal reutilization processes;

(z}) therapeutic drug monitoring during nucleoside or catechol-
amine chemotherapy.
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HPLC OF SOME PEPTIDE HORMONES

M.A. CHLENOV, Yu.V. VOLGIN and G.K. KOROTAEV

All-Union Research Institute of Biotechnology, Moscow, USSR

The preparation of highly purified peptide hormones is an
important problem due to their wide application in medicine.
Reversed-phase high-performance liquid chromatography (RP-HPLC)
is presently the most popular method for the analysis and
purification of these hormones (1, 2). Mixture of acetonitrile
(MeCN) or isopropanol with acidic aqueous buffers or acid
solutions are the most widely used mobile phases in these
applications. Gradient elution using a mixture of MeCN with
aqueous 0.1% trifluoroacetic acid (TFA) is very often applied.
However, systematic studies dealing with the principles of
sorbent selection are almost absent in the literature. Various
silica-based packing materials with different porosity and
modified with hydrocarbon groups with different chain lengths
are used for RP-HPLC of peptide hormones. These sorbents are
varied in the degree of surface modification of the silica
particles and in using of end-capping processes which block
the residual silanol groups (3). Thus there are a wide variety
of packings which can be used for the analysis of peptide
hormones. Therefore it was of interest to find the most suit-
able packings for the analysis of some peptide hormones
differing in properties (pI, hydrophobLicity, etc.) and molecu-
lar weight (MW). We compared some commercial packings differing
in the aforementioned properties as well as a silica-based
packing with bonded butyldimethyl groups followed by end-
capping prepared in the USSR (4).
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The chromatographic separations have been performed with
a Millipore-Waters liquid chromatograph consisting of two
M-501 pumps, an M-680 gradient controller, a Rheodyne injector
7125, an M-441 photometer (A = 280 nm) and an M-740 computing
integrator. The injected volume of the peptide solution
(1 mg/ml in component A) was 20-30 uxl. Gradient elution in
RP-HPLC was carried out from 20% to 70% B for 30 min (A: 10%
MeCN in 0.1% TFA; B: 90% MeCN in 0.13% TFA), whereas in the
case of chromatography on silica columns from 100% to 20% B!
for 30 min. The flow rate was 1 ml/min in both cases. The
chromatographic behaviour of the following peptide hormones
was studied: porcine calcitonin (CT) comprising 32 amino
acids (AA) (pI~8.5); porcine adrenocorticotropic hormone (ACTH)
having 39 AA (pI-~7.5); human somatotropic (or growth) hormone
(STH) comprising 191 AA (pI-~5.0); and a preparation of
porcine follicle stimulating hormone (FSH) the sum of glyco-
proteins with a MW of about 30 KD (pI~4.5) also containing
albumin (MW~60 KD) .All hormones were of USSR Pharmacopoeia grade.
The following silica-based RP-packing materials were
investigated:
(1) modified by octadecyl (C-18) groups:
(1) Zorbax ODS (particle size 6 um, pore size 80 g;
duPont, USA) &
(II) Nova Pack C-18 (4 uym, 80 A, Waters, USA)
(I1II) Vydac 218 TP (5 um, 300 g, Separations Group, USA)
(2) modified by octyl (C-8) groups:
(IV) Zorbax PEP RP1l (5 uym, 120 g, duPont, USA)
(V) Silasorb C-8 (12 um, 80 2, Lachema, Czechoslovakia)
(3) modified by butyl (C-4) groups:
(VvI) Vydac 214TP (5 um, 300 R, Separations Group, USA)
(VII) material prepared by us (4) from Lichrosphere Si500
(Merck, FRG) by chemical modification (10 um, 500 g)
The following silica packings have also been studied:
(VIII) Silasorb 600 (10 um, 60 2, Lachema, Czechoslovakia)
(IX) sSilasorb 300 (10 um, 80 2, Lachema, Czechoslovakia)
(X) Lichrosphere Si500 (10 ym, 500 %, Merck, FRG)
All sorbents were investigated in columns having the same
dimensions (250 x 4.6 mm I.D.), except packings II and IV where
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the column dimensions were 150 x 3.9 mm I.D., and 80 x 6.2 mm
I.D., respectively. Packings I-IV and VI were available in
commercial columns while sorbents V, VII and VIII-X were
slurry-packed in our laboratory at 400 bar, with isopropanol
or acetone.

On the basis of literary data one can assume that all
these packings are suitable for the analysis of proteins and
peptides at the selected elution conditions (1, 2). However,
our experiments demonstrated that these sorbents exhibited
quite different selectivity for the analysis of the studied
peptide hormones. The chromatographic behaviour of three hor-
mones CT, ACTH and STH used as the model mixture (1 mg/ml of
each hormone) on various octadecyl packings is compared in
Fig. 1. The results obtained showed that sorbent I was not
suitable for the separation of large hormones under the
selected elution conditions since STH eluted as a broad peak.
The situation was similar in the case of packing II, while
sorbent III exhibited good separation of all the studied hor-
mones: the peaks were narrow and well separated. Similar
results were obtained on the analysis with these packings of
a FSH preparation, which, as can be seen in Fig. 2, is a
mixture of substances with close structure plus albumin.

Again the best separation of this mixture was achieved on the
column packed with sorbent III. As demonstrated by the analysis
of a model mixture sorbent I failed to separate the complex
mixture of close substances, while sorbent II exhibited only
partial separation of the FSH sample. Thus the nature of the
silica matrix, i.e., the property of its surface including the
degree of coverage with the hydrocarbon groups, the percentage
of residual silanol groups and, probably to the greatest
extent, the pore size of the particles have a substantial
effect on the separation of relatively large hormones. In the
case of C-18 bonded packings those which are end-capped and
have a pore size of about 300 X and moderate degree of coverage
seem to be optimal for the separation of various peptide
hormones.

It was shown earlier (5) that packings consisting of

silica modified by shorter (octyl and especially butyl) groups
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possessed some advantages in the RP-HPLC analysis of rather
high molecular weight peptides and proteins (MW>25 KD). However,
comparison of two C-8 packings demonstrated that sorbent IV
specially developed for the separation of proteins and peptides
was not suitable under the selected conditions for the analysis
of large hormones, since STH and FSH failed to be eluted from
the column. At the same time sorbent V was not inferior to
Zorbax ODS, although the column efficiency was lower due to the
12 ym particle size of the packing (Fig. 3).

The sorbents modified by butyl groups (VI and VII) appeared
to be quite suitable for the analysis of all the studied hor-
mones: this is evident from the high selectivity and efficiency
of the obtained separation (Fig. 3). It should be emphasized
that these sorbents have wide pores (300 and 500 g), which
favours a better permeability of the sorbate molecules into
pores and their interaction with the stationary phase. The good
characteristics of these sorbents for the separation of relati-
vely large hormones shown in the analysis of the model mixture,
are confirmed by the separation of FSH components (Fig. 4) where
high resolution could be observed. The FSH components were also
successfully separated also using packing V, although the sepa-
ration efficiency was a little lower.

The results obtained show that the retention of peptide
hormones depends on the nature of the RP sorbent. Thus similar
sorbents III and VI differing in the length of the bonded
hydrocarbon chain demonstrated varied retention of the same
hormones. As expected, sorbent VI (C-4) exhibited a lower
retention than sorbent III (C-18), which can be seen from the
comparison of the retention times of the same hormones under
identical separation conditions (Table I). Among two C-4
packings sorbent VII had stronger retention of the peptide
hormones as compared with VI which can be the result of the
higher degree of surface modification of the silica in the case
of sorbent VII as compared to VI. It should also be noted that
the selectivity obtained with the home-made packing VII was
not inferior to that of the Vydac type material (VI), although
the peptide peaks are markedly wider, which is connected to

the lower column efficiency, since the particle size was 10 um.
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Table I. Comparison of the retention times (in minutes) of
peptide hormones on different RP columns

I IL® TLIE \4 VI VII
ACTH 9.5 3.8 7.4 9.8 5.8 4.5
cT 22.3 19,8 20.1 237 197 20.6
STH 36.3 32.6 35:5 37.5 31.7 34.1
Albumin in FSH 24.0 21.1 215 24.5 20.9 225
FSH 17.5 15.9 16.8 20.4 16.1 17.8

*column dimensions: 150 x 3.9 mm

There are also some other differences in the retention of the
peptide hormones on the studied sorbents.

It can be concluded that the most suitable packings for
RP-HPLC of peptide hormones are wide-porous (pore size 300,500
g) silica-based materials with bonded C-18 or C-4 groups.

As it was mentioned earlier the most popular packing ma-
terials for the HPLC of peptide hormones consist of bonded-phase
silica with alkyl chains of various lengths. The possibility of
the application of unmodified silica for the separation of
these substances is considered at far less extent in the lite-
rature. It was for example shown that peptide hormones (e.g.,
human and salmon calcitonin, insulin and glucagon) can be
separated on Porasil-type sorbents under isocratic conditions
(eluent: MeCN-ammonium acetate, pH 4). However, systematic
studies dealing with the effect of the pore size and other si-
lica properties on the separation of peptide hormones are
almost absent.

We have studied the chromatographic behaviour of our model
mixture of three peptide hormones and FSH preparation on three
different silica packings (VIII). It was found that the chroma-
tographic separation of the hormone mixture can be carried out
under a gradient profile opposite to that of RP-sorbents, that
is with increased concentration of the polar component (0.1%
TFA). It was found that all studied hormones could be eluted
with this gradient (apart from FSH on sorbent VIII) from the
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column packed with unmodified silicas. It should be noted that
the retention of hormones is highly dependent on the nature of

silica (Table 2), and it is the stronger the smaller is the

Table 2. Comparison of the retention times (in minutes) of
peptide hormones on different silica columns

VIII IX X
ACTH 3.0 35 4.1
CT 28.8 20 .1 1953
STH 41.9 24.3 19.3
Albumin in FSH = 2845 2341
FSH = 3042 22.1

pore diameter of the packing. Thus the retention time of STH
changed from 19.3 min to 41.9 min when changing from sorbent X
(pore size 500 g) to sorbent VIII (pore size 60 g) while in the
latter case STH eluted as a broad peak (see Fig. 5). It should
be emphasized that the separation selectivity for the hormone
mixture and the FSH preparation in particular was much lower
than in the case of RP-packings (Figs 5, 6). For example the
FSH preparations could not be separated on sorbents VIII and

IX and only very poorly on sorbent X.

Taking into account the gradient profile, the order of
elution of hormones and the dependence of their retention time
on pore size and, therefore, on the specific surface area of
the silica, one can assume in this case the presence of parti-
tion chromatography on the hydrophilic absorbed layer formed
on the silica surface. It should be mentioned that silica
happened to be suitable for the separation of relatively low
molecular weight hormones, e.g., calcitonin. Thus sorbent VIII
could be applied to the analysis of various samples of
porcine CT.

Finally, the comparison of different packings consisting
of unmodified silica and silica with bonded alkyl groups and
used under gradient elution conditions demonstrated that the

packings with bonded C-18 and C-4 groups and a pore size of
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300 A are the most suitable for the analysis of relatively

large hormones (MW>20 KD) while bare silica can be used for

the analysis of relatively small hormones.
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At present, synthetic zeolites are widely used in the
practice of the gas chromatography as adsorbent for the separa-
tion of different gaseous mixtures and, in certain cases, also
for liquid systems. The use of zeolites of natural origin is
more restricted, although separation of some mixtures, e.g.,
oxygen-nitrogen, on these zeolites can be performed with
higher resolution than on synthetic zeolites (1). It had been
shown (1-3) that with mordenite-containing tuff of the Ratevani
deposits (Georgian SSR),with 50% =zeolite content in the rock,
there is a possibility of full separation of oxygen and
nitrogen; enrichment of the zeolite by calcium cation improves
this separation while modification by strontium or barium
favourably affects the argon-oxygen separation.

The present paper reports on the chromatographic properties
of zeolite-containing tuffs of Hungarian deposits with various
(30-81%) mordenite content in the rock and of the same mate-
rials modified by calcium, potassium and ammonium cations. The
separation of gas mixtures consisting of helium, neon, argon,
oxygen, nitrogen, methane and carbon oxide will be investigated.
Table I gives the composition of natural mordenite and of the
substances enriched in cations. Composition is expressed in
terms of oxides.

As shown by Table I, the mordenite content in rocks covers
the range of 30 to 81%. For samples A and B with low and
medium mordenite content the potassium cations are predominant;
only in samples A-4 and B-4 predominate the calcium cations
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Table I. Chemical composition of (A) natural mordenite-containing rock; of samples

enriched in

(B) calcium and (C) potassium cations, and (D) of decat

%onized

samples obtained by the calcination of ammonium mordenite, at 1,050 C

Mordenite
Samples content in Chemical composition expressed in terms of
rocks
1 30 0.58}(20; 0.17Ca0; 0.17Na20; 0.01Mgo0; A1203; l0.0SiOz; 2.7H20.
A 2 46 0.42K20; 0.25Ca0; 0.17Na207 A1203; 0.03Fe203; 9.9Si02; 3.8H20.
3 60 0.50K2O; 0.25€Ca0: 0.25Na20; Al203; 9.8Si02; 3.6H20.
4 81 0.18K20; 0.45Ca0; O.27Na207 A1203; 10.3Si02; 6.6H20.
1 30 0.58K20; 0.25Ca0; 0.08Na20; A1203; 10.OSi02; 2.9H20.
B 2 46 0.42K20; 0.42cCa0; 0.08Na20; A1203; 9.88i02; 3.9H20.
3 60 0.45K20; 0.45Cao0; 0.09Na20; A1203; 10.88102; 3.9H20.
4 81 0.09K20; 0.64Ca0; 0.18Na20; A1203; 10.3Si02; 6.7H20.




LT

Mordenite

Samples content in Chemical composition expressed in terms of oxides
rocks %

1 30 0.86K20; 0.06Na20; 0.004Ca0; 0.002Mg0; A1203; 0.024Fe20 10.OSi02;
2.1H20.

2 46 0.84K20; 0.06Na20; 0.008Ca0; 0.003Mgo0; A1203; O.O3Fe203; 10.25102;
3.4H20.

3 60 0.86K20; 0.09Na20; 0.004Cca0; 0.001MgoO; A1203; 0.02Fe203; 10.35i02;
3.0H20.

4 81 0.82K20; 0.02Na20; 0.04Ca0; 0.001MgoO; A1203; 0.03Fezo3; 10.33102;
5.5H20.

1 30 0.55K20; 0.08Na20; 0.004Ca0; 0.003MgoO; A1203; 0.03F6203; lO.ZSiOZ;
3.1H20.

2 46 0.36K20; 0.04Na20; 0.004Cca0; 0.003MgO0; A1203; 0.02Fe203; 10.lsi02;
4.5H20.

3 60 0.41K20; 0.07Na20; 0.004Ca0; 0.001MgoO; A1203; 0.03Fe203; 10.3SiO2;
4.1H20.

4 81 O.OSKZO; 0.03N320; 0.04Ca0; 0.002MgO; A1203; 0.03Fe203; 10.8SiOz;
7.6H20.




over the sodium and potassium ions. For all samples C, indepen-
dent of the zeolite content of the rock, the potassium cations
predominate over sodium, calcium and magnesium ions. In the

case of decationized mordenites (samples D) it is noteworthy
that the total sum of the oxide coefficients (except for A1203
and SiOz) is much lower than unity. This phenomenon is obviously
caused by the fact that during the calcination of these samples
at 1050°C a deammoniation takes place at the initial stage

(up to 100°), resulting in hydrogen-containing and decationized
mordenites.

Experiments were carried out under the following condi-
tions:

column length: 50-100 cm

column diameter: 5 mm

particle size of the samples: 0.5-1.0 mm

activation temperature: 300 and 450°c

column temperature: generally, room

Helium was mainly used as the carrier gas but in some
cases, neon, argon, nitrogen and carbon dioxide were also
used. The carrier gas flow rate was between 10 and 150 ml/min.

The effect of the mordenite content in the rock, as well
as its modification with potassium, calcium and NHZ(H+)
cations, and of the thermal activation temperature on the
specific retention volumes of the sample components is given
in Tables II and III. Tables IV and V indicate the influence
of the carrier gas on the chromatographic results.

It can be seen in Tables II and III that mordenites
containing calcium cations, as all other zeolites, show a
special selectivity which is characteristic for molecules
which have quadrupole moments, such as e.g., for nitrogen.

Both for the natural samples (A) and for samples enriched in
calcium cation (B), the retention volumes of argon, oxygen,
and especially of nitrogen increase up to a limit with an in-
crease in the zeolite content of the rock. There is however, a
decrease of the retention volumes of all gases in the case of
samples A-4 and B-4. It is difficult to explain this, however,
obviously, it is connected to the cation composition and the

location of these cations in the elementary cell of the zeolite.
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Table II. The specific retention volume (ml/g substance
in the column) of inert gases, as a function of
the mordenite content of the rocks and of the
thermal activation temperature. Carrier gas:
helium, flow rate: 100 ml/min
Samples
Ax=] A*-2 AFX—3 A*-4
Activation temperature
300°% 450°c  300°% 450°c  300° 450°¢ 300° 450°
Specific retention volume of gases (ml/qg)
Argon Tyadl 1.9 2,2 35 2.3 3T 15 32
oxygen 15 2 | 2.3 4,2 245 4.4 17 4.0
Nitrogen 3wd° 20%3 7.8 45,0 10.3 49.0 4.2 41.0

Table IIT.

The specific retention volumes (ml/g substance in
the column) of inert gases, as a function of the
modification of mordenites with calcium, potassium
and NHX (Ht) cations. Activation temperature: 4500C;
column temperature: room; carrier gas: helium;

flow rate: 100 ml/min.

Modified mordenite Argon Ooxygen Nitrogen
BRIpAS Specific retention volume
(ml/g)
1 i 4.5 63 .0
2 sl 12245
B 3 7s9 161.5
4 253 540 60.0
i . . .
2 . 1
c 3 [
4 s 2.3 Zs
1 . 3.8
2
D 3 .
4 25 . .
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As shown in Table III the specific retention volumes of the
studied gases are not high for samples C and D and change
little in spite of the increase in the mordenite content of
the rock from 30 to 81% and of a thorough activation (450°cC) .
Hence, practically identical results have been obtained. These
samples are characterized by considerably worse separation
properties as compared with samples A and B. This can obviously
be explained for samples C by the blocking of the entrance
windows to the zeolite cavity, by the large potassium cations
while in the case of samples D a widely porous H+ mordenite
is obtained due to deammoniation.

The sequence of the elution of the gases on samples A and
B ds: He-H,-Ar-0,-N,. Oxygen and nitrogen are separated for
certain samples (e.g., B-3) all components are fully separated
over the temperature range of 20 to 160°C. With an increase
in the zeolite and calcium cation content of the rock selecti-
vity gradually increases relative to nitrogen, consequently,
the separation of oxygen and nitrogen improves up to a limit.
In the case of samples A-4 and B-4 the separation of this
mixture becomes poorer. In general, however, separation is

s cations than on

better on adsorbents (B) enriched by Ca
the natural mordenites (A) (see Figs 1 and 2). It is also
noteworthy, that the highly activated sample B-3 is the most
selective for nitrogen, the retention time of which is very
sensitive to the increase of the column temperature.

The nature of the carrier gas considerably affects the
retention times of the gases present in the mixture. The use
of argon instead of helium reduces the retention times to
one-half or one-third and the peaks become more symmetrical.
Carbon dioxide has an even stronger influence: the retention
times of oxygen and especially nitrogen significantly decrease,
essentially resulting in a worsening of the separation of
oxygen and nitrogen (see Table IV).

In spite of certain differences in the retention volumes
of argon and oxygen, these could not be separated on those
mordenite samples where the peaks of the chromatographed
substances significantly broadened. However, using mordenite

sample B-3, after saturation of the adsorbent with carbon
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Separation of oxygen and nitrogen on the initial
natural mordenite-containing rocks. Activation
temperature of the samples: 450°C; column tempera-
ture: room; carrier gas (helium) flow rate: 100
ml/min. (a) sample A-1; (b) sample A-2; (c) sample
A-3; (d) sample A-4
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Table IV. The specific retention volumes (ml/g substance in
the column) of oxygen and nitrogen as a function
on the carrier gas. Sample: B-3; activation
temperature: 450°C; column temperature: room;
carrier gas flow rate: 100 ml/min

Carrier gas

Helium Neon Argon Nitrogen Carbon dioxide

Specific retention volume (ml/qg)
Ooxygen 8.0 T3 4.3 3.0
Nitrogen 161.5 146.5 47.5 = 1:0

Table V. Degree of separation (%) of a helium-hydrogen
mixture at room temperature, as a function of
the carrier gas, its flow rate and the column
length

Carrier gas

Carrier gas Argon "

SLOE ZREe Column length

ml/min 50 cm 100 cm 50 cm 100 cm
100 42 % 91 % 58 % 96 %
50 56 % 96 % 69 % 98 %
20 5T % 98 % 77 % 100 ¢

dioxide, and repeated activation at 450° B-3 sample using
helium as the carrier gas, incomplete separation of the Ar—O2
pair is possible at room temperature.

It is also difficult to separate the helium-hydrogen
binary mixture; this requires the use of rather long columns
filled with synthetic zeolites CaA and NaX and the proper
selection of the carrier gas (4). We have studied the effect
of the following factors on the separation of the helium-
hydrogen mixture; the nature of the carrier gas and its flow
rate, the mordenite content in the original sample, its cation
modification, the activation temperature, and the column length.
It was found that the nature of the carrier gas significantly
affects the separation. When using nitrogen or carbon dioxide

there is no separation. The use of argon or neon results in a
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Effect of the selection of the carrier gas and the length of the column on the
separation of helium and hydrogen. Adsorbent: B-4 activated at 450°C; column

temperature: room; carrier gas flow rate: 100 ml/min. I: column length: 50 cm;
II: column length: 100 cm; carrier gas: (a) COz; (b) Np; (c) Ax; (d) Ne
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Effect of the carrier gas flow rate on the separation
of helium and hydrogen. Sample B-4 activated at 4500C;
column temperature: room; column length: 350 cm; carrier
gas: neon; carrier gas flow rate: (a) 100; (b) 50; (c)

20; (d) 10 ml/min
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Fig. 5. Separation of the mixture He-H2-O2-Np. Sample: A-4;
column length: 100 cm; carrier gas (le) flow rate:
100 ml/min, column temperature: room

partial separation of this pair with this elution sequence; the
separation with neon is better (Table V, Fig. 3). A decrease of
the carrier gas flow rate to a definite limit also improves the
separability of helium and hydrogen (Fig. 4). An increase in
the mordenite content and enrichment by calcium cation results
in a better separation of this pair. Increasing the column
length from 50 cm to one meter results in complete separation
(Table V), while with synthetic zeolites longer columns are
needed (4).

As a conclusion, mordenite-containing tuffs with high
mordenite content in the rock, both untreated and enriched with
calcium cations, can be suggested for the separation of He-H2
and 02-N2 binary systems as well as of the He—Hz—OZ—N2 mixture
(Fig. 5).
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SUMMARY

Secondary equilibrium effects resulting from on-column
denaturation of conalbumin in high-performance hydrophobic-
interaction chromatography (HIC) under isocratic and gradient
conditions, were investigated. Mobile nhase composition,
flow-rate, and contact time of the protein with the hydrophobic
stationary phase were the parameters evaluated in order to
study the propensity of conalbumin to undergo conformational
variation within the chromatographic time scale. Absorption
ratio measurements with a photodiode array detector are con-
sistent with the interpretation that anomalous chromatographic
behavior of conalbumin are due to slow interconversions between

native and partially or fully unfolded forms.
INTRODUCTION

Some proteins are eluted from chromatographic columns in
unusually broad peaks, or even in discrete multiple peaks. This
has been ascribed to several causes: (i) heterogeneity in the
interactive sites of the stationary phase (1); (ii) aggregation
(2); (iii) gradient artifacts (3); (iv) denaturation. Proteins
are stabilized by a combination of hydrogen bonding, electro-
static interactions, and hydrophobic interactions. The same
forces are also involved in the chromatographic processes, so

that conformational changes induced by the mobile or stationary
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phase may occur, leading to a loss of biocactivity and denatura-
tion. The native and denaturated forms can be resolved if
conformational equilibrium is slow relative to the time scale
of migration through the column; otherwise, a single broad

peak will be obtained which is the weighted average of the
forms in equilibrium. Strop and co-workers (4) ascribe the
broad or multiple HIC peaks of human serum albumin and a-feto-
protein to normal conformational variations in the tertiary
structure. The implication is that a protein can assume differ-
ent conformations which can be adsorbed on the surface of the
packing material with varying binding forces and, therefore,
may be desorbed at varying times in gradient elution. Several
authors have examined the effects of temperature on conforma-
tional behavior of proteins in reversed-phase chromatography
(RPC) (5-8), as well as in hydrophobic-interaction chromato-
graphy (HIC) (9-12) and electrostatic-interaction chromatography
(EIC) (13) with HPLC column and instrumentation. In spite of the
fact that HIC is performed under non-denaturating conditions

by using stationary phases having mild interactive properties
("soft" surfaces) and aqueous eluents, conformational effects
can be exhibited, depending on the mobile phase, the column
temperature, the retentivity of the stationary phase, and,
especially, the lability of the protein. In the present study
the propensity of conalbumin to undergo conformational varia-
tion within the chromatographic time scale has been assessed

in terms of band broadening and peak multizoning phenomena

associated with both isocratic and gradient elution.

EXPERIMENTAL PART

Proteins and reagents

The chromatographed proteins were a-chymotrypsinogen A,
(CHY), B-lactoglobulin A (LAC-A), conalbumin (CON), cytochrome
C (CYT), lysozyme (LYS), ovalbumin (OVA) and ribonuclease A
(RNase) . These proteins were selected because their retention
behavior had already been studied in detail (14-16). All were
purchased from Sigma (St.Louis, MO, USA). Reagent-grade mono-
sodium and disodium hydrogen phosphate, sodium sulphate,
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phosphoric acid, sodium hydroxide, as well as HPLC-grade water

were obtained from Carlo Erba (Milan, Italy).

Equipments

The experiments were performed with a Beckman (Berkeley,
CA, USA) Model 342 1liquid chromatograph, consisting of two
Model 114 M solvent delivery pumps, a Model 420 system control-
ler, a Model 210 sample injection valve with a 20-ul sample
loop, a Model 340 dynamically-stirred high-pressure mixer, and
a Model 163 variable UV detector. A Varian (Walnut Creek, CA,
USA) Model Polychrom 9060 photodiode array detector with a
Hewlett-Packard (Palo Alto, CA, USA) printer was used for the
on-line spectroscopic analysis of conalbumin. Chromatograms
were recorded with a Hewlett-Packard Model 3390 A integrator
or with a Model D 5117 Omniscribe Recorder (Houston Instrument,

Gistel, Belgium).

Chromatography

Data were obtained using a Toyo Soda (Tokyo, Japan) TSK
Phenyl 5 PW column (75 x 7.5 mm). According to the manufacturer
(17) , this new support was developed by introducing phenyl
groups (ca. 0.1 mmol/ml) with ether linkage into TSK gel G 5000
PW, which is a hydrophilic-polimer based material (polyacryl-
amide) of large pore size (1000 2) for size-exclusion chromato-
graphy (particle diameter 10 pm). Mobile phases were prepared
by adding the correct weight of salt and buffer to a volumetric
flask containing previously degassed HPLC water. The'pH was
adjusted to the appropriate value with either phosphoric acid
or sodium hydroxide, and a small amount of degassed HPLC water
was added to the mark. The 50 mM phosphate buffer was prepared
by mixing 25 mmol/l monobasic sodium phosphate with 25 mmoi/l
dibasic sodium phosphate. Samples were eluted isocratically,
starting at 100 % eluent B and repeating at decreasing concen-
tration of B until the protein was completely retained on the
column. This generated a series of retention times for each

protein. Eluent A was 1.0 M sodium sulphate, 50 mM phosphate
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buffer, 0.02 % sodium azide (pH 6.9). Eluent B was 50 mM
phosphate buffer 0.02 % sodium azide (pH 6.9). Chromatograms
were obtained under isocratic conditions at a nominal flow rate
of 1.0 ml/min. After each change of mobile phase composition a
period of 20 min (+ 0.5 min) was allowed for equilibration.
Protein solutions (7-14 mg/ml) were freshly made up in HPLC
water. When not in use, the samples were stored at -5%. A
20-pl sample size was injected. The observed solvent pertuba-
tion peak was taken to indicate the retention time of an unre-
tained component. Retention times were converted into retention
factor (k') values by the equation: k' = tp - tp/ty; where tg
is the retention time of the protein of interest, and to is the
retention time of an unretained component. A standard 20-min
linear gradient from 0 to 100 % B was used in most experiments
with a flow rate of 1.0 ml/min. Proteins were detected by
monitoring the column effluent at 280 nm. Exception to these
conditions are noted in the paper.

RESULTS AND DISCUSSION

Table I lists the elution order, and the retention volumes
of a series of proteins chromatographed on the TSK Phenyl 5 PW
column by a linear decreasing salt gradient. Except cytochrome
C, all the proteins listed in the table were strongly retained
and not eluted when chromatographed isocratically with the
starting mobile phase. The effect of salt concentration on
protein retention was investigated under isocratic conditions
with mobile phases having different salt concentration. Iso-
cratic elution was achieved by using 50 mM phosphate buffer
(pH 6.9), containing various percentage of a solution of 1.0 M
Na,S0, in 50 mM phophate buffer (pH 6.9). A representative plot
of the retention factor of conalbumin and lysozyme against the
salt concentration in the eluents is shown in Fig. 1. The band
dispersion of conalbumin and lysozyme is plotted in Fig. 2
against the retention factor. The band dispersion was estimated
as the peak width (wp,) measured at the half of the total height
of the chromatographic peak. The Wy values were obtained with
a recording data processor for chromatography. Compared with
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Table I. Retention volumes (Ve) of a series of proteins
chromatographed under gradient elution condi-
tions (see Experimental)

Protein Ve (ml)
CYT 2.53
RNase 5462
LAC-A 6.45
CON 774
OVA 9.06
LYS 1202
CHY 18.44
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Fig. 1. Plot of the logarithmic retention factor of conalbumin
(e) and lysozyme (o) against the NayS0O4 concentration
in the eluent. Background electrolyte: 50-mM phosphate
buffer, 0.02 % sodium azide (pH 6.9); flow rate: 1.0
ml/min. Samples: 10 mg/ml conalbumin, 12 mg/ml lysozyme,
200u1 injected. Detection at 280 nm; column temperature:
25 C
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Fig. 2. Plot of the peak width (measured at half height)
against the retention factor (k') of conalbumin (e)
and lysozyme (o) chromatographed at various NaS04
concentrations in the eluent. Conditions as reported
in Fig. 1

the data of lysozyme, the increase in band dispersion observed
for conalbumin was much more dramatic as the relative retention
was increased.

Lysozyme is known to be a very stable protein for which
the thermal denaturation temperature in water at pH 7.0 is
around 70°c (18) . Karger and co-workers (11) showed that lyso-
zyme is also stabile under HIC conditions and undergoes no
conformational changes. Furthermore, Fausnaugh and Regnier (19)
reported that the enzymatic activity of lysozyme is retained
when this protein is chromatographed isocratically on the TSK

Phenyl 5 PW column at various salt concentrations. The role of
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secondary retention effects including protein conformational
changes on band dispersion in reversed-phase chromatography

was extensively focused by Hearn and Grego (20). Therefore,

one explanation which would account for the large peak width
value differences at equivalent k' values, noted in the present
investigation between the stable lysozyme and the more highly
structured conalbumin, is the occurrence of slow interconver-
sions betWween native and partially or fully unfolded forms of
conalbumin during the chromatographic run.

Figure 3 presents the chromatographic gradient elution of
conalbumin as a function of the contact time of the protein
with the stationary phase. In this experiment an aqueous solu-
tion of the protein was injected into the column equilibrated
with the starting mobile phase containing 1.0 M sodium sulfate,
and an isocratic hold was maintained for a period of time
before starting the linear decreasing salt gradient. The time
from injection until the start of the gradient is defined as
the incubation time. When a zero incubation time was used, it
can be seen from Fig. 3a that conalbumin elutes as a relatively
sharp peak. When a 10-min incubation time preceded the linear
gradient a shoulder on the downslope of the chromatographic
band was observed (Fig. 3b). This peak-splitting was propor-
tionally more marked with the increase of the incubation time.
We collected the fraction eluted over the first peak of the
chromatogram obtained with 40-min incubation time. This frac-
tion was rechromatographed under the same condtions of Fig. 3e
and a similar chromatogram was observed. This result leads to
the conclusion that the phenomena arise from conalbumin itself
and not from impurities. Most likely the peak-splitting is due
to either multiple conformers of the protein yielding similar
but not identical retention or/and kinetic processes of con-
formational interchange.

Figure 4 illustrates the chromatographic gradient be-
havior of conalbumin as a function of mobile phase flow rate.
In this experiment, the gradient rate (tg; percentage of solu-
tion B per min) was changed in the same proportion as the flow
rate (F) in order to maintain a constant gradient volume (i.e.,

Vg = tg x F). According to Snyder and co-workers (21), holding
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RINUTES

Fig. 3. Chromatographic behavior of conalbumin as a function

146

of the on-column incubation time. Mobile phase A:
1.0 M NaySO4, 50 mM phosphate buffer, 0.02 % sodium
azide (pH 6.9); mobile phase B: 50 mM phosphate
buffer, 0.02 % sodium azide (pH 6.9); gradient rate:
5 % mobile phase B/min, 20-min linear gradient; flow
rate: 1.0 ml/min; sample: 10 mg/ml conalbumin, 20 ul
injected; detection at 280 nm; column temperature
259C; incubation times: a = 0 min, b = 10 min,

c =20 min, 4 = 30 min; e = 40 min



Fig. 4. Chromatographic behavior of conalbumin as a function
of flow rate (F) and gradient time (tg) at constant
gradient volume (VG); incubation time: 10 min; other
conditions as reported in Fig. 3

Vg constant, the retention factor (R') as the protein passes
the center of the column, is also maintained constant. It can
be observed in Fig. 4 that the lower the flow rate the more
pronounced is the band broadening and simultaneously, the
greater is the peak-splitting. In this experiment, the time
the protein spends travelling through the column varies in-
versely with the flow rate. For example, for F = 0.4 ml/min,
the protein will spend twice as much time in the moblie phase
as at a flow rate of 0.8 ml/min. Thus, apparently similar
phenomena are occurring in either the stationary phase or/and

the mobile phase.
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Proteins exhibit UV-absorption spectra characteristic of
their component amino acids, particularly the aromatic residues
phenyl-alanine, tyrosine and tryptophan. Generally these
residues will be found in the interior of a globular, water-
soluble protein, since they are relatively hydrophobic. Confor-
mational changes may bring one or more of the aromatic residues
to the surface of the protein. These newly exposed residues can
lead to small variations in the UV spectrum of the protein. We
used a photodiode array detector to display variations in the
UV spectra of the eluted protein at the wavelength characteris-
tic for UV-absorption of the aromatic amino acid residues.
Absoprtion at 292 nm is mainly due to tryphtophan, whereas at
274 nm both tryptophan and tyrosine may contribute. We selected
the 273 nm/292 nm ratio to detect changes in tyrosine exposure.
Table II presents data on the on-line spectroscopic analysis
across the peak profile. Absorbance ratios are listed for a
position before the peak apex (1), at the peak apex (2),and
after the peak apex (3). Increases in the absorbance ratios
proportional to the contact time of the protein with the
hydrophobic stationary phase suggest that tyrosine amino acid
residues have moved from the interior to the surface of con-
albumin., Spectroscopic analysis was also conducted at four
flow rates (1.0, 0.8, 0.6, and 0.4 ml/min), while the gradient
volume was maintained constant. All the gradients were preceded
by 10-min incubation time. Absorption ratios were calculated
for four positions over the chromatogram, one before (1), and
two after (3, 4) the peak apex (2). As shown 1in Table III,
at a flow rate of 1.0 ml/min the spectral characteristics are
similar across the peak and close to those obtained without
any incubation time. Differences in the absorption ratios
across the peak are observed at the lower flow rate, but the
general trend is followed all over the peak, that the lower
the flow rate the higher the absorption ratio. Thus, changes
in tyrosine exposure seem to be related to the time that the

protein spends in either the stationary or the mobile phase.
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Table II. Absorption ratios of the UV-spectra of conalbumin
eluted under the conditions represented in Fig. 3

F tg Te
(ml/min) (min) (min) 273 nm/292 nm
1 1.45
150 20 0 2 1.45
3 1.44
1 1.46
1.0 20 10 2 1.46
3 1.:45
1 1.47
10 20 20 2 147
3 1:47
1 1 .51
120 20 30 2 1.50
3 151

F = flow rate (ml/min); t; = gradient rate (%/min);
It = incubation time

Table III. Absorption ratios of the UV-spectra of conalbumin
eluted under the conditions represented in Fig. 4

F tg T
(ml/min) (min) (min) 273 nm/292 nm

1.45
1.45
1.44

1.46
1.46
1.45

1.45
1.46
1.46
1.45

1.46
1.47
1.46
1.46

1.65
1:63
1.63
1162

1.0 20 0

0.8 25 10

BWNHFH BDWNHE BWNDHE WD WN

F = flow rate (ml/min); tg = gradient rate (%/min);
I, = incubation time
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CONCLUSIONS

We have used several artifacts to promote protein de-
naturation during the chromatographic process. The data confirm
that when a protein is conformationally labile, the HIC peak
is broad. This property is independent of the overall affinity
for the stationary phase surface, since at a high salt concen-
tration under isocratic conditions, conalbumin was eluted in
extremely broad peak but had appreciably shorter retention time
than lysozyme. Furthermore, the results show that conforma-
tional changes are related to the contact time of the protein
with the hydrophobic stationary phase. The broad and splitted
peak may represent the combined retention of the folded and
unfolded protein, with the differences in binding strength due
to the newly exposed hydrophobic groups being so small that
there is a band overlap. At the same time, some broadening
could arise from slow interconversion in the mobile phase.

The simplest expression of this process can be depicted as a
reversible two-state model, similar to those proposed by Karger
et al. for RPC (6), and by Parente and Wentlanfer for EIC (13):

_—’
FoﬂfEDmp — UNFOﬂ'DEDmp

R
FOLDEDsp G = UNFOLDEDSp

Subscripts mp and sp represent the mobile and the stationary
phase. The intermediates between the folded and the unfo