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This book presents a unified description of physical adsorption on hetero-
geneous solids from both the gas and liquid phases. All solid adsorbents of
great practical importance, such as activated carbons, silica gels, alumin-
ium oxides, zeolites, etc., possess surface and structural heterogeneities,
which play a dominant role in the adsorption process especially at low
pressures. The assumption of adsorbent heterogeneity in studies of physic-
al adsorption introduces considerable difficulties in the theoretical
description of this phenomenon. To overcome this problem, the authors
present a relatively simple theory of physical adsorption on heterogeneous
solids which provides a quantitative description of this phenomenon and
simultaneously permits elaboration of methods for characterizing adsorb-
ent heterogeneity.

The chapter on single-gas adsorption on heterogeneous surfaces is the
most extensive one in the book because there is a great deal of scientific
literature concerning this problem. Moreoever, the theory of single-gas
adsorption provides foundations for deriving equations that apply to adsor-
ption from multicomponent gas and liquid mixtures. Special attention has
been paid to the fundamental aspects of physical adsorption on hetero-
geneous solids, to illustrating similarities and differences between adsorp-
tion at the gas-solid and liquid-solid interfaces, and to describing methods
for characterizing energetic and structural heterogeneities of solids.
Although many books have been devoted to physical adsorption on solids,
none treats gas and liquid adsorption on heterogencous solids. This book
will therefore be useful to researchers in academic institutes and industrial
laboratories, whose work is concerned either directly or indirectly with
adsorption phenomena at the gas-solid and liquid-solid interfaces as well
as with characterization of adsorbents and catalysts.
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3. Characterization of Solids. 4. Adsorption of Gas Mixtures. 5. Kinetics of
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geneous Microporous Solids. Appendix. Subject Index.
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REVIEW

APPLICATION OF ENZYME PURIFICATION PROCESSES TO PROTEO-

LYTIC ENZYMES

CHANTAL BARTHOMEUF

Laboratoire de Pharmacognosie et de Microbiologie Industrielle, Faculté de Pharmacie, Université de

Clermont-1, 28 Place Henri-Dunant, B.P. 38, 63001 Clermont-Ferrand Cédex (France)
(First received February 6th, 1989; revised manuscript received March 7th, 1989)
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INTRODUCTION

The proportion of proteolytic enzymes in the chain production of industrial
enzymes is 60%, that is, ca. 40 000 tons per annum. Interest in these enzymes is
increasing. In addition to their traditional applications, such as in industrial
detergents, new outlets are opening up, e.g., in the production of polypeptides, as they
permit new functional or nutritional properties to be introduced and biologically
active peptides to be obtained. Further, their use in the field of biosynthesis is now
expanding considerably.

Purification methods vary according to the chosen purpose, e.g., preparation of
industrial enzymes or standards for the determination of enzymatic activity or for
structure analysis.

A decrease in overall activity occurs during the various stages of purification.
Hence one must aim to obtain a pure enough enzyme for the intended purpose so that
the cost/performance ratio is as small as possible.

As enzymes are more or less unstable, care must be taken in the extraction and
purification steps: (i) operation at low temperatures hampers the development of
microorganisms, limits the enzyme-substrate reaction and prevents degradation of the
thermolabile enzymes; nevertheless, as some proteases are fairly stable at high
temperature, this property is used in order to eliminate the thermolabile contaminants;
and (ii) addition of antiseptics, antibiotics, reversible inhibitors of enzymatic reactions,
such as EDTA, soybean trypsin inhibitor, pepstatin or stabilizing factors such as
calcium ions. It is also desirable to avoid denaturing conditions such as extremes of
pH, too high ionic strength or addition of surface-active or organic solvents. Foams
and films should be avoided whenever possible, as proteins tend to denature on
interfaces.

Three main steps can be distinguished in an enzymatic preparation: extraction of
endocellular enzymes and solubilization in the medium; obtaining the crude enzyme;
and selective purification, and these are treated in the following sections.
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1. EXTRACTION OF ENDOCELLULAR ENZYMES AND SOLUBILIZATION IN THE MEDIUM

Before any separation, the enzyme must be solubilized in the medium and
separated from insoluble contaminants such as microorganisms, cellular debris or
various impurities.

The endocellular enzymes or those obtained from tissue extracts are dissolved
after membrane disruption and homogenized in a buffer. The membrane disruption is
carried out by various chemical methods, e.g., alkalinization, addition of EDTA or
detergents or osmotic shocks, or by physical methods, e.g., sonication, freezing and
thawing phases, solid or liquid shear or grinding or agitation with abrasives!. In
a number of instances, an important part of the enzyme remains adsorbed within the
cellular membranes.

Insoluble impurities and cellular waste are then removed by filtration, centrif-
ugation or partition. With conventional methods, because the very small size of the
particles which are to be eliminated, there is a risk of plugging, entailing losses or
a decrease in activity. Tangential filtration may be a solution.

In addition to the classical methods used to extract enzymes when prepared in
suitable amounts, partition techniques are more specially used for expensive enzymes.
Hence liquid-liquid extraction is being increasingly used as it permits not only cells and
insoluble organelles to be climinated, but also the enzymatic activity of poorly
concentrated media such as fermentation juices or filtrates from cellular cultures? to be
increased. It is based on the incompatibility in an aqueous solution of two polymers
[polyethylene glycol (PEG) and dextran] or of one polymer and an appropriate salt
-(principally potassium phosphate), which leads to the formation of two non-miscible
phases. The two phases contain a high proportion of water (65-90%), which ensures
a better enzymatic stability than water-organic solvent mixtures®.

For each enzyme, one can determine a partition coefficient specific for a given
medium, K = Cy/Cy, where Cr is the concentration of enzyme in the upper phase and
Cjy that in the lower phase. For a high degree of purification, the enzyme should have
alarge (>3) or small (< 1/3) K value. Kis a constant and depends on numerous factors
such as the type of polymer being used, molecular weight and molecular weight
distribution of the polymers, length of the tie-line (a function of the concentration of
the components of the phase system), type and concentration of added salts, pH and
temperature*. Hydrophobic proteins are usually found in the upper phase and
hydrophilic proteins in the lower phase. Enzymes can be extracted into the chosen
phase by introducing a specific ligand bound to a polymer concentrated in such
a phase?>'¢. The output depends on the partition factors and on the relative volumes
of the two phases. Enrichment can be carried out in several stages. It is important to
know precisely the point of equilibrium and the phase separation method. It is also
possible to use three or poly-phase systems; these are advantageous compared with
two-phase systems as mixtures of proteins can be resolved between three or more bulk
phases. The possibility of binding specific ligands to each of the polymers could lead to
a further increase in the selectivity of partitioning’.

The formation and separation of the phases, recycling of polymers and salts and
economic implications.have been thoroughly studied by Husted and co-workers®11,
The possibilities of continuous output (counter-flow extraction) enables both high
yields (50 g proteins/kg medium) and high purities to be obtained. This non-
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denaturing technique is fairly recent and apparently seldom used for proteases, but it
should be developed more. At present, its industrial application meets with some
difficulties regarding the recovery of the various polymers in order to recycle them.

2. OBTAINING THE CRUDE ENZYME

At the beginning of a separation, when large amounts of materials have to be
handled, methods of high capacity should be chosen; at this stage resolution is
secondary requirement. We can distinguish precipitation techniques and adsorption
techniques, and these are consisted below.

2.1. Precipitation techniques

These are likely to be used directly on the starting medium, which has previously
been treated to remove insoluble contaminants subjected to a preliminary concentra-
tion step.

2.1.1. Precipitation with organic solvents

Organic solvent-induced precipitation (2-5 volumes) is a still in use as a classical
method, which nonetheless has some inconveniences, particularly because of the risk
of denaturation. In addition, it requires the use of large amounts of solvents, especially
for low-molecular-weight enzymes. This makes it necessary to treat large amounts and
requires a solvent-recovery apparatus to be installed.

2.1.2. Precipitation with neutral salts

Salting-out of proteins is based on the property of proteins to re-precipitate at
a high ionic strength. A protein solution of known concentrations (s) will begin to
precipitate at a ionic strength given by the following equation:

T _By—logs
2_ K1S

where T = ionic strength (mol/l), B, = constant, K;s = (slope of line) salting-out
constant and s = solubility of protein (g/l). The value of B, is dependent of the salt
used and varies with pH, temperature and the nature of protein in solution. Kjs is
independent of pH and temperature but varies with the protein in solution and the salt
used’. One usually operates at the enzyme pl. One can possibly obtain a fractionation
of the medium by using an increasing concentration of salt. The most commonly used
salt is ammonium sulphate because of its high solubility, lack of toxicity, cheapness
and, in some instances, its stabilizing effect.

In this method, however, the mineral salts are liable to be carried with the
precipitate, which requires another step such as dialysis or gel filtration.

Both methods of precipitation have the advantages of being simple, cheap and
able to treat large amounts of impure product, but they are hardly applicable to
enzymes of low molecular weight because of their high solubility in water.

2.1.3. Precipitation with non-denaturing polymers
It is also possible to utilize non-denaturing polymers such as polyethylene glycol
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(PEG). They are used alone or associated with ethanol or ammonium sulphate'2. The
great advantage of this-process is the shorter time required for precipitation (0.5-1 h).
Other advantages are in aiding crystallization and limiting enzyme degradation. The
most commonly used PEG have a nominal average molecular weight (MW) in the
range 4000-6000 but polymers with much lower MW, which are cheaper, can also be
used. It is advisable to buffer the PEG solution at the required pH in order not to
change the pH of the enzyme solution, which might lead to conditions that promote
molecular association!?, The PEG is then removed by ultrafiltration or during the
later stages of ion-exchange or affinity chromatography!®. As PEGs are optically
transparent and help to prevent enzyme loss, it is unnecessary to eliminate the last
traces'*.

2.1.4. Particular instances

2.1.4.1. Precipitation with metals

The use of bivalent metals such as zinc or copper to precipitate proteins has been
employed for many years!>~!7. These metals form relatively stable complexes with
histidine and cysteine residues'®2°, which permits the proteins to be precipitated
without denaturation by reducing the pH variations and the amounts of solvents
required in classical systems. Zaworski and Gill?! have recently published a method
using Zn*"* for the rapid concentration of culture media and obtained a porcine
urokinase from Saccharomyces cerevisiae culture filtrates.

2.1.4.2. Affinity precipitation

The principle consists in complexing the enzyme and precipitating the complex
macroligand-molecule. This technique seems very promising as it can be applied on
a large scale. Schneider et al.?? produced an acrylamide water-soluble macroligand
carrying affinitive molecules for trypsin and benzoic acid that helps its precipitation
under certain conditions. As the ligand can easily be recycled, this technique is
attractive, it is cheap and it can be applied to large volumes, although it is sometimes
difficult to find a suitable ligand. This method is, moreover, fairly recent and has rarely
been applied to proteases.

2.2. Adsorption techniques

An alternative to precipitation is selective adsorption of the enzyme on an
appropriate support.

2.2.1. Adsorption on an ion-exchange resin

This is the most interesting process, especially when a high-capacity and
inexpensive exchanger can be used and/or when batchwise operation is possible.
Under precise conditions of pH, this can be a highly selective method.

Whenever the enzymes are fragile or do not withstand high ionic strengths,
operating in the reverse mode is possible, i.e., fixing the contaminants on the resin, then
concentrating the enzyme.

2.2.2. Adsorption on specific ligands
In this stage, affinity-related chromatography is usually too expensive except for
use with a highly active product. It is used for the purification of expensive enzymes.
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3. SELECTIVE PROCESSES OF PURIFICATION

The capacity and selectivity of the methods are dependent on the amount of
contaminants, the volume to be dealt with and the purity required. On an industrial
scale, it is advisable to limit the number of stages. Two types of techniques can be
singled out: chromatographic and electrophoretic.

3.1. Chromatographic techniques

3.1.1. Low-pressure liquid chromatography

The choice of the chromatographic support must meet certain requirements,
such as specific adsorption, non-denaturation of adsorbed products and perfect
reversibility of the adsorption. Other criteria should also be considered, such as the
adsorption capacity of the support, the usable flow-rate range, chemical stability and
yield—cost ratio?>.

3.1.1.1. Ion-exchange chromatography

This widely used method has a number of advantages: high capacity, good
specificity depending on the operating conditions and inexpensive supports. One can
distinguish two main type of materials, ion-exchange resins and hydrophilic cellulosic
ion exchangers.

Ton-exchange resins are insoluble polymers on which the exchange groups are
fixed. Resin have the advantages of being stable over a wide range of pH, they sediment
rapidly, they have a high adsorption capacity and high liquid flow-rates can be used.
They are commonly used in industrial partitioning (Zeta-prep, LKB), but their high
capacity is often disadvantageous for analytical purification as enzymes do not
withstand the harsh conditions necessary for their elution.

The chief hydrophilic cellulosic ion exchangers on the market and their
properties were given by Segal®*.

The choice of the exchanger depends on the sample properties (charge, pH,
stability), the amount to be treated and the level of purity required. The net charge of
the molecule determines the type of exchanger. Usually, one uses weak exchangers in
the pH range 6-9 and strong exchangers for slightly ionized substances eluted at
extreme pH or with a high ionic strength. The nature of the matrix, the height/diameter
ratio and the flow-rate are determined according to the required level of purification.
On an industrial scale, one usually selects a height/diameter ratio of ca. 15-18. The
enzyme is then eluted with a gradient of pH or a gradient of ionic strength with or
without a pH gradient; stabilizing agents and/or enzymatic reaction inhibitors can be
added.

3.1.1.1.1. Chromatofocusing. This is ion-exchange chromatography of a partic-
ular kind, developed by Sluyterman and Wijdenes?>~27, which utilizes the elution
capacity of a weak cation exchanger. The eluent consists of a mixed buffer of various
charged components (polybuffer). At the start, the column is stabilized at the highest
value of the chosen pH gradient and the polybuffer is at the lowest pH. A pH gradient
is then obtained automatically as elution proceeds, which permits focusing, i.e.,
proteins will move along the column at or near their p/ values. Flow-rates even lower
than 0.5 ml/min are useful. The gradient slope is controlled by the concentration of
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polybuffer being pumped into the column. The two types of column commonly used
are Pharmacia Mono P and the Synchrom AX series. This simple, fast technique
enables sizeable amounts (0.5-5 mg) of enzymes to be recovered without denaturation.
It is particularly suitable for the separation of similar molecules such as isoenzymes.

3.1.1.2. Gel filtration chromatography

This method, also called exclusion or gel permeation chromatography, is well
established. The molecules are eluted in order of decreasing molecular weight. The
working range is chosen according to the purity desired, the molecular weight range
and the concentration of contaminants. A summary of the different gels on the market
was published in Biofutur®*. The most commonly used are the Sepharose G series
(Pharmacia) and the Bio-Gel P series (Bio-Rad Labs.). For MW above 100 000
daltons, Agarose gels, Sepharose (Pharmacia) and Bio-Gel A series (Bio-Rad Labs.)
are currently used.

When the proteases for purification are metallo-enzymes, it is often necessary to
maintain the integrity of the metal-enzyme complex during the chromatographic
separation, for example to study enzyme activity. In order to avoid loss or substitution
of metal ions, it may be necessary to operate on a metal-free chromatographic medium.
The mode of preparation of such media and of determination of metal binding
capacity were detailed by Martin?®,

3.1.1.3. Hydrophobic interaction chromatography (HIC)

Enzymatic separations on alkyl-agarose (Sephadex Cn) columns depend on the
formation of hydrophobic complexes between the hydrophobic amino acid areas of
the enzyme and a ligand (X) covalently linked to an inert matrix on interposing
a hydrocarbon chain (an “arm”). It may be possible to modify the intensity of the
interaction by modifying the length of the arm. The X groups can be NH,, COOH,
OH, I, CH=CH,, -C=CH or ~CH(CH};),. The commonest are the NH, groups?°.
The association occurs mainly when the medium has a high strength, this technique
therefore being especially suitable for samples obtained from a saline precipitation.
Nevertheless, as the elution conditions are sometimes drastic, the method is limited to
particular cases. Proteases purified by this process include procarboxydase A and B*®,
collagenase?®, kininase 113, renin®! and hornet chymotrypsin32. The selection of the
column for a given precipitation, the preparation of column materials and the
optimization of separations were studied by Shaltiel?®.

3.1.14. Adsorption chromatography on mineral polymers

The most commonly used material is hydroxyapatite. This crystalline calcium
phosphate, Ca;o(PO4)s(OH),, permits a rapid fractionation of enzymes. The separa-
tion process involves the secondary and tertiary structure of the molecule, the neutral
and acidic proteins apparently being fixed on the Ca®* sites and the basic proteins on
the PO3 ™ sites!.

A great advantage of chromatography on hydroxyapatite is that it can be used
with phosphate buffer at a pH close to the physiological pH and be virtually
independent of the initial saline concentration of the sample, i.e., it permits elution
through a simple increase in phosphate concentration (usually 30-120 mM). The
resolution depends on the shape, charge and charge/mass ratio. This technique is
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particularly suitable for purifying labile enzymes and for the concentration of samples
obtained by ion-exchange chromatography that have possibly been chromatographed
without previous dialysis. The main inconvenience is the very low flow-rate®3;
different workers have proposed various methods to improve this**. Moreover,
commercially available supports with shapes suitable for preparative chromato-
graphy, such as Bio-Gel HT and HTP (Bio-Rad Labs.) and HA-Ultragel (IBF) help to
overcome the difficulties with the technique.

3.1.1.5. Affinity chromatography

Affinity chromatography is an adsorption chromatographic technique in which
the molecule to be purified is selectively and reversibly adsorbed on a biospecific
ligand. In some instances, the purification was significantly improved by interposing
an “arm” which relieves the steric restrictions imposed by the matrix and allows an
increased flexibility and availability of the ligand. The main coupling methods and
their advantages and inconveniences were outlined by Scopes®®. After eliminating the
contaminants by washing, the enzyme is eluted by pH modification, a salt gradient,
specific eluents, distorting eluents (urea) or by reducing the adsorbent polarity.

We can distinguish specific ligands, usable with similar enzymes from different
origins, the main proteolytic ligands being listed in Table 1, and group ligands,
commonly related to a variety of enzyme. The main ligands for serine proteases can be
listed as follows.

The most commonly used aldehydic peptides are the arginal derivatives,
which show a very strong affinity for trypsin-family enzymes. Enzymes eluted from
Argal-Sepharose (4B or 6B) are prekallikrein®®, Clostridium histolyticum clostri-
pain®?, human plasminogen activator*®, prothrombin*!, Pronase (mixture of various
proteases produced by Streptomyces griseus®®), bovine trypsin®® and mixtures of
trypsin and chymotrypsin®”.

Soybean-trypsin inhibitor*%43: the Kunitz soybean inhibitior is frequently used
to purify proteases, e.g., trypsin, chymotrypsin**, crab collagenase or kallikrein*>.
A few proteases can be separated with the aid of the Bowman Birk soybean inhibitor*®.

The benzamidine group has been used for rapid separations of numerous
proteases, trypsin*’, thrombin*’, urokinase*®, prekallikrein*®, kallikrein®%3?, col-
lagenase and clostripain®? or second component of human complement. It is possible
to utilize the benzamidine group to detect specifically active forms of some serum
proteases such as trypsin, thrombin or human factors IXa and Xa33.

Phenylboronic acids are used in the separation of trypsin and chymotrypsin®*
and of different subtilisins®>.

A recent technique that makes use of a new isopropyl fluorophosphate gel is of
great interest in the separation of serine proteases®S.

The main ligand for the aspartate proteases is the hexapeptide Val-p—Leu~Pro-
Phe-Phe-Val-D-Leu’* and for thiol proteases some peptidyl diazomethyl ketones,
which are more selective. They react rapidly at high dilution with thiol proteases but
not with other proteases and can be synthesized to satisfy the specificity of individual
members of the thiol protease family®”.. However, in the presence of Cu?™* ions, certain
proteases can be inactivated®’.

As most ligands are inhibitors, research has centred on new inhibitors specific to
the enzymes being investigated, such as a,-macroglobulin, human o;-proteinase

36,37
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inhibitor, human «;-antichymotrypsin, eglin (elastase—cathepsin G inhibitor from
leeches), egg white cystatin and potato carboxydase inhibitor (CPI)*®. Because CPI
fixes numerous proteases, it is particularly interesting in the field of affinity
chromatography®®. It is stable at extremes of pH, not denatured by guanidine—6
M HCI and can be coupled to Sepharose. It has been used to separate various
proteases, such as bovine and porcine carboxypeptidases A and B, carboxypeptidase
N and cathepsin®®-6°,

3.1.1.5.1. Affinity chromatography on immobilized dyes. Dyes, especially
Cibacron Blue F3G-A, appear to be especially effective adsorbents for the purification
of numerous proteases, including clotting factors, complement factors and human
hexokinase®!. Other dyes, such as Procion Green H-4G and H-8BN, have also been
found to be suitable ligands for a yeast hexokinase®? and carboxypeptidase G,
respectively®®. The mode of action is not well known but there seem to be interactions
of the ion-exchange type and/or hydrophobic interactions®!. This method is advanta-
geous in several respects, being cheap and applicable to coupling, chemical and
enzymatic studies, which makes it useful for large-scale purifications, but it lacks
specificity. Several techniques for such dye-screening procedures have been pub-
lished®%%!. It must be operated under well defined buffer, temperature and pH
conditions. The eluents can be non-specific, i.e., molarity, salts, polyols, chaotropic or
chelating agents and detergents, or specific, i.e., molarity, substrates and dyes.

3.1.1.5.2. Lectins. When the enzymes are glycoproteins, which is frequently the
case for proteases, the use of lectins as ligands is very helpful. The specificities of the
main lectins have been reported by Segal®*, the more frequently used being
concanavalin A (Con A), which recognizes molecules whose glucosylated part includes
D-mannose or D-glucose. Lectins have numerous advantages as they are very selective
molecules, available in large amounts. Also, as they do not interact very strongly with
sugars (K = 102-10%), they can be displaced easily by specific sugars at neutral pH and
separated by concentration gradients®®. Lectins are generally used in the early stages of
purification and require additional procedures for complete purification; details of
specific methods are not considered. The general method for their use has been
reviewed by Lotan and Nicolson®®.

3.1.1.5.3. Immunoaffinity chromatography on antibody columns. Chromato-
graphy with antibodies or more recently with monoclonal antibodies has been used to
separate some therapeutic proteases such as kallikrein®’, angiotensin I-converting
enzyme®8, proteolytic enzymes of the complement system®®~7!  blood-clotting
enzymes’>~"* and urokinase’”.

3.1.1.5.4. Metal ion affinity chromatography (IMAC chromatography). This
technique makes use of the capacity of metals to coordinate molecules containing
heteroatoms and to produce a complex with aromatic components. Most often used
are the Cu?* and Zn?* (ref. 76). Cu®* has been used to purify an Aspergillus niger
carboxypeptidase’” 8.

Purification on heparin, classically used for the proteases involved in blood
clotting, should also be mentioned.

Numerous experiments have been carried out to try to improve the yield of
affinity purifications and to adapt them to processes able to deal rapidly with large
volumes. Some newer strategies are outlined below.

3.1.1.5.5. Counter-flow affinity filtration. This method combines the specificity
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AFFINITY CHROMATOGRAPHIC TECHNIQUES APPLIED TO PROTEOLYTIC ENZYMES

DFP = Difluorophosphate.

No. Enzyme Ligand Eluent Ref.

1  Acid protease Pepstatine Urea 86, 87

2 Amino peptidase Leu-Gly NaCl, Zn 88-90

3 Asparaginase L-Asp NaCl, Asp 91

4  Carboxypeptidase A Phenyl propionates, KCl 92
p-aminobenzyl succinate 93

5 Carboxypeptidase B D-Arg NaCl, pH 94
Protease inhibitor

6 Carboxypeptidase N Aminobenzoylarginine Guanidoethylmercapto 95

succinate

.7 Carboxypeptidase Potato inhibitor pH 58

8  Aspergillus niger carboxy- Cu?*-IDA Acetate + EDTA 96

peptidase Cu?*-tyrosine

9  Cathepsin Pepstatin NaCl 87

Con-A pH 97

10 Chymotrypsin CBZ—~(w-NO,)-Arg Phosphate buffer 37
D-Tryptophan methy! ester Acetic acid

11 Mammalian collagenase Heparin, Zn?* Cacodylate buffer + NaCl 98

Sodium cacodylate buffer. pH

12 Human collagenase Collagen, Arg NaCl 39,99

13 Porcine collagenase Zn** pH + EDTA 98

14  Dipeptidyl-peptidase 4-Phenylbutyl-Gly-Pro Ethylene glycol, NaCl 100

15 Elastase Elastin, (Ala), Salt, Ala 99,101,102

16  Tissue factor apoprotein Con-A a-Methy! D-glucoside 103

17  Bovine factor VII Benzamidine Guanidine, HCI 104

18 Human factor XII Lysine (NH,),SO, 105
(Hageman factor)

19 Bovine factor XI Heparin NaCl + DFP 106
(plasma thromboplastin Benzamidine Imidazole, HC] + guanidine,
antecedent) HCl + NaCl

20  Bovine factor X Benzamidine Guanidine, HCI 107
(Stuart factor)

21  Formylmethionine- N-Formylbestatine NaCl 108
aminopeptidase

22 Human Heparin NaCl
prekallikrein Benzamidine Guanidine, HClI 109, 110

Con-A a-Methyl D-glucoside
Agmatine NaCl

23 Porcine kallikrein Aprotinine pH 111

24  Human kallikrein Aprotinine Phosphate buffer 109, 110
Aminobenzamidine Benzamidine, HCI

25  Acid protease Pepstatine Urea gradient 87, 112

26  Neutral protease N-phenylphosphenyl- pH 113

: Phe-Phe

27  Pepsin Poly(L-Lysine) NaCl 114, 115

e-Aminocaproyl-L- NaCli

Phe-bD-Phe-OCH,
28  Plasmin Lysine pH + NaCl 116
29  Post-proline hydrolase CBZ-Pro-np-Ala CBZ-Pro-Phe 117
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TABLE 1 (continued)

No. Enzyme Ligand Eluent Ref.
30 Proteinase 4-Phenylbutylamine NaCl, urea 118
Soybean trypsin CaCl, 119, 120

inhibitor p-Tryptophan
methyl ester

31 Aspergillus proteinase &-Aminocaproyl— NaCl 12t
Phe-p-Phe-OCH,

32 Renin Pepstatine, pH 122, 123
haemoglobin octapeptide pH 124
(0-Leu®) Sodium acetate

33 S. aureus staphylocoagulase Bovine prothrombin NaSCN 125

34  Staphylokinase DIP-canine-plasmin pH 126

35  Subtilisin p-(w-aminoethyl)phenyl pH + glycerol 127
boronic acid

36 Thrombin Aminobenzamidine Benzamidine 128

37  Trypsin Benzamidine pH
CBZ~(w-NO,)-L-Arg pH + semicarbazide 5
Soybean trypsin inhibitor pH + benzamidine 41

38  Tyrosinase Con-A o-Methy! D-mannoside 129

of affinity techniques with the efficiency of membrane separation. The substance to be
purified, or the impurities if they are not too numerous and of a known nature, is
specifically adsorbed on a solid support or an insoluble polymer. The molecular
mixture containing the adsorbed substance is separated from the contaminants by
filtration. The enzyme is desorbed by a suitable polymer, then the support and polymer
are recycled. Such a process has developed for continuous use at the outlet of
a bioreactor and has been tested on various biological molecules such as Con A and
alcohol dehydrogenase’ 8%, but has not, as far as we are aware, been used for
proteolytic enzymes.

3.1.1.5.6. Affinity partitioning. The main inconvenience of the previous process
is the few affinity sites that are available and the difficult access to such sites. To
overcome this disadvantage, some workers have tried to avoid the difficulties by using
a water soluble polymeric matrix on which the chosen ligand was coupled.
Adamski-Medda er al.®' thus separated trypsin from chymotrypsin by using
p-aminobenzamidine bound to dextran. Choe e al.8? separated the same enzymes
using soybean trypsin inhibitor. Disappointing results ensued, with purification yields
of 65% in the former instance and 81% in the latter, and the recovery rate of about
55% shows the difficulties of finding a macroligand specific enough for the enzyme to
be purified. Some workers have avoided the difficulty by using synthetic macroligands.
Luong et al.83 synthesized an acrylamide polymer upon which m-aminobenzamidine
groups are coupled. The capacity of such a ligand is close to the theoretical value®*. By
eluting with L-arginine, it is possible to recover 90% of the starting trypsin with
a purity of 98%. Such a system can be operated continuously.

A number of other ligand polymers useful for affinity partitioning and methods
for their preparation have been summarized elsewhere®4 8>, The amount of protein
that can be included is limited by the solubility in the two phases, but 50 g of protein per
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kilogram of partition system can often be used®. This technical approach is very
promising but its industrial application is limited owing to the cost.

Affinity chromatographic techniques that have been applied to proteolytic
enzymes are surveyed in Table 1.

3.1.2. High-performance liquid chromatography (HPLC)

The high-resolution HPLC processes are widely used in analysis and research
and, because of their speed and efficiency, they are beginning to be used on
a preparative scale. In order to limit costs and maximize production in preparative
chromatography, the column should be overloaded. Ghodbane and Guiochon!3°
described the prediction of the optimum extent of overloading in relation to the
required recovery and degree of purity of the final products.

The most commonly used techniques are high-performance size-exclusion
chromatography and high-performance ion-exchange chromatography.

3.1.2.1. High-performance size-exclusion chromatography (HPSEC)

HPSEC enables eluted molecules to be separated according to their decreasing
molecular weight and size. The breakthrough with this technique was associated with
the development of highly resistant columns operating at high back-pressures, i.e.,
with hydrophilic polymer gels, diol-bonded silica, hydrophilic grafted or coated silica
gels and cellulose derivatives'3*-*32, HPSEC is applied in four areas: prefractionation,
analytical separations, molecular weight determinations and preparative isolation. It
is also suitable in the monitoring of the time course of enzymic reactions!32, It has
several advantages: proteins are eluted rapidly with relatively narrow peaks; as an
isocratic system generally suffices, it is cheap and makes it possible to isolate easily
a few milligrams of enzyme' 3. This compensates for the disadvantages involved, such
as limited peak capacity and the fact that it is never entirely quantitative because of
parasitic adsorption phenomena between the enzyme and the matrix!34. The
resolution depends on the column (mass loadability, fractionation range), flow-rate
and size and shape of the proteins!35. In order to increase the resolution, several
column of decreasing fractionation range can be used. It is strongly recommended to
collect only the centre of the peaks and recycle the remainder. The flow-rates vary
between 0.5 and 1.5 ml/min in the analytical and between 8 and 10 ml/min in the
preparative mode. The commonest commercial columns are those from Toyo Soda
(SW and TSK series). Merck (LiChrosorb Diol and LiChrospher), Waters Assoc.
(Protein-Pak series), Synchrom (Synchropak) and Lachema (Separon).

The main proteases thus purified are trypsin!33, chymotrypsin!3?
numerous kinases'3® and a gelatinase!3°.

, pepsin’34,

3.1.2.2. High-performance ion-exchange chromatography (HPIEC)

In the HPIEC mode, the enzymes are separated not only according to their
charge but also their hydrophobicity and molecular weight, The effects of the mobile
phase, of ionization and a salt slope play a major role in separations!37-*4%, The usual
gradient slopeisa 3.3% salt gradient accross the column. Mobile phase velocities of 7.2
ml/min per cm? cross-sectional area (1 ml/min in a 42-50 mm column) are average'3”.
Operating at this velocity with a 3-6%/min gradient slope will give good separations in
15-30 min. Halving the mobile phase flow-rate has been shown to increase the
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resolution 1.5-fold when a 1.66%/min gradient slope was used. In this instance, the
total separation time would be 60 min. The two variables that have been found to be
most useful in controlling retention and selectivity are the pH of the mobile phase and
the nature of displacing salt. The influence of the major ions on the retention and
resolution of various proteins has been studied by Regnier'3’. The main columns in
use are the Mono S and Mono Q (Pharmacia), the Synchropak AX, CM and QX series
(Synchrom) and the IEX series (Toyo Soda). In order to separate enzymes with closely
similar p/ values, chromatofocusing (Mono P columns, Pharmacia) is occasionally
used141,142.

3.1.2.3. Reversed-phase high-performance liquid chromatography (RP-HPLC)

This very selective method has the inconvenience of being enzyme denaturing.
A number of trials were carried out in order to find supports and elution conditions
that permit biological activity to be retained!**~!4% by adding ion-pairing agents!*¢
and stabilizers. Utilization of volatile organic acids (formic, acetic, trifluoroacetic
and heptafluoroacetic acids) and of calcium chloride made it possible to recover
biological activity after elution by rapid evaporation of the organic solvent under
nitrogen'*” 148 or by modifying the pH buffer or molarity just after separation’43, In
order to increase the recovery of proteins of MW > 30 000 daltons, some workers
advise the use of “‘end-capped” short linked phases, RP-18 or RP-4, especially in the
semi-preparative mode'*®~13!. Optimizing the column and separation by sample
pretreatment and altering the mobile phase conditions have been extensively
studied!32-!53, However, this technique is mainly used for low-molecular-weight
enzymes. Because of risks of denaturation, it is advisable to use this technique for
checking the purity of a given sample or for purifying small amounts of product for
structural investigations.

3.1.24. High-performance hydrophobic interaction chromatography (HPHIC)

HPHIC with microparticulate supports, introduced in 198314, made it possible
to separate proteins rapidly with high resolution and to recover almost quantitatively
the injected sample with good preservation of the activity'>®. The supports used
contain a silica matrix!3¢~1¢! or hydrophylic polymers!$2-164, The hydrophobicity of
the support is adjusted so that the proteins can be adsorbed in ionic, anti-chaotropic
solutions within the molarity range 1-2 M. The selectivity was shown to change with
eluent pH'®®. Gradients often used are ammonium sulphate or potassium phosphate
with molarity varying between 1.5-2.5 and 0.05-0 M over a 30-60-min period. The
flow-rates usually used are 0.5-1 ml/min. Kato!®® reported a detailed study on the
various parameters that can influence separation: hydrophobicity of the support
ligand, column length, initial salt concentration, type of salt and slope of salt
concentration, elution curve, pH, flow-rate, temperature, addition of organic solvents,
chaotropic agents or surfactants and sample loading.

3.1.2.5. High-performance affinity chromatography (HPAC)

HPAC combines the high specificity of affinity techniques with the efficiency,
sensitivity and speed of HPLC techniques. For proteolytic enzymes, the ligands used
may be dyes (Procion Yellow, Cibacron Blue F3G), proteins (soybean trypsin
inhibitor, Con-A), antibodies, metals or various other substances. Fassina and
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Chaiken!®”, Larsson'%® and Olsson’¢® have studied the various techniques used for
coupling of ligands, to control the determination of bound ligands and to optimize
separations. It should be noted that a commercial column (Ultraffinity, Beckman) is
available on which the user can couple a larger number of ligands. This technique is
very interesting for analytical work but has been little used with proteolytic enzymes.

Proteases separated by this technique include hexokinase (Procion Green
MX-5BR)!7°, carboxypeptidases (Procion Yellow H-A)'7° various proteolytic
enzymes of the complement system Clr, Cls, C2a, etc. (antibodies)' ’*, chymotrypsin
(soybean trypsin inhibitor)!®® and pepsin (L-Phe-D-Phe-OCHj;, methacrylate sup-
port)'72,

Examples of HPLC techniques applied to the purification of proteolytic enzymes
are summarized in Table 2.

TABLE 2
EXAMPLES OF HPLC TECHNIQUES APPLIED TO THE PURIFICATION OF PROTEOLYTIC ENZYMES

Technique Column® Ref.
HPSEC:
A. melleus semi-alkaline protease TSK G 3000 SW (Tosoh) 173
Pepsin TSK G 3000 SW (Tosoh) 174
Leucine aminopeptidase, trypsin, pepsin, LiChrosorb Diol (Merck) 175
a-chymotrypsin
Mastocyta tryptase TSK G 3000 SW (Tosoh) 176
HPIEC:
Saccharomyces cerevisiae protease Mono Q (Pharmacia) 177
Muscular cysteine proteinase Mono Q (Pharmacia) 178
Entamoeba histolytica proteinase Mono P (Pharmacia) 179
Human metalloendoprotease Mono Q (Pharmacia) 180
E. coli membrane protease Mono P (Pharmacia) 181
Rat thiol proteases Mono P (Pharmacia) 182
Proteases (T cells) Mono Q (Pharmacia) 3
Chymopapain Mono S (Pharmacia) 183
A. niger semi-alkaline protease Mono Q (Pharmacia) 184
Bovine adrenomedullary granules protease  Mono Q (Pharmacia) 185
HPLAC:
Trypsin STI-LiChrospher 500 NH, (Merck) 186
A. niger protease—pepsin w-Aminocaproyl-L-Phe-p-Phe-OCH; Separon H 100° 172
RP-HPLC: :
Trypsin puBondapak C;5 (Waters Assoc.) 187
Papain LiChrospher 500-n-butyl (Merck) 33
RP-HIC:
Human metalloendoprotease TSK-phenyl 5 PW (BioRad Labs.) 180
Procarboxypeptidases A and B TSK-phenyl 5§ PW (BioRad Labs.) 188
Proelastase TSK-phenyl 5 PW (BioRad Labs.) 188
Renin TSK-phenyl 5§ PW (Toyo Soda) 189

¢ STI = Soybean trypsin inhibitor.
b Column packed by workers.
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3.2. Electrophoretic techniques

3.2.1. Preparative isoelectric focusing

Isoelectric focusing is a very attractive method for the fractionation and
isolation of enzymes. It permits a fairly large amount of product to be purified with
excellent resolution and load capacity. The method concentrates and separates
molecules different each other in only 10~2 pH unit'?°. Four kinds of matrices are
used: polyacrylamide gels, agarose, granulated gels (Sephadex G-200, Sephacel,
Bio-Gel 60) or rehydratable gels, the choice depending on the amount and to the
molecular weight of the enzymes to be separated. Laboratory-scale techniques on
polyacrylamide or Sepharose gels enable fractions up to 100-150 mg and large-scale
fractionation permits several grams to be purified in one step by using density gradient
columns and layers of granulated gels'®!'°2, Resolution is influenced by the field
strength and the shallowness of the pH gradient. Once focusing is finished, the enzymes
must be located in the gel layer and separated at low temperature by rapid, simple and
preferably non-destructive methods. Speed is important because keeping the gels
without a voltage or at a reduced voltage can lead to broadening of zones by protein
diffusion'®!. The recovery depends on a number of factors, such a proper separation
including elution from the gel, additional steps that may be necessary for removal of
ampholytes and/or concentration of the isolated fraction. Many techniques, such
dialysis, electrodialysis, ultrafiltration, salting-out, gel chromatography, ion-exchange
or hydrophobic chromatography, two-phases extraction with r-pentanol and, more
recently, electroosmosis have been suggested for the removal of ampholytes!®®. An
alternative is “Trans elution” which consists of the sideways transfer of the
macromolecules under the influence of an electric field from the gel slab'®°. The
electro-eluted proteins remain in solution and are easily recovered by spin-drying the
support. It may be possible to recover 85-92% of the crude sample!®°. The recovery
also depends on the load capacity; loads from 0.5 to 10 mg/ml gel increase the recovery
of Pronase from 14 to 80%°°.

These techniques are mostly used in research and to separate rapidly analytical
samples. The various methodologies have been detailed by various workers!9%192:193,

3.3. Particular instances

3.3.1. Metal-free enzymes

It is sometimes necessary to utilize metal-free enzymes, for instance to study
enzyme-metal interactions or to keep an enzyme in its crystalline stage (carboxy-
peptidase A)'®4. Suitable apoenzymes are prepared by using metal-chelating agents.
As proteases are often zinc-activated metalloenzymes, 1,10-phenanthroline is used!®>.
Proteases purified in this way include Acromonas aminopeptidase!®®, angiotensin-
converting enzyme'®”, Bacillus subtilis neutral protease' %, carboxypeptidase A*9°:200
and B*°!, a bovine aminopeptidase?®?, procarboxypeptidase A2°2, Streptomyces
griseus carboxypeptidase?°* and thermolysin?3.

4. ELUATE CONCENTRATION

Following chromatography, the media must be concentrated. The most
widespread methods are ultrafiltration and dialysis. Freeze-drying is sometimes used.
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4.1. Concentration by ultrafiltration

This is the most common technique. Diffusive ultrafiltration, in which molecules
are removed by molecular diffusion under the action of a concentration or activity
gradient, is regularly used. To reduce the phenomena of concentration polarization
and enzymic adsorption, tangential filtration with a polysulphone or cellulose nitrate
membrane is mostly used. The main application have been discussed by Kusiak ez
al.2%% Tt is also possible to use diafiltration; such a method of washing with a regulated
volume is suitable for eliminating mineral salts and low-molecular-weight substances.

4.2. Concentration by freeze-drying

Although freeze-drying is employed classically for the concentration of enzymes,
its use is limited by the fact that unless the salt concentration of solutions is sufficiently
reduced, eutectic mixtures may be formed. This may lead to incomplete drying or
severe foaming and enzyme denaturation®. To avoid denaturation and loss of activity,
it is essential to operate under very strict pH conditions, which vary according to the
enzymes, and to suppress or limit the final heating during deadsorption.

The “drop dialysis method”, developed by Marusyk and Sergeant®°? for
dialyse*?® small-volume samples of DNA is interesting. This technique, initially
applied to DNA, makes it possible to prepare quickly small samples for electrophoresis
or any other analytical method, with high recoveries and a tolerable loss of enzyme
activity2°8.

5. ENZYME CRYSTALLIZATION

The operating conditions vary according to the enzymes. It is nevertheless
necessary to control certain factors, such as pH, temperature and precipitants. There
are three distinct phases to be considered: nucleation, post-nucleation and cessation of
growth?%®. Crystal formation is possible only at the critical point of supersaturation in
an appropriate environment (ionic strength, pH, temperature). Crystals continue to
grow as long as the state of supersaturation exists. The optimum protein concentration
is ca. 10-20 mg/ml. Itis essential to add the precipitating agent in small amounts and to
follow nucleation?!®. One most often operates at the pH of activity (i.e., pH of
maximum enzyme activity), at room temperature or in a cold chamber (4-6°C).
Gilliand and Davies?®® published a review that summarizes the chief precipitating
agents and the different techniques in use, the most widespread being ammonium
sulphate, PEG and 2-methyl-2 4-pentanediol.

6. ENZYME PURIFICATION MONITORING

Enzyme purification is most often carried out by electrophoresis and sometimes
HPLC (RP-HPLC, HPSEC or HPIEC). UV detection at 280, 254 or 214 nm provides
an excellent means of controlling product purity and quantifying yields. Electro-
phoretic techniques currently used are analytical electrophoresis, sodium dodecyl
sulphate (SDS) electrophoresis and electrofocusing; immunoelectrophoresis is also
used. Burton et al.'>? explored a new strategy which couples RP-HPLC with SDS
electrophoresis.
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6.1. Techniques for enzyme separation

6.1.1. Analytical electrophoresis

When it is necessary to separate intact proteins by a non-destructive means for
later assessment of biological activity, gels must be prepared under non-denaturing
conditions, i.e., polyacrylamide gel electrophoresis (PAGE)?'1-212, As the speed of
electrophoretic migration of a protein depends not only on its charge but also on its
molecular size and shape, it is possible to separate two enzymes with an identical net
charge but of different size by varying the pore size of the support as a function of the
acrylamide (range about 2.5-30%, w/v) and the amount of cross-linker used. Gels with
less than 2.5% permit proteins with a molecular weight close to 10° daltons to be
separated and gels with 30% do the same for polypeptides with molecular weights close
to 2000 daltons?*3, Separation by charge is achieved by operating between pH 3 and 11
to allow for maximum charge differences between neighbouring protein species?'*.

To analyse very complex media or isolate enzymes in very small amounts, it is
possible to increase the resolution by two-dimensional operation. Since O’Farrel’s
original publication?!’ numerous modifications have been introduced to improve
reproducibility?!5-21° and increase the resolution and detection of proteins?2°. The
use of a heating apparatus, of denaturing agents such as f-mercaptoethanol?!8-221:222,
dithioerythritol (DTE) or dithiothreitol (DTT)?!6:2!® and of zwitterionic deter-
gents?!® has been proposed. Simplification and improvement of the O’Farrel method
made it possible to obtain a better separation and to increase the detection sensitivity
by reducing the background noise?23.

For analytical purposes, media are often separated by denaturing electro-
phoresis, the most often used being the SDS techniques of Laemmli*** or Neville??°.
The advantage of Neville’s system is that the lengthy washing required to remove
glycine from gels when Tris-glycine is used is avoided. Treatment with denaturing
agents. SDS (1-2%), with or without reducing agents, dithiothreitol (40-100 mAM) or
2-mercaptoethanol (up to 1 M) reduces disulphide bonds. The only separative criterion
is protein size.

It is possible to prepare gels with an increasing acrylamide concentration
gradient (generally 5-20%), which has two advantages, first for separating a larger
range of molecular weights and second for increasing the resolution. Electrophoresis
can be performed with a single buffer (continuous electrophoresis) or with several
buffers (discontinuous electrophoresis). The latter technique permits proteins to be
concentrated with extremely small zones prior to their migration. Specific details of the
procedure have been described by Blackshear?!#, A single band in SDS electrophoresis
is usually accepted as a criterion of purity.

6.1.2. Isoelectric focusing -

Isoelectric focusing offers two distinct advantages over the usual methods of
electrophoresis: it gives a high resolution, proteins differing in p/by 1073 to 10~ 2 being
resolved, and it is independent of time so deterioration of the zone definition with time
is almost negligible. The resolution is improved by using high field strengths (100-300
V/cm) in thin (0.2-1 mm) gels layers.

Affinity electrophoresis and isotachophoresis can also be used. Kolodzeis-
kaia?2® recenily published a paper in which electrophoretic techniques applied to
proteolytic enzymes were reviewed.
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6.2. Enzyme localization in gels

6.2.1. Non-specific detection

Such techniques imply an irreversible alteration of the enzyme and their only
interest is to permit its observation. Coomassie R,5022” and G, s, Blue?2® and silver
staining®?® are commonly used. The sensitivities are about 50 ng and 1 ng per spot,
respectively. Because numerous proteases are glycoproteins, it is of interest to detect
them more specifically. Three methods are used?®°, the thymol-sulphuric acid
method, the periodic acid—Schiff base method and the fluorescein isothiocyanate—
labelled lectin method.

6.2.2. Specific detection

It is often relevant to preserve enzymic activity and to determine it. There it is
necessary to eliminate the electrophoretic reagents that are likely to interfere in the
determination (ampholine, SDS, etc.) and sometimes to renature the enzymes.
Different techniques are used, such as removal of SDS by incubation in buffered 25%
isopropanol or renaturing of enzyme by using a combination of non-ionic detergent,
glycerol and substrate; subsequently several approaches can be chosen?3!,

6.2.2.1. Elution of enzymes from the gel

The gel is cut into pieces and the enzymes are eluted with an appropriate buffer
and assayed by conventional methods. The measured activity depends on the
electrophoretic technique used (more or less denaturing) and of the recovery from
the gel. Spectrophotometric assays are widely used to detect proteolytic enzymes.
~ These use fluorochrome?32-23% or chromogenic indicators conjugated to the sub-
strate?37-24!_ Soluble substrates?*!:24* require the removal of undegraded material
(usually trichloroacetic acid precipitation), unless they have been attached to a solid
support, such as Sepharose?*®238, Insoluble substrates such as azocoll**° can be
removed by centrifugation. Proteolytic activity is determined by measuring the
amount of indicator released in the supernatant. Alternatively, indicators such as
fluorescamine®** or o-phthaldehyde 2#! may be added to the supernatant to detect
digestion products. These assays can detect trypsin, collagenase or elastase?3#:23% and
chymotrypsin?*? at concentrations of 50 and 1 mg/ml, respectively. An alternative is to
used a radiolabelled substrate such as ['*Clcollagen?42-243, [3HJelastin?#*24% or
[12°I)fibrinolectin®#® and casein?*”. All of these assays rely on the release of
radiolabelled products into the supernatant, where they are determined by gamma or
scintillation counting. An assay using radioiodine—gelatin as substrate was published
recently?*®, This assay is able to detect elastase, trypsin and collagenase at

concentrations of 1 ng/ml or less.

6.2.2.2. Staining for enzymic activity in situ after electrophoretic detection

Heeb and Gabriel?*! have reported five groups of techniques:

(i) simultaneous capture, where the substrate is converted by the enzyme into
aproduct that couples immediately with a reagent present in the incubation mixture to
form an insoluble coloured product;

(i) post-incubation coupling, in which incubation of substrate with enzyme
results in a product, then a reagent is added to the medium to yield coloured material;
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(iii) autochromic methods, which make possible direct observation of enzymic
activity by changes in the optical properties of either the substrate or reaction product;

(iv) sandwich-type incubation, which uses a matrix containing an auxiliary
indicator enzyme or high-molecular-weight substrates; incubation of the separating
gel with the matrix permits localization of enzymic activity; and

(v) copolymerization of substrate in the gel, which is used for high-molecular-
weight substrates such as gelatin or casein. It is often necessary to prevent the enzyme
from acting on the substrate during electrophoresis under enzymic conditions, e.g.,
inclusion of an inhibitor or chelating agent, use of a less than optimal pH, or other
means. Conditions of optimum activity can be restored during the subsequent

incubation period in order to detect enzyme activity.
The main techniques used for localizing proteases in situ are reported in Table 3.

TABLE 3
LOCALIZATION OF ENZYME ACTIVITY

No. Enzyme Substrate® Detection® Ref.
1 Acrosin Arg—f-naphthylamine Coupling with Fast Black 249
(E.C. 3.4.21.10)
2 Aminopeptidase L-Leu-Gly-Gly Coupling with amino acid 231, 250
(E.C. 34.11.4) oxidase, PMS
3 Carboxypeptidase Carbonaphthoxy-Phe Coupling with Diazo Blue B 251
(E.C. 34.17)
4  Cathepsin B Z Arg-Arg-methoxynaphthyl- Coupling with Fast Garnet, 252
(E.C. 34.22.1) amide GBC/scan
Azocoll TCA precipitation 252
5  Chymotrypsin Z Tyr-p-nitroanilide Diazotization of p-nitroanilide 254
(E.C. 3421.1)
6 Dipeptidase L-Leu-Leu Coupling with amino acid 231, 250
(E.C. 34.14) oxidase, PMS
7 Elastase N-Acetyl-DL-Ala a-naphthyl ester Coupling with Fast Black 231, 255, 256
(E.C. 3.4.31.11) Elastin—orcein Scan at 550 nm
Clear zones
8 Proteinases Casein, azocoll, gelatin TCA precipitation, scan at 520 nm 257, 258
(E.C. 3.4) Fluorescein—gelatin Salt precipitation, fluorescence 259-261
FITC—casein Clear zones 262, 263
9 Aspergillus proteinases Azocasein Clear zones 264
(E.C. 3.9)
10 Thermolysine Cytochrome ¢ TCA precipitation 253
(E.C. 3.4.24.4)
11 Trypsine Azocoll TCA precipitation + scan 253, 265, 266
(E.C.34.214) BAPNA Diazotization of p-nitroanilide 256
Benzoyl-Arg-Arg p-nitroanilide
12 Subtilisin Benzoxyl-Gly-Gly Product visible under UV light 267
(E.C. 3.4.21.14) Leu—p-nitroanilide
13 Urokinase Plasminogen, fibrin Clear zones 268

Plasminogen activators Plasminogen, gelatin

(E.C. 3.431.31)

Amido Black staining

¢ Z = Carbobenzoxy, FITC = isothiocyanate—fluorescein; BAPNA = benzoylarginine-p-nitroanilide.
® PMS = Phenazine methosulphate; TCA = trichloroacetic acid; INT = iodophenyl nitrophenyl tetrazolium;
Fast Garnet GBC base = 4-amino-2',3-dimethylazobenzene.
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6.2.3. Western blotting

In order to facilitate the detection of an enzyme in a very complex medium (e.g.,
biological extract, fermentation juice) it may be interesting to try the western blot
technique. After the enzyme has been separated by a suitable electrophoretic technique
and renaturation, it is transferred on to a membrane, then detected by incubation in the
presence of an antibody or a specific ligand and rendered visible. There are seven
practical stages of operation:

(i) separation of the crude extract by electrophoresis;

(ii) washing away the gel before transfer and renaturation by removal of
detergents:

(iii) transfer (usually electrotransfer); the transfer conditions, ie., pH, ionic
strength, presence of methanol, are determined by the nature of the required protein
and the commonly used membranes are made of nylon, nitrocellulose or poly(vinyl-
idene dichloride)?%%;

(iv) pre-hybridization, i.e., eliminating non-specific support fixation sites which
account for background noise;

(v) detection with a non-specific dye (Coomassie Blue, Amido Black, aurodye),
by marking with a radioactive isotope (2P, 12°1)27, a fluorescent marker, an antibody
avidin-biotin system?”! or immuno-gold-silver staining?’2; zinc-binding enzymes can
be probed with radioactive zinc (°*Zn) and detected by autoradiography??;

(vi) elimination of free ligand by washing; and

(vii) signal spotting through coloration, fluorescence or autoradiography.

The practical aspects of such techniques have been discussed by Durand?’# and
Walker27>. This very sensitive method, the detection threshold of which can be close to
1 ng/mm?, is very interesting for the detection of therapeutically significant enzymes,
e.g., collagenase in some forms of cancer?”®. It may also possible to detect specifically
active enzymes by performing the coupling reaction after transfer on to a membrane on
which have been previously fixed auxiliary enzymes specific for the reactive
product?7®,
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8. SUMMARY

A vpurification scheme has been established and three major steps defined:
extraction and solubilization of the enzyme in the medium, obtaining the crude enzyme
and selective purification. For each step, the applicable techniques, with their
advantages and incoveniences, and the classical parameters in use are discussed.
Affinity liquid chromatography and high-performance liquid chromatographic
processes have been particularly developed. Techniques for enzyme crystallization and
methods for monitoring enzyme purification are considered.
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SUMMARY

Statistical optimization of flows is carried out for a Hall electrolytic conductivity
detector (HECD). Yates’ method was used to quickly estimate main factors affecting
HECD response to organochlorine. Also, more detailed evaluation of variations of
HECD response for three flow variables was performed via central composite design
factorial experiments. Corresponding three-factor, three-level factorial experiments
provided data for least-squares regression analyses. The resulting fitted-polynomial
yielded an appropriate mathematical model of the HECD response surface for the
corresponding three dimensions in flow-space.

Optimum values for three detector flows are thereby selected from the response
surface to provide maximum HECD sensitivity, i.e., response to organochlorine in the
halogen mode. Supplemental data then allow for flow optimization with respect to
other criteria, e.g., signal-to-noise ratios and resolution of eluates.

INTRODUCTION

Hall electrolytic conductivity detector (HECD) sensitivity can be influenced by
many variables. Selection of HECD reactor temperature affects detector response, and
depends upon eluites to be detected!. Also, flow-rates for carrier gas, reaction gas and
conductivity solvent are important parameters affecting HECD response?™.

Carrier gas, often helium which contains gas-phase eluates, is introduced to the
high-temperature HECD reactor from the chromatographic column. Hydrogen, the
reaction gas, to produce HCly, for the halogen mode, is added to the carrier gas prior
to exposure to the reactor’s nickel catalyst. Reactor effluents containing carrier gas,
hydrogen, HClg, and other reactor products mix with buffered n-propanol in the
gas-liquid contactor; the gas-liquid separator then isolates the flowing liquid phase
from undissolved gases for electrometric measurements of dissolved Cl™ in the
analytical cell. The two gas flows and the flow of the liquid through these mixing,

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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separation and measurement regions of the differential conductivity cell significantly
affect HECD response.

In this work factorial experiments were conducted to obtain mathematical
models representing HECD response surfaces which estimate effects of carrier gas
flow, reaction gas flow and conductivity solvent flow upon HECD sensitivity®. These
three flow variables, or factors®, were deliberately varied in a controlled fashion and
corresponding HECD response factors were determined. A second-order multiple
regression model was used to estimate the relationship between the three factors and
the response surface’. This regression model and Yates’ method of analysis® were
employed to evaluate the main effects for each factor, i.e., variations of the average
response factor as a single flow variable changes. The interaction effects were also
calculated for each combination of pairs of flows®. Optimized flow settings were then
estimated for achieving maximum detector sensitivity for the HECD system. Results
of this study are reported herein for both packed and capillary gas chromatographic
(GC) systems with a HECD.

Other variables may also affect HECD sensitivity such as conductivity cell
temperature, reactor catalyst integrity, eluate peak shape, background conductance
and solvent pH. These variables were not evaluated in this study because previous
work has shown these variables to change slowly with time or cause only minor
changes in HECD response factors”8.

EXPERIMENTAL

Reagents

1-Chlorooctane (>99%) (1COA) was purchased from Aldrich. Resi-analyzed
grade n-hexane and propanol were purchased from J. T. Baker. Dilutions of
l-chlorooctane in hexane were used as injected aliquots for these studies.

Instrumentation

A Tracor Model 560 gas chromatograph equipped with a Tracor Model 700A
HECD was used for these studies. Packed-column separations were done with
a2m x 2 mm LD. glass column, packed with 3% OV-17 on 100-120 mesh
Supelcoport. For capillary column separations the HECD was interfaced with a J&W
Scientific 30 m x 0.32 mm [.D. fused-silica capillary column with 0.25-um DB-5
bonded phase.

The HECD reactor assembly was adapted for capillary systems for some of this
work. A 4in. x 1/4in. O.D. x 1 mm I.D. glass insert was placed into the HECD
column interface and anchored with a 1/4-in. graphite ferrule. A 1/4in. O.D. to 1/161in.
0.D. stainless-steel Swagelok reducing union, modified for make-up gas introduction,
was attached to the other end of the glass insert. The capillary column was passed
through the reducing union into the flow channel of the glass insert and located such
that the termination of the capillary column was about 1 mm from the entrance to the
nickel catalyst reaction tube. The capillary column was anchored by a 0.8 mm to 1/16
in. O.D. graphite ferrule at the reduction union.

An SGE OCI-3 on-column injector and syringe were used to deliver sample
injection volumes onto the capillary column. Hydrogen carrier gas flow was set with
the precision flow-control valve provided with the on-column injector. Hydrogen
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make-up gas for capillary separations was introduced through the modified Swagelok
reducing union and the reaction gas inlet. The HECD conductivity solvent,
n-propanol, was delivered by the metering pump provided with the HECD.

The HECD was used in the halogen mode for these studies. A nickel-catalyst
reactor temperature of 950°C was used, as recommended for chlorinated hydrocarbon
analyses'. A Hewlett-Packard Model 3390A integrator was used to measure HECD
peak areas and retention times.

Procedures

Gas flow-rates were measured with a soap-bubble meter and a stopwatch at the
differential conductance cell exit. Solvent flows were measured with a 10-ml graduated
cylinder at the same cell outlet. The following procedure was used to set and monitor
the three flows: (a) solvent flow was turned off, (b) reactor gas flow was turned off, (c)
vent valve was closed, (d) carrier gas flow was adjusted and measured, (¢) reaction gas
flow was adjusted and the carrier gas plus reaction gas flow was measured, (f) solvent
flow was adjusted and measured.

A volume of 1 ul of a 1-chlorooctane solution (59 nmol Cl/ml) in n-hexane was
repeatedly injected and separated at 65°C for each set of flow conditions evaluated.
Peak areas for 1-chlorooctane from chromatograms for each set of flow conditions
were used according to the central composite factorial experiment described below.
The baseline noise was always small relative to peak areas for these experiments.

Factorial experimental design

Factorial experiments allow the main effects and interaction effects within
a multivariate system to be evaluated. This approach is efficient since it requires fewer
experimental trials than normally required by corresponding single-factor experi-
ments®, Fractional factorial experiments further reduce the number of required trials
by neglecting selected high-order interactions® between variables.

In this study a three-level, three-factor experiment was implemented to evaluate
effects of three flow factors upon HECD response. The experiment can be pictorially
represented by a cube with the center placed at the origin, or base-point®, of
a Cartesian coordinate system (see Fig. 1). The X, Y, and Z axes represent the three
evaluated flow factors, k,, k5 and k3. Each position in the cube defines a combination
of the three flows. Each position in the cube can also be related to a point, i.e., an
estimated response, on a calculated response surface; this relationship can be
established by fitting the factorial data to a polynomial function with multiple linear
regression”. For the experiments described herein the response surface mathematically

Fig. 1. A three factor, 2* + 2k + 1 factorial experimental space. Dots represent the 15 positions at which
measurements are required for a central composite factorial experiment.
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models the relationship between the three flow factors and the HECD response to
1-chlorooctane.

The number of trials required for a complete factorial experiment is Q* where
k factors are evaluated at Q different values, i.e., Q levels®. Thus a complete, or 3%,
factorial design for three factors requires HECD response measurements for at least
the 27 flow combinations represented by 27 specified cube positions®!°. The data
obtained from a 3* design may then be modeled by a second-order polynomial with
parameters for main effects, two-way interactions, three-way interactions and an error
term*°,

For this work a fractional factorial experiment was selected instead of
a complete factorial experiment. The central composite factorial design used, called
a2* + 2k + 1 design, requires only 15 experiments, corresponding to 15 HECD flow
combinations represented in Fig. 1'°. Central composite data were modeled by
a second-order polynomial which includes parameters for each main effect, second
order two-way interaction effects and an error term'!, and neglects three-way
interactions:

y = Bo + Ble + BzX% + B3X2 + B4X% + B5X3 + B6X% +
+ B7X1X2 + BgX]Xg; + BngX;; + e (1)

Similar to the 3* design, y estimates the response surface for factors x;, x, and x3. The
central composite design was preferred for fitting factorial data by multiple regression
since fewer trials are required®°~'3: the central composite design uses a minimum of
(0 — D} + (Q — Dk + 1 experiments compared to the Q¥ experiments required for
a complete factorial experiment'©.

Yates’ method

Yates’ method was also used to evaluate flow-response relations for the HECD.
It is also a two-level evaluation which does not consider second-order relationships
which may exist between the individual flow factors and the HECD response. Yates’
method consists of simple calculations which allow a prompt evaluation of factorial
experimental data®.

RESULTS AND DISCUSSION

Multivariate evaluation of the effects of reaction gas, carrier gas, and conductivity
solvent flow-rates on the HECD response by a central composite factorial experiment

Effects of the helium carrier gas, hydrogen reaction gas, and n-propanol
conductivity solvent flows on HECD sensitivity in the halogen mode were evaluated
with a three-level, three-factor, factorial experiment. The three factors were reaction
gas flow, ky, carrier gas flow, k,, and conductivity solvent flow, k5. The measured
response was the peak area for 1-chlorooctane obtained from packed-column HECD
chromatograms, using the halogen mode and 1-ul injections.

The central composite design was used for evaluating the HECD response
surface for the three flows. A corresponding second-order polynomial was found by
multiple regression and modeled the factorial data. Selection of the central composite
design was justified based on limited single-factor flow data in the literature, i.e.,
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hydrogen flows in the nitrogen mgde?; hydrogen flow and conductivity solvent flow in
the nitrogen mode*; and conductivity solvent flow in the sulfur mode®. Those studies
indicate that HECD response generally increases as hydrogen flow increases and
decreases as conductivity solvent flow increases in a second-order fashion without
major inflection points. Our experience with the HECD in the halogen mode suggested
the same trends. High-order interaction effects were therefore not evaluated, hence
reducing the number of required experiments from 27 to 15.

Reasonable flow ranges for the HECD system were used as boundaries for the
experimental space, I.e., the cube (hydrogen reaction gas low flow = 12.7 ml/min, base
point = 30.0 ml/min, and high flow = 51.2 ml/min; helium carrier gas low flow = 12.3
ml/min, base point = 35.8 ml/min, and high flow = 55.8 ml/min; solvent low flow =
0.3 ml/min, base point = 1.4 ml/min, and high flow = 2.7 ml/min). Packed-column
carrier gas flow conditions are limited since analyte elution is severely retarded at very
low flows, e.g., less than 10 ml/min, but analytes may be lost during the venting
procedure at very high flows, e.g., greater than 40 ml/min. Conductivity solvent flow is
limited by the useful range of the delivery pump since at low flows, less than 0.2
ml/min, the system becomes erratic, and the upper flow limit is about 4 ml/min.
Reaction-gas flow was also restricted since the gas-to-liquid flow ratio in the gas-liquid
contactor and separator must be approximately 100:1, according to previous studies”’.

For the three-factor, three-level, second-order, central composite design the
system was evaluated at points corresponding to the eight vertices, the centers of the six
faces, and the base-point for the experimental cube-space®. Replicate measurements
were obtained for the base point to establish expected uncertainties. Accordingly,
appropriate chromatograms were developed; eight with the flow conditions set as
defined by the vertices of the cube, six as defined by the centers of the faces of the cube,
and five replicate chromatograms for the base-point. The experimental sequence was
not completely randomized due to practical limitations in precisely resetting flows.

The data-analysis computer program (available upon request from the authors)
was used to mathematically model the factorial data with the best-fit second-order
polynomial using multiple linear regression. The expected values for 1-chlorooctane
peak area responses, as modeled by the regression polynomial function, and regression
residuals were calculated. Regression parameters for eqn. 1 resulting from modeling
factorial data are shown in Table L. Table I also includes confidence intervals based on
the Student’s ¢-statistic for each of the ten regression parameters. The 90% confidence
intervals were calculated from the diagonal elements of the inverted regression matrix
and parameter standard deviations as estimated from the corresponding sum of
squared residual values®.

The regression parameters indicate that solvent flow has the largest effect among
the three flow factors on the HECD response; the first- and second-order regression
parameters for the main-effect of solvent flow on the HECD response are much larger
than for any other effect. The hydrogen and helium flow factors yield smaller
main-effect parameters than solvent flow, with the first and second main-effect
parameters being similar for the two gas flow factors. This indicates that the total gas
flow through the HECD is more important for HECD response evaluation than the
individual flow-rates of hydrogen or helium within the flow boundaries evaluated in
this experiment. The 90% confidence intervals for hydrogen and helium flows indicate
that the second-order parameters, as well as the interaction-effect terms, are all
relatively small when compared to other parameters.
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TABLE 1

MULTIPLE REGRESSION PARAMETERS FOR THE ICOA PEAK AREA RESPONSE SURFACE
TO HYDROGEN, HELIUM AND SOLVENT FLOW RATES

90% Confidence interval estimates for the individual regression parameters are included®.

Regression Parameter Estimated 90% Parameter description
parameter value confidence interval
for parameters Effect type  Factors Parameter

order

Bo 2.7 - 107 1.0 - 10? - - Intercept

i 5.6 5.1 Main Hydrogen First

B2 -29-10"2 7.0-10"2 Flow Second

B3 7.3 43 Main Helium First

Ba —29-1072 6.0-107? Flow Second

Bs -38-10% 0.7 - 10? Main Solvent First

Be 97.0 18.0 Flow Second

B4 —47-1072  44-1072 Interaction  Hydrogen and helium  Second

Bs -0.76 0.80 Hydrogen and solvent  Second

iR 1.4 0.7 Helium and solvent Second

The polynomial model was evaluated for effects of each flow on the HECD
response while the remaining two flows were held constant at base-point values. If
solvent flow is increased while carrier and reaction gas flows remain constant, then the
HECD response is reduced (see Fig. 2). For example, a conductivity solvent flow of 0.2
ml/min yields about ten times the HECD response found with a flow of 2.5 ml/min.

HECD response increases as either reaction gas or carrier gas flows are
increased. Increasing the carrier gas flow from 10 ml/min to 50 ml/min produces
a 120% increase in the HECD response if the other two factors are held constant at
base-point values (see Fig. 3). Similarly, hydrogen flow increase over the same flow
ranges yields a 45% increase in HECD response (Fig. 4); however, since the helium
flow at the base-point is larger than the hydrogen flow at the base-point, different total
gas flow-rates are compared. Evaluation of the hydrogen flows from 10 ml/min to 50

500

400

(uv+s)

300

200+

Response

10071

—_

0.6 1.0 1.4 1.8 2.2

Solvent Flow {mi/min)

Fig. 2. Effect of HECD solvent flow on 1COA peak area, hydrogen flow = 28.9 ml/min, helium flow = 36.1
ml/min.
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Fig. 3. Effect of HECD helium carrier gas flow on 1COA peak area, hydrogen flow = 28.9 ml/min,
solvent flow = 1.4 ml/min.

ml/min, with the helium flow constant at 28.9 ml/min and solvent flow constant at 1.4
ml/min, shows an HECD response increase of 65% (Fig. 5).

Within the 90% confidence intervals for the parameters in eqn. 1 (see Table 1),
increases of either helium and hydrogen flow causes similar enhancement of HECD
response (see Figs. 3 and 5). The increase in the HECD response as total gas flow
increases may reflect enhanced mixing dynamics within the gas-liquid contactor and
gas-liquid separator. However, a specified total gas flow-rate yields approximately the
same HECD response even if the ratio of hydrogen to helium flow changes. This
indicates that hydrogen gas is probably only needed in small amounts as a reagent,
contrary to conventional assumptions.

Evaluation of the main effects and interaction effects of reaction gas, carrier gas and
conductivity solvent flows on the HECD response by Yates’ method

To supplement the central composite factorial calculation above, Yates’ method
for analysis of factorial experiment data was applied to the evaluation of effects of the

150

(uv - s)

130

Response

1o

20 30 40 50
Hydogen Flow  (ml/ min)

Fig. 4. Effect of HECD hydrogen flow on ICOA peak area, helium flow = 36.1 ml/min, solvent flow = 1.4
ml/min.
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Fig. 5. Effect of HECD hydrogen flow on 1COA peak area, helium flow = 28.9 ml/min, solvent flow = 1.4
ml/min.

three flow factors on HECD response®. Yates’ method utilizes simple calculations to
quickly estimate the main and interaction effects, however, the method is restricted to
two-level experiments. Thus, only the eight chromatograms, corresponding to the
eight vertices of the experimental cube in Fig. 1 were used. Resulting estimates of
Yates’ effects suggest trends similar to those suggested by the multiple regression
analyses described above.

For calculations according to Yates’ method, only three effects are significantly
different from zero at the 90% confidence level based upon the Student’s -statistic: the
main effects of solvent and helium flows and the interaction effect between solvent and
helium flows®. The estimate of the main effect of solvent flow on the HECD response is
much larger than the main effect for hydrogen or helium flows, consistent with the
dependence found via the multiple regression evaluation above. However, results of
Yates’ method indicate that the interaction effect between helium and solvent flows is
much more significant than estimated by the multiple regression evaluation. This
second-order relationship between solvent flow and the HECD response is also evident
from the multiple regression parameters discussed above and from previous work?>.

Flow conditions for optimum HECD response for GC separations

Flow conditions were selected, based upon results described above, to provide
a maximum HECD response to organochlorine for the HECD under practical
operating conditions. (Flows for maximum HECD response were hydrogen = 50
ml/min, helium = 50 ml/min and solvent = 0.2 ml/min; practical optimum flows were
hydrogen = 50 ml/min, helium = 20 ml/min and solvent = 0.5 ml/min) However,
criteria other than HECD response also must be considered for optimal GC
measurements; signal-to-noise evaluations and resolving power are also important.
For example, a solvent flow of 0.5 ml/min provides an enhanced HECD response over
higher flows but does not introduce significant pump-related noise into the system.
Similarly, a solvent flow of (.2 ml/min is too low, as it increases HECD response but
includes substantially increased noise, thus jeopardizing measurements of analytes and
degrading the limit of detection.

Experimental results described above suggest that the HECD response mainly
changes with total gas flow. However, carrier gas flow also affects resolution and
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retention times in addition to the HECD sensitivity. Thus, carrier gas flow may also be
optimized for resolution, and reaction gas flow may be increased to raise the total gas
flow if the HECD response needs to be further enhanced. An optimum helium carrier
gas flow of 20 m!/min was thereby selected for subsequent packed-column separations.
Under those conditions hydrogen reaction gas flow of 50 ml/min provides the most
sensitive HECD response according to the experimental results described above.

HECD responses were calculated, based upon the response surface, as single
factors were changed while the other flow factors remain constant at the selected
optimum flow-rates. The effect of solvent, helium and hydrogen flows on the HECD
response near the optimization point are consistent with the discussion above but
shows greater dependences than shown in Figs. 2-5 above.

Evaluation of flow factors for capillary separations using hydrogen carrier gas
and hydrogen make-up gas eliminated the need for addition of reaction-gas. The major
dependence of the HECD upon the main factors of total gas flow and solvent flow,
discussed above, therefore allowed for easy adaptation to capillary GC. Because high
resolution was provided at very low capillary carrier gas flows, e.g., 1 mi/min,
hydrogen as make-up gas was varied to provide maximum HECD response without
degrading eluate resolution; this was approximately 60 ml/min. Similarly, HECD
solvent flow was selected to provide sufficiently low noise, e.g., at approximately 0.5 ml
n-propanol/min.

These statistical optimizations for maximized sensitivities allow for efficient
assessments of appropriate HECD flows via few experiments. Other parameters such
as signal-to-noise ratios or resolution might also be considered in other evalutions
which use criteria other than enhanced responses. The optimum flows reported here
are consistent with typical flows recommended for the HECD based upon extensive
empirical efforts>=* 78, However the results herein also contradict some conventional
assumptions: (a) only small amounts of hydrogen are required for effective reductions
of organochlorine to HCI, and (b) total gas flow is typically much more important than
the ratio of hydrogen-to-carrier gas flows.
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SUMMARY

Three series of homologues were evaluated for use as standards for the
determination of retention indices on capillary columns coated with a silicone with
60% cyanopropyl substitution. The homologous series tested were n-alkanes ac-
cording to Kovats, 2-ketones and fatty acid methyl esters. Using a highly polar
stationary phase, n-alkanes were adsorbed at the gas-liquid interface. The presence of
such an additional retention mechanism resulted in n-alkane retention times being
highly dependent on the stationary phase area to volume ratio. The retention of the
polar homologues was, however, relatively insensitive in this respect, and the
reproducibility of the retention index determinations was thereby highly improved.

INTRODUCTION

It is well documented that gas chromatographic (GC) retention data can be of
great value in qualitative analysis. Such data are influenced by several factors, and in
order to be useful in qualitative analysis they should be measured under standardized
conditions and reported in a uniform manner. A relatively high insensitivity towards
experimental parameters may be achieved when retention is measured under
isothermal conditions as relative retention. A retention index system fulfilling these
requirements was defined by Kovats!=® by reference to two standard n-alkanes, the
peaks of which bracket the band of the compound of interest. The retention index is
given by

log try — log e,

I(x) = 100z + 100 —
' log tR(PzH) — log t,R(PZ)

(1

where I(x) is the retention index of compound. x, #y) is the adjusted retention time of
compound x and P, and P, are the two n-alkanes which are eluted just before and
just after the peak of compound x. The adjusted retention time is ty = g — t,,, Where fx
is the retention time and ¢, is the retention time of a non-retained substance. The

0021-9673/89/303.30 © 1989 Elsevier Science Publishers B.V.
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retention index scale elaborated by Kovats is founded on the relationship between log
% and the carbon number, z, of the members of the homologous series of n-alkanes:

logtg =az + b 2)

where a and b are constants. Eqn. 2 is based on the assumption that each methylene
group makes a constant contribution to the retention, this not being valid, however,
for the lower homologues. Wainwright and Haken* showed non-linearity for methane
and ethane; some workers consider that the equation shows linearity from n-
pentane>® onwards and others from n-heptane onwards’. Rohrschneider® and
Golovnya and Grigoryeva® indicated linearity from n-nonane. A further complication
may be a possible oscillation in the chromatographic properties of successive members
of the homologous series. In order to avoid such problems, Kovats first defined the
retention index on the basis of even-carbon n-alkanes. This was experimentally found
to be unnecessary, and Kovats redefined the retention index and proposed an
increment of 100 between n-alkanes®. The influence of odd or even carbon numbers on
the retention of n-alkanes was later discussed by Vigdergauz and co-workers!®-12,

It is well known that several compounds can have the same retention index on
a given column, so retention data cannot be taken as a positive identification.
Nevertheless, in combinations of GC and other analytical methods such as mass
spectrometry and Fourier transform infrared spectrometry, retention data can be of
considerable help. The utility of the retention data in this connection is, of course,
dependent on their reliability.

The Kovats retention index system is very widely used, as demonstrated in recent
reviews”!3, It can be applied to all possible combinations of solutes and stationary
phases; the reliability is, however, not equally acceptable in all situations.

The reproducibility of retention indices between different laboratories is
generally considered to be within one index unit for non-polar columns and within
a few index units for polar columns. It is the opinion of the present authors that the
precision obtained on polar columns could be improved. To achieve this, the sources of
error should be identified and minimized.

Accurate values of the retention index are thought to result, in an ideal case,
when retention is due solely to dissolution of the sample constituents in the pure
stationary phase, thus reflecting only the distribution constants between the stationary
and mobile phases. Other retention mechanisms, such as adsorption at the support
surface and at the gas-liquid interface, should thus be suppressed. Capillary
deactivation methods have been much improved in recent years. Now, typical polar
solutes can be successfully chromatographed when present in at least nanogram
amounts. Adsorption at the gas—liquid interface is, however, almost inevitable for the
combination of n-alkanes and polar stationary phases'*. The sample capacity for
n-alkanes here becomes so low that, in practice, column overloading cannot be
avoided, thus leading to retention times that are dependent on sample amounts in the
range normally encountered in GC with flame ionization detection (FID). The
retention of the reference substances, n-alkanes, thus becomes ill-defined and thereby
also the retention indices. The use of more polar standards has been suggested for
improving the precision®15717 e.g., 2-alkanones'® '8, n-aldehydes'® and methyl esters
of saturated fatty acids (equivalent chain length)?*%! have been investigated. The
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function of the polar standards in isothermal analysis is primarily to provide
a reference system based on dissolution in the stationary phase. In temperature-
programmed analysis, the relative insensitivity of the retention index towards small
fluctuations in experimental conditions is lost!®. The distribution coefficients of
different compounds are differently affected by changes in temperature. This
sensitivity towards fluctuations in experimental conditions can be partly compensated,
however, by the use of reference compounds having structures similar to those of the
sample components, provided, of course, that the sample is homogeneous. The reasons
for the use of alternative standards are therefore different in isothermal and
temperature-programmed analysis.

~ A method for the calculation of invariant retention indices was described by
Berezkin?2:23;

Ii = [0 + a; (I/VL) (3)

where I, is the limiting value of the retention index determined only by dissolution of
acompound i in the stationary phase, a; is a constant characterizing adsorption of this
compound in the given system (the assumption being that the retention of the standard
solute is due only to dissolution in the stationary phase) and V; is the stationary phase
volume in the column. This equation was suggested to be applied if the retention index
was measured on packed columns. A similar equation, intended for use when retention
indices were measured on capillary columns, was also described by Berezkin?3:24:

I = Io + ai; (1/ky) 4)

where kg is the capacity ratio for a standard compound, being unaffected by
adsorption effects. In our experience, it is possible to obtain linearity of eqn. 3, even
though the standards are adsorbed on the gas-liquid interface, if the solute to be
indexed is unaffected by adsorption. The constant will then be g, representing the
adsorption on the gas-liquid interface of the standard compounds. It is worth noting
that the constants @; and g;; in eqns. 3 and 4 includes the stationary phase surface area,
the assumption for the validity of eqns. 3 and 4, thus being that with changes in the
amount of stationary phase in the column, the gas-liquid interfacial area remains more
or less unchanged?>. This assumption is, however, not valid in this work, where
columns of different dimensions and film thicknesses have been used. Therefore,
a modified version of eqn. 3 has been applied:

I = Iy + ag (AL/V1) (5)

where A, is the gas-liquid interfacial area, the assumption being, in this instance, that
the film thickness corresponds to the concentration of the coating solution and that the
adsorption of the solute is negligible. For capillary columns used in GC, d; is much
smaller than r, and Ay/V7, is then approaching 1/d.

In this work, indexing of retention data obtained on capillary columns coated
with a polar stationary phase was compared for three different systems, n-alkanes,
2-ketones and methyl esters of saturated fatty acids. Further, the influence on the
retention index of the method used for measurement of the gas hold-up time was
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studied. The possible existence of an oscillation of the chromatographic properties of
odd- and even-carbon n-alkanes was also examined.

EXPERIMENTAL

Columns

Five fused-silica capillary columns were coated with a silicone gum stationary
phase (60-CN) having ca. 60% cyanopropyl, 37% methyl and 3% vinyl substitution.
The synthesis of this stationary phase has been described previously?%. One column
was coated with a poly(dimethylsiloxane)—(5-6% diphenyl)-(0.1-0.3% methylvinyl-
siloxane) copolymer gum, PS264 (Fluka, Buchs, Switzerland) and used as a non-polar
reference column.

Reagents

For the silylation of the polar columns a biscyanopropylcyclosiloxane mix-
ture?®2” was used, and the non-polar column was silylated by reaction with
decamethylcyclopentasiloxane?8,

Column preparation

Polar columns. Fused-silica capillary tubing (20 m x 0.32 mm, 26.5 m x (.22
mm and 26.5 m x 0.25 mm 1.D.) (Chrompack, Middelburg, The Netherlands) was
used as the column material. Prior to silylation, the capillaries were pretreated
according to a previously described method?®, including leaching with 20% (v/v)
hydrochloric acid, rinsing with hydrochloric acid (pH 3) and methanol and de-
hydration of the leached fused silica. Immediately after the dehydration step, the
capillaries were deactivated with the biscyanopropylcyclosiloxane mixture [2% (w/v)
in dichloromethane] and silylated at 395°C in an inert atmosphere?:27, The silylation
was followed by rinsing with at least 10 ml of dichloromethane and further drying with
nitrogen for several hours. Before coating, the stationary phase was dissolved in
dichloromethane (analytical-reagent grade, freshly distilled) at concentrations giving
film thicknesses 0f 2.0, 1.0, 0.16 and 0.20 zm. All the columns were coated by the static
method at room temperature. When the solvent evaporation was complete, the
columns were flushed with dry nitrogen overnight in order to remove residues of
dichloromethane.

Non-polar column. Fused-silica capillary tubing (18 m x 0.32 mm 1.D.) from
Quartz et Silice (Paris, France) was used as the column material. The capillary was first
flushed with nitrogen and then deactivated by reaction with decamethylcyclopen-
tasiloxane at 370°C for 2 h?®, followed by rinsing with dichloromethane and drying
with nitrogen. PS264 was dissolved in dichloromethane at a concentration giving a film
thickness of 0.5 um. The coating procedure was the same as for the polar columns. The
column dimensions are given in Table I.

Cross-linking

The 60-CN stationary phase was immobilized by the use of azo-ters.-butane
(ATB) (Ventron, Karlsruhe, F.R.G.). Columns coated with film thicknesses of 1 and
2 pm were flushed with ATB-saturated nitrogen for 1 h, first from one end and then
from the other, while the columns coated with film thicknesses of 0.16 and 0.20 um
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TABLE I
COLUMN DIMENSIONS

Column No. Length (m) LD. (mm) dy (um)  Stationary phase

1 20.0 0.32 2.0 60-CN
2 20.0 0.32 1.0 60-CN
3 26.5 0.22 0.16 60-CN
4 26.5 0.25 0.20 60-CN
5 26.5 0.25 0.20 60-CN
6 18.0 0.32 0.5 PS264

were flushed for 30 min, also from each end. After flame sealing, the columns were
cured at 220°C for 1 h after programming at a rate of 4°C/min. The non-polar
stationary phase was not immobilized.

Testing conditions

In order to evaluate the stationary phase properties, and especially the retention
indices, the polar columns were tested three times according to the following
procedure: (a) after a short conditioning at 220°C for 30 min, programming rate
5°C/min; (b) after immobilization with ATB and conditioning as in (a), and (c) after
rinsing with 10 ml of dichloromethane and conditioning as in (a).

Test mixtures

Three test mixtures were used: (1) n-alkane and 2-methylnaphthalene; C;3-C,q
n-alkanes were used for the polar columns and C,,-C,¢ n-alkanes for the column
coated with PS264; (2) 2-ketones (C,p, C11, C12 and C,5) and 2-methylnaphthalene;
(3) Saturated fatty acid methyl esters (FAME) (Cyo, C;1, C;; and Cyq) and
2-methylnaphthalene.

In standard 2, the ketone standard (C,o) was 2-decanone, so that all carbon
atoms were included when this was set to have retention index value of 1000 i.u. In
standard 3, the FAME standard (C,,) was methyl decylate, and therefore the methyl
ester carbon was not included when this was set to have a retention index value of 1000
iu.

The concentration of the n-alkanes in the standard intended for the polar
columns was ca. 20 ng/ul and all other components were in the concentration range
100-200 ng/ul.

Apparatus

All chromatographic measurements were performed on a Carlo Erba (Milan,
Italy) Mega gas chromatograph equipped with a flame ionization detector. Hydrogen
was used as the carrier gas and the gas velocity was 40-50 cm/s at the oven temperature
for the run. The injector temperature was held at 220°C, the detector temperature was
250°C and the injections were performed at column temperatures of 115, 125 and
135°C. A splitting ratio of 1:100 was used for all columns and temperatures and the
injection volume was 1 or 2 ul.

A laboratory data system, ELDS881 (Chromatography Data System. Kungs-
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hog, Stenhamra, Sweden) was connected to the gas chromatograph for signal
registration and treatment. The sampling frequency was set to give 40400 data points
over a chromatographed peak.

Column dead-time measurement
The column dead time was measured either by injection of methane or by the
mathematical method described by Guardino et al.?°.

RESULTS AND DISCUSSION

Determination of column dead time, t,,

The retention indices were established using eqn. 2, by iteration of t,,, to obtain
the the best fit to a straight line for carbon number versus log t; according to Guardino
et al.*°. However, as discussed by Smith and co-workers*®*! and Ettre?2, this value of
the mathematical dead time may not be the real column dead time, but a function of it.
The different homologous series used here thus resulted in different ¢, values. For
example, on column 2 (TableI) at 125°C, the ¢, value obtained by injection of methane
was 41.4 s, the mathematical dead time obtained with n-alkane homologues was 40.8
s and with 2-ketone and the FAME homologues 34.2 and 36.6 s, respectively. In this
work, the retention indices were calculated using the mathematical dead time obtained
with the homologous series used for indexing. For the calculation of &' values, the dead
time obtained by injection of methane was used.

Column efficiency

Polar columns are known to be less efficient than non-polar columns, especially
when the stationary phase film is thicker. This is partly due to a lower diffusion
coefficient in the polar stationary phases, but also to the difficulty in preparing
columns with an even stationary phase film. In Table II the column efficiencies are
represented by the height equivalent to a theoretical plate (HETP) values for
n-heptadecane, n-eicosane, 2-pentadecanone, methyl myristate and 2-methylnaph-
thalene at 125°C. As expected, the HETP values for the n-alkanes are significantly
‘higher than those for the other solutes. This is mainly due to the poor solubility of these
non-polar compounds in the polar stationary phase, the sample capacity being low in
this instance. As has been shown in an earlier evaluation of the 60-CN phase*3, an
overloading of n-alkanes on this stationary phase will lead to concentration-dependent
retention indices. One way of avoiding overloading is, of course, to inject smaller
amounts of n-alkanes on to the column, but detectability may then become a problem;
the consequence of a low signal-to-noise ratio will be ill-defined retention times and
hence possible uncertainty in the retention index determination. Table IT also shows
that the ATB treatment has a significant effect on the column efficiency. All the test
solutes are affected here, but the n-alkanes give by far the greatest decrease in
efficiency. This decrease is even more pronounced with increasing stationary phase
film thickness. In Fig. 1, the chromatograms obtained before ATB treatment of the
columns, using a test mixture containing n-alkanes, are shown for (a) column 2 at
135°C, (b) column 3 at 125°C and (c) column 5 at 125°C. The corresponding
chromatograms obtained after ATB treatment are shown in Fig. 2a, b and c.
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TABLE 11
COLUMN EFFICIENCIES AT 125°C

Column  Treat- HETP (mm)

No.” ment®
n-Heptadecane  n-Eicosane  2-Pentadecanone  Methyl- 2-Methyl-
myristate  naphthalene

1 a 3.39 1.35 0.78 0.96 0.80
2 a 1.71 1.15 0.54 0.67 0.55
3 a 1.27 1.14 0.42 0.50 0.29
4 a 0.48 0.58 0.28 0.32 0.27
5 a 0.45 0.34 0.28 0.29 0.27
6 a - - 0.36 0.38 0.31
1 b 5.14 2.78 0.94 1.21 0.95
2 b 4.96 3.26 0.96 1.25 0.81
3 b 1.69 2.00 0.55 0.68 0.36
4 b 3.27 7.71 0.80 1.11 0.30
5 b 1.04 1.79 0.39 0.44 0.28

4 See Table 1. :
b a = Before ATB treatment, after conditioning at 220°C for 30 min; b = after ATB treatment and
additional conditioning at 220°C for 30 min.

Comparison between retention index systems

Three retention index systems were evaluated for use on polar columns. The
retention indices were determined by use of the equation log g = al+b, where the
constants @ and b are dependent on the stationary phase and on the nature of the
chemical group bound to the alkyl chain®**, and a should deviate only slightly for all

@) ) ©)
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Fig. . Gas chromatograms (FID) of a mixture containing n-alkanes, 2-methylnaphthalene and biphenyl on
three capillary columns coated with 60-CN stationary phase. Conditions: split injections at 135 or 125°C
after the columns had been conditioned at 220°C for 30 min. (a) Column 2 at 135°C; (b) column 3 at 125°C;
(c) column 5 at 125°C. Peaks: | = n-tridecane; 2 = n-tetradecane; 3 = n-pentadecane; 4 =. n-hexadecane;
S = n-heptadecane; 6 = n-octadecane; 7 = n-nonadecane; 8 = n-eicosane; 9 = 2-methylnaphthalene;
10 = biphenyl.
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Fig. 2. Gas chromatograms (FID) of a mixture containing n-alkanes, 2-methylnaphthalene and biphenyl on
three capillary columns coated with 60-CN stationary phase. Conditions: split injections at 135 or 125°C
_ after ATB treatment and conditioning at 220°C for 30 min. (a) Column 2 at 135°C; (b) column 3 at 125°C; (c)
column 5 at 125°C. Peaks as in Fig. 1.

series. However, this seems to be true for the non-polar column and for column 1, but
for the other columns the @ values for the n-alkane homologous series deviate
considerably from the a values for the 2-ketone and FAME series (Table III). The
greatest deviation was observed for column 3, where the adsorption effects for the

TABLE 111

CONSTANTS ¢ AND b IN LOG 1y = al+b, AT 125°C (BEFORE ATB TREATMENT)

Column  Standard 1. (min) a-102 b
No.
Mathematical ~ Methane

1 n-Alkanes 0.675 0.690 0.172 —2.334
2 n-Alkanes 0.706 0.688 0.178 —2.713
3 n-Alkanes 0.873 0.855 0.202 —3.554
4 n-Alkanes 0.947 0.917 0.182 —3.221
5 n-Alkanes 0.932 0.907 0.182 —3.231
6 n-Alkanes 0.523 0.535 0.243 -2.656
1 2-Ketones 0.584 0.688 0.173 —1.076
2 2-Ketones 0.657 0.685 0.174 —1.364
3 2-Ketones 0.840 0.852 0.176 —-1.927
4 2-Ketones 0.933 0.920 0.176 —1.873
5 2-Ketones 0.916 0.907 0.175 —1.877
6 2-Ketones 0.506 0.537 0.243 -2.179
1 FAME 0.605 0.688 0.173 —1.051
2 FAME 0.659 0.685 0.173 —1.339
3 FAME 0.841 0.830 0.177 ~1.921
4 FAME 0.935 0.922 0.175 —1.847
5 FAME 0.917 0.906 0.175 —1.853
6 FAME 0.469 0.537 0.242 —1.847
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n-alkanes were pronounced (Fig. 1b). An effect of this deviation is that the increase
between two consecutive members in the homologous series is no longer 100 i.u. In
Table 1V, the retention indices of 2-decanone, 2-undecanone, 2-dodecanone, methyl
decylate, methyl undecylate and methyl dodecylate are given. The values were
calculated for the n-alkane standard system and for the 2-ketone and FAME systems,
respectively. As expected, on column 3 the difference between two consecutive
homologues was only ca 90 i.u. when the n-alkanes were used as standards, whereas
a value of 100 i.u. was found with the other two systems. As pointed out by Kovats?, “a
homologous series is an ideal secondary reference series when the indices of its
consecutive members increases by 100...”. Obviously, this rule fails in systems where
interfacial adsorption contributes seriously to the retention®>.

Influence of odd/even n-alkanes

It has been suggested that plots of eqn. 2 would show an oscillating shape owing
to differences in the molecular structure of odd- and even-carbon homologues!%-12:36
In this work, looking at fine details, no such oscillation could be detected (Table V).

Influence of film thicknesses and column dimensions on retention indices

The peculiar behaviour of n-alkanes on the polar stationary phase can also be
considered in terms of changes in retention indices with column dimensions and film
thicknesses. Table VI shows the column capacity factors observed after a short column
conditioning, and the ratio of gas-liquid surface area to stationary phase volume in the
columns. In Table VII the corresponding retention indices are listed. These data are
also presented in Fig. 3 as a plot of I vs. 41/Vy according to eqn. 5. In the n-alkane
reference system (Fig. 3a), a large effect was observed on the retention index for
2-methylnaphthalene when the area to volume ratio increased. The difference was
more than 100 i.u. on comparing columns 1 and 3. The value of a in eqn. 5 was — 14.1
- 1073. However, the same trend was observed when 2-ketones and FAME were used as
standards (Fig. 3b and c), but to a far smaller extent, the values of a, being — 1.15- 1073
and —1.90 - 1073, respectively, indicating that adsorption represents a significant
contribution to the retention for the n-alkanes on this highly polar stationary phase.

TABLE V

EFFECT OF THE LINEARITY AND THE RETENTION INDEX OF 2-METHYLNAPHTHALENE
AT 115°C, USING ODD- OR EVEN-CARBON #-ALKANES (BEFORE ATB TREATMENT)

Column  Carbons t, (min) 1 r?
No.
Methane Mathematical

1 13-20 0.678 0.667 2018.6 0.9999980
1 0Odd: 13-19 0.666 20184 0.9999997
1 Even: 14-20 0.685 2018.5 0.9999994
3 13-20 0.860 0.899 1914.0 0.9999800
3 Odd: 13-19 0.896 1914.0 0.9999928
3 Even: 14-20 0.908 1913.6 0.9999915
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TABLE VI

COLUMN CAPACITY FACTORS AT 125°C AND AREA TO VOLUME RATIO (BEFORE ATB
TREATMENT)

t values used for the calculations were measured by methane injections.

Column k' values (AVy) - 1073
No. (mm™1)
n-Eicosane 2-Pentadecanone Methyl 2-Methyl
myristate naphthalene

i 18.9 48.4 34.2 23.4 0.50

2 10.2 254 17.8 12.2 1.00

3 3.6 6.0 44 2.8 6.29

4 2.8 6.3 4.4 2.9 5.00

5 2.8 6.3 44 2.9 5.00

6 - 54.6 64.2 6.2 2.04

Influence of temperature on retention indices

In Table VIII, the changes in retention indices for 2-methylnaphthalene in the
three reference systems are given. The temperature difference was 10°C (125-135°C).
On the polar columns, the n-alkane reference system was the most sensitive, dI/10°C
being 36-33 i.u., whereas in the 2-ketone system it was only ca. 15 i.u. The retention

TABLE VII

RETENTION INDICES OF 2-METHYLNAPHTHALENE AT 125°C IN THE THREE DIFFERENT
STANDARD SYSTEMS (AVERAGE OF TWO OR THREE MEASUREMENTS)

Column  Treatment*  n-Alkane 2-Ketone FAME
No.

I S.D. 1 S.D. 1 S.D.
| a 2053.4 0.62 1317.4 0.13 1307.4 0.13
2 a 2042.4 0.20 1316.9 0.10 1306.2 0.28
3 a 1946.9 0.12 1311.7 0.09 1296.7 0.01
4 a 2010.0 0.06 1311.1 0.05 1298.0 0.05
5 a 2010.6 0.08 1311.6 0.08 1298.6 0.04
6 a 1305.2 0.03 1111.8 0.07 982.6 0.02
1 b 2050.2 0.79 1320.6 0.29 1308.9 0.06
2 b 2014.7 0.09 1312.0 0.30 1300.1 0.04
3 b 1990.7 0.46 1319.5 0.01 1306.9 0.03
4 b 20194 1.10 1319.1 0.03 1307.5 0.09
5 b 2012.8 0.48 1313.6 0.05 1299.7 0.02
1 c 2011.1 0.53 1316.9 — 1307.0 —
2 c 1951.7 1.74 1302.6 0.81 1288.8 0.65
3 c 1986.1 0.16 1306.6 0.02 1290.1 0.03
4 c 1999.4 0.51 1309.9 0.09 1295.2 0.04
5 c 1996.6 0.22 1308.0 0.02 1293.1 0.01

? a = Before ATB-treatment, after conditioning at 220°C for 30 min; b = after ATB treatment and
additional conditioning at 220°C for 30 min; ¢ = after extraction with dichloromethane and additional
conditioning at 220°C for 30 min.
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indices on the non-polar column (column 6) showed the smallest dependence on
temperature and all three reference systems were changed to the same extent. A linear
relationship between I and temperature was obtained in the temperature range
examined, i.e., 115-135°C.

Influence of immobilization with ATB
Treatment with ATB did not give reproducible results (Table VII). When using
2-ketones or FAME for indexing, the treatment resulted in an increase in retention
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Fig. 3. Dependence of the retention index of 2-methylnaphthalene on the stationary phase area to volume
ratio (A4./V). Conditions: split injections at 125°C after the columns had been conditioned at 220°C for 30
min. (a) n-Alkane standard, I = 2063 — 14.1 - 1073 (4,/V}), r = 0.890; (b) 2-ketone standard, / = 1318
— 115 1073 (A/ V), r = 0.968; (c) FAME standard, I = 1309 — 1.90 - 1073 (4./V}), r= 0.996. Numbers
correspond to column numbers in Table I.

indices for 2-methylnaphthalene for all columns except for column 2. The same result
was obtained when n-alkanes were used as standards; however, column 1 gave
a slightly lower retention index in this system. - '

Influence of column rinsing with dichloromethane

The influence of extraction of the ATB-treated columns is demonstrated in
Table IX. For the thick-film columns (columns 1 and 2), the degree of immobilization
was approximately 70%. Column 3 was almost completely immobilized, and columns

TABLE VIII

TEMPERATURE DEPENDENCE OF THE RETENTION INDEX FOR 2-METHYLNAPH-
THALENE IN THE THREE DIFFERENT STANDARD SYSTEMS (BEFORE ATB TREATMENT)

Column  dIf10°C (125-135°C)

No.
n-Alkane 2-Ketone FAME

1 36.2 15.6 22.4
2 34.5 15.2 21.7
3 33.1 14.9 21.1
4 33.5 14.9 21.2
5 33.8 15.0 21.2
6 6.9 6.2 7.0
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TABLE IX
PERCENTAGE DECREASE IN COLUMN CAPACITY FACTORS

Column  Temperature Decrease in k' values after extraction with CH,Cl, (%)
No. (°C)
n-Eicosane  2-Pentadecanone Methyl 2-Methylnaphthalene
myristate

1 125 17.3 30.8 320 30.3
1 135 19.4 42.0 31.1 29.5
2 125 1.0 28.2 27.5 332
2 135 — 279 28.1 32.2
3 125 20.7 0.5 0.2 4.6
3 135 17.8 0.5 1.1 3.6
4 125 9.5 1.7 1.1 12.6
4 135 8.8 11.2 11.0 12.1
5 125 — 17.7 17.7 19.7
) 135 17.2 20.7 20.3 219

4 and S were immobilized to ca. 80-90%. Solvent rinsing resulted in a similar decrease
in k' values for 2-pentanone, methyl myristate and 2-methylnaphthalene, whereas the
decrease for n-eicosane showed a significant deviation. Comparison of the retention
indices before and after extraction in Table VII shows that the result of column rinsing
is a lowering of column polarity, for all three reference systems. As reported
earlier’®27, there may be an over-representation of polar or moderately polar
fragments in the mixed cyclic compounds that are removed from the column on
rinsing.

—

el

100 150 200 Temp.(°C)

Fig. 4. Gas chromatogram (FID) of a fatty acid methy! ester mixture (rapeseed oil, Supelco) on a fused-silica
capillary column coated with 60-CN stationary phase (column 4, Table I). The chromatogram was obtained
after ATB treatment, rinsing with dichloromethane and conditioning at 220°C for 10 h. Conditions: splitless
injection at 70°C and, after 2 min, programming at 5°C/min to 220°C. Peaks: I = 14:0; 2 = 16:0; 3 = 18:0;
4 =18:1;5 = 18:2;6 = 183; 7 = 20:0; 8 = 20:1; 9 = 22:0; 10 = 22:1; 11 = 24:0.
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Applications
The suitability of the 60-CN stationary phase for the separation of FAME is
demonstrated in Fig. 4 for a rapeseed oil sample on column 4.

CONCLUSIONS

It may be considered that the greatest advantage of the Kovats retention index
system is that it permits a comparison between results obtained in different
laboratories. This universal role is hindered by the use of different systems for data
presentation, including other retention index systems’. It is well known that the
reproducibility of retention index determinations is much lower on polar than on
non-polar columns. It seems that the explanation mainly involves the use of n-alkanes
as reference substances. For the n-alkanes, a large proportion of the retention on polar
columns is due to adsorption at the gas-liquid interface. Retention based on such
a mechanism is highly dependent on the experimental conditions, such as amount
injected, stationary phase surface area to volume ratio and small alterations in
stationary phase properties. In this work, it has been shown that, when using polar
columns, a relatively high insensitivity to experimental conditions in isothermal
analysis can be obtained when utilizing 2-ketones or fatty acid methyl esters as
standards. The merit of these, in this context, is that they interact with the stationary
phase primarily by dissolution. The reproducibility of retention index determinations
is thereby much improved. It seems that the universality of the retention index must be
sacrificed for the improvement of reproducibility in cases where adsorption may
contribute significantly to the retention.
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SUMMARY

The retention characteristics of 35 drugs on an alumina column using buffered
aqueous methanolic mobile phases have been investigated. It has been shown that the
effect of pH on retention depends on the pKj of the drug and the type of buffer ion
used; that there is an inverse relation between ionic strength and solute retention; and
that a decrease in the amount of methanol in the mobile phase causes the drugs to be
held longer on the column. The chromatographic system was also coupled to an
on-line column-switching assembly to facilitate extraction of the drugs from plasma,
and results are presented which indicate that the alumina column lends itself well to
this convenient method of plasma clean-up.

INTRODUCTION

The use of bare (unmodified) silica and alumina as stationary phases in liquid
chromatography had declined in popularity with the advent of chemically modified
hydrophobic silicaceous supports. In particular, the use of alumina became even less
widespread, as chemical modification of its surface in a manner analogous to the
reaction of silica with alkylsilanes, proved not to be a practicable proposition’-.
Although some workers have reacted alumina with aminosilane, cyanosilane, and
pyridylsilane?®, as well as octadecylsilane*, Laurent et al.' found that most chemical
reagents which had been used successfully in the chemical modification of silica were
unreactive on alumina. They were, however, able to produce a non-polar material by
reacting hexamethyldisilane (HMDS) with alumina, but subsequently proved it to be
strongly adsorbed rather than covalently bound, and subject to erosion by the kind of
polar solvents employed in liquid chromatography.

Among the problems commonly associated with reversed-phase chromato-
graphy are poor efficiencies and peak tailing for many organic bases. These effects
result from ionic interaction between the charged bases and unreacted silanol moieties

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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on the silica surface. Methods which have been used to overcome these problems
include ion-suppression chromatography®, or the use of organic ammonium com-
pounds at high pH®7. More recently, attention has been focussed on the exploitation
of the amine-silanol interaction, since Jane® first reported that basic compounds could
be efficiently separated on bare silica using the kind of aqueous—organic eluents more
commonly associated with reversed-phase chromatography. The mechanisms in-
volved in these types of polar interactions are complex and multifunctional, but have
been shown to consist at least in part of ion-exchange reactions®'!, with hydrophobic
interactions involving siloxane bridges contributing to some extent®!®. This mode of
separation demands that eluents of high pH be used where a large proportion of silanol
moieties are ionised, and thus available to partake in ion-exchange reactions with
oppositely-charged protonated bases®. A limitation with the use of high pH eluents is
the tendency of silica to dissolve in alkaline solutions. This problem may be partially
overcome by the incorporation of a pre-column between the pump and injector in
order to saturate the mobile phase with silica, and by the use of mobile phases
containing a high proportion of organic component.

Recently, Laurent et al.'* have re-appraised the application of alumina as
a solid phase support in column liquid chromatography. They showed that alumina
can be used in an ion-exchange mode in a manner similar to unmodified silica, with the
added advantage that it is stable over a wide pH range (2-12)*. Furthermore, due to the
ampbhoteric nature of alumina, it behaves (like silica) as a cation exchanger in neutral
or basic solutions, and (unlike silica) as an anion exchanger in acidic solutions, thus
permitting the chromatographic separation of both anicns and cations.

The objective of the current study was to examine the retention characteristics of
a number of basic drugs on an alumina column under varying eluent conditions, and to
investigate the possibility of using a column switching assembly in order to facilitate
on-line clean-up of plasma samples followed by chromatography on the alumina
column. :

EXPERIMENTAL

Reagents and solvents

The drugs used were received as a gift from the Institute of Clinical
Pharmacology (Dublin, Ireland). Potassium dihydrogen phosphate (analytical grade)
was obtained from May and Baker (Dagenham, U.K.) and potassium hydroxide
(AnalaR grade) from BDH Chemicals (Poole, U.K.). Orthophosphoric acid and
dipotassium hydrogenphosphate (all analytical grade) were supplied by Riedel de
Haen (Seelze, Hannover, F.R.G.). HPLC-grade methanol was purchased from
Labscan Analytical Sciences (Dublin, Ireland). Deionised water was obtained by
passing distilled water through a Milli-Q water purification system. Dried human
plasma was obtained from the Blood Transfusion Board (Dublin, Ireland) and
dissolved in Milli-Q water. This plasma was then used within seven days of
reconstitution.

Drug solutions
Stock solutions equivalent to 1 mg ml™! of the drugs in methanol were prepared,
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and working standards were made up to the required concentration, which varied
between 1 and 10 ug ml™! according to the detector response of the drug.

Plasma solutions

Aliquots of reconstituted drug-free plasma were spiked with drug solutions to
produce the desired concentrations. These plasma solutions were then diluted (1:1)
with water prior to injection into the high-performance liquid chromatographic
(HPLC) system.

Instrumentation and operating conditions

The drugs were separated on a Techsphere alumina 5 ym column (150 mm x 4.6
mm 1.D.), supplied by HPLC Technology (Macclesfield, U.K.). Stock solutions of
phosphate buffer were prepared by mixing solutions of potassium dihydrogen-
phosphate and dipotassium hydrogenphosphate to produce solutions of varying pH in
the range 5-8.5. Phosphoric acid was added to potassium dihydrogenphosphate to
give a solution of pH 3, and potassium hydroxide was added to dipotassium
hydrogenphosphate to generate solutions of pH 9 and 11. All component solutions
were 1 M, and the mixtures were diluted with water to give the desired ionic strength.
Mobile phases were made by mixing the aqueous component with methanol to
produce solutions containing 30-90% organic phase. The pH of the buffer solutions
and the aqueous-organic mixtures were measured at 20 + 1°C using a standard pH
glass electrode. The mobile phase was passed through a 0.45-um filter under vacuum,
and delivered by a Waters (Milford, MA, U.S.A.) Model 501 HPLC pump at
a flow-rate of 1.0 ml min~!. The drugs were detected by UV absorption at 254 nm
using a Shimadzu SPD-6A variable-wavelength detector with a detector setting of 0.04
a.u.f.s. The resulting chromatograms were recorded with a Linseis (Selb, F.R.G.)
recorder at a chart speed of 200 mm h™1,

For direct injection, 20-ul aliquots of the drug solutions in mobile phase were
introduced into the chromatographic system. For the purposes of column switching,
a second Waters Model 501 HPLC pump and the concentration column were
connected to the analytical assembly via a Rheodyne (Cotati, CA, U.S.A.) 7000
six-port switching valve. The instrument arrangement used is shown in Fig. 1.

The 10 x 1.5 mm I.D. concentration columns were dry-packed with Corasil
(Waters Assoc.) RP-18 (37-50 um) packing material. The second pump eluent was
Milli-Q water filtered through a 0.45-um filter and degassed under vacuum. When
a 500-ul plasma sample is introduced via the injector port, it is swept onto the
concentration column by water from pump A. The drugs are selectively retained on
this column while the plasma components are eluted to waste. Meanwhile, the mobile
phase eluent is being passed by pump B through the analytical column, and upon
switching the valve the drugs are swept from the concentration column onto the
analytical column where they are separated.

RESULTS AND DISCUSSION

Effect of pH
The retention of the 35 drugs on the alumina column was investigated as

a function of pH over the range pH 3 to pH 11. The mobile phase contained
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To Detector

Fig. 1. Column switching assembly incorporating a six-port switching valve.

methanol-0.04 M potassium phosphate buffer (80:20) adjusted to the required pH.
Additions were not made to compensate for variations in ionic strength from one pH
to the next as it was assumed that that the changes in cation concentration would be
small in relation to the changes in solute and column ionisation arising from pH
variation.

The results of this study are presented in Table I. From this it can be seen that the
drugs may be roughly divided into three groups; namely (A), those drugs with
retention times which increase between pH 3 and pH 5, followed by a decline in
retention at higher pH; (B) those drugs with exhibit decreased retention as the pH is
increased; and (C), drugs whose retention times are largely unaffected by pH. These
observations may be explained by considering the pK, of the drugs, the pH of the
mobile phase, and the amphoteric nature of the alumina packing. Whether the
alumina surface is positively or negatively charged depends on the pH of the
surrounding medium. In acidic solutions it is positively charged and behaves as an
anion exchanger, whereas in basic solutions the surface is negatively charged and
behaves as a cation exchanger. The pH at which the alumina surface bears no charge
and is neutral is known as the zero point charge (ZPC). The ZPCis known to be refated
to the method of production of the alumina, and to depend heavily on the nature of
ions present in the surrounding solvent. Laurent er al.'> have shown that in the
presence of phosphate buffer, the ZPC of alumina is reduced to 6.5 from the value of
9.2 originally quoted by Parks!3.

Group A. Although these compounds are fully ionised at low pH, interaction
with the alumina packing is minimal as the latter will also bear a positive charge, thus
repelling the like-charged protonated bases. As the pH is increased to 5, there is an
observed increase in retention consistent with the reduced positive charge on the
alumina, but as the pH is further increased to 7 and above there is a general decrease in
retention. These results may he explained in terms of reduced protonation of the
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TABLE 1
EFFECT OF pH ON RETENTION
Mobile phase: 0.04 M phosphate buffer, pH 7-methanol (20:80).

Drug PK, Retention time (min)

pH 3 pHS pH7 pH Y9 pH 11

Group A
Amitriptyline 9.5 7.5 9.6 6.0 5.1 42
Atenolol 9.6 39 5.4 2.7 2.1 2.0
Acetopromazine NA“? 6.0 7.6 3.6 3.6 3.0
Chlorpheniramine 8.9 8.7 13.8 7.2 6.6 5.1
Chlorpromazine 9.3 6.2 7.5 3.6 3.0 2.7
Desipramine 10.2 5.4 7.5 7.8 6.6 5.4
Imipramine 9.6 8.1 9.6 6.0 5.1 3.9
Mefloquine NA 7.5 10.8 5.1 4.5 3.6
Nortriptyline 9.7 54 8.7 7.5 6.3 5.4
Phentoloxamine 9.1 6.2 7.8 7.2 3.6 3.0
Propranolol 9.5 36 4.5 35 3.0 27
Pindolol 9.5 33 3.6 24 2.1 2.1
Promethazine 9.1 7.4 10.5 5.1 33 3.0
Protriptyline 10.1 4.8 6.6 6.9 6.3 6.0
Quinine 8.5 4.5 8.2 3.0 24 2.1
Tripelennamine 9.0 4.5 5.4 2.7 2.7 2.1
Tyramine 10.2 42 9.9 6.6 3.6 3.0

Group B
Diltiazem NA 4.2 33 1.8 1.8 1.8%
Dextromethorphan 8.3 4.8 4.5 3.0 2.7 2.4
Fluphenazine 8.1 6.1 6.0 24 24 24
Lidocaine 7.9 3.0 2.7 24 2.1 2.1
Mepivacaine 7.7 3.0 27 2.1 1.8° 1.8%
Perphenazine 7.8 6.9 5.1 33 3.0 2.7
Phentermine 10.1 5.4 4.5 33 3.0 24
Phenylpropanolamine 9.5 7.2 438 4.8 2.7 2.4
Trimethoprim 7.2 45 2.7 1.8 1.8° 1.8
Verapamil NA 3.0 3.0 24 24 24

Group C
Caffeine 14.0 1.8% 1.8° 1.8 1.8% 1.8
Chlorthalidone 9.4 1.8° 1.8° 1.8 1.8° 1.8
Chloramphenico! NA 2.1 1.8 1.8% 1.8% 1.8
Frusemide 3.6 1.8 1.8% 1.8 1.8° 1.8
Nitrazepam 32 2.1 2.0 1.8 1.8% 1.8
Sulfamerazine 7.1 1.8° 1.8¢ 1.8 1.8 1.8%
Sulfamethoxazole 5.6 1.8% 1.8° 1.8% 1.8° 1.8%
N-Acetylsulfamethoxazole NA 1.8% 1.8 1.8 1.8% 1.8
Theophylline 8.6 2.0 1.8° 1.8° 1.8% 1.8°

4 NA = Not available in standard reference texts.
® Drug unretained under these conditions.

analytes at higher pH, and possibly a shift upwards of the ZPC of alumina, as the
changing buffer composition causes a reduction in the negative charge of the
column'#. Furthermore, Laurent e al.? have demonstrated an increase in the apparent
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Fig. 2. Effect of the addition of 80% methanol on apparent pH. Mobile phase: 0.04 M potassium phosphate
buffer-methanol (20:80).

pH in the presence of organic solvents, and the resulting decrease in retention is
exaggerated by a concomitant decrease in solute pK,. Thisisillustrated in Fig. 2, where
it can be seen that there is a substantial difference between the initial and apparent pH
values of solutions of initial pH 3-7. This becomes less pronounced for initial pH
values of 8-10, until for a solution of initial pH of 11, the addition of methanol has the
effect of producing a lower apparent pH value.

Group B. The drugs in this category exhibit reduced retention times with
increasing pH. As they generally have lower pK, values than those in group A, itis to be
expected that these compounds would be less ionised than the more basic amines at any
given pH, and that there would be a more pronounced reduction in their retention
times under conditions of increasing eluent pH.

Group C. As expected, solutes which do not ionise, such as caffeine, are
unretained by the column in this chromatographic system where the principal
mechanisms of solute-column interaction are known to be ionic in nature. Likewise,
compounds with low pK, values, e.g. nitrazepam (pK, = 3.2), are similarly unretained
as they would not be sufficiently ionised to interact with the column at those pH values
where alumina behaves as a cation exchanger. The acidic drug frusemide was also
investigated, and was found not to be retained under any pH conditions. Frusemide
has a pK, of 3.6'3, so that at pH 3, when the apparent pH was 5.28, the drug should
have been ionised. However, this pH is high enough for the column to behave more as
a cation- than an anion-exchanger; hence negatively charged solutes would be repelled
by the like-charged alumina surface, and therefore be unretained by the column.

Effect of ionic strength
The effect of lowering the ionic strength from 0.04 M to 0.02 M of the potassium
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phosphate buffer was investigated. The results of this study are presented in Table II,
where it can be seen that drug retention increases as the ionic strength is reduced. These
observations agree with other workers!'!* who also found an increase in retention on
alumina as the ionic strength was reduced. These findings are consistent with the
ion-exchange theory of retention which explains enhanced solute interaction in terms
of decreased competition by the reduced number of competing cations for the charged
sites on the column packing.

Effect of methanol content

The effect of varying the percentage methanol concentration from 90% to 30%
(in a mobile phase where the aqueous component was 0.02 M phosphate buffer, pH 7)
on the retention of 9 of the drugs is shown in Table III. From this it can be seen that as
the methanol content is reduced, there is a corresponding increase in drug retention; so
much so, that when the methanol content is 50% or below most of the drugs would
appear to be fully retained, not having eluted after 60 min or more. These observations
differ from those made by Laurent ef /.2, and Lingeman et a/.*#, who found a point of
maximum retention vs. percentage methanol concentration which is solute-dependent,
but was about 40% methanol for most compounds they studied. Laurent et al.?
attributed low solute retention at high methanol contents to a decrease in solute
ionisation, and at low methanol contents to reduced solvation of the competing ions.

TABLE 11
EFFECT OF IONIC STRENGTH ON RETENTION
Mobile phase: phosphate buffer pH 7-methanol (20:80).

Drug Retention time (min) Drug Retention time (min)
002 M 004 M 002 M 0.04 M
Anmitriptyline 18.3 6.0 Phentermine 6.3 33
Atenolol 3.6 2.7 Phenylpropanolamine 4.8 4.8
Acetopromazine 6.3 3.6 Propranolol 5.1 3.0
Caffeine 1.8 1.8¢ Pindolol 3.0 2.4
Chlorpheniramine  11.1 7.2 Promethazine 6.3 5.1
Chlorthalidone 1.8% 1.87 Protriptyline 10.5 6.9
Chlorpromazine 4.5 3.6 Nitrazepam 1.8¢ 1.8
Chloramphenicol 1.8¢ 1.8% Quinine 3.0 3.0
Diltiazem 21 1.8° Trimethoprim 1.8 1.8¢
Desipramine 11.7 7.8 Tripelennamine 33 2.7
Dextromethorphan 3.9 3.0 Tyramine 9.0 6.6
Fluphenazine 2.7 1.8 Verapamil 2.4 2.1
Frusemide 1.8° 1.8¢ Sulphamerazine 1.8° 1.8¢
Imipramine 8.4 6.0 Sulphamethoxazole 1.8 1.8¢
Lidocaine 2.1 2.1 N-Acetylsulfamethoxazole 1.8% 1.8%
Mefloquine 7.4 5.1 Theophylline 1.8¢ 1.8
Mepivacaine 2.4 1.8¢
Nortriptyline 11.4 7.5
Perphenazine 33 3.0
Phentoloxamine 4.5 7.2

“ Drug unretained under these conditions.
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TABLE 111
EFFECT OF METHANOL CONTENT ON RETENTION
Mobile phase: 0.02 M potassium phosphate buffer, pH 7-methanol.

Drug Retention time (min) at methanol content (% )
30 50 70 80 90
Anmitriptyline - - 17.1 6.0 3.3
Chlorpromazine - - 9.3 3.6 3.0
Dextorphan - - 4.8 3.7 2.7
Nitrazepam 9.6 3.6 2.1 1.8 1.5
Perphenazine - - 6.9 3.0 24
Pindolol 6.9 39 3.0 2.4 24
Quinine — — 3.9 3.0 2.4
Tripelennamine — — 5.4 2.7 24
Sulfamethoxazole 1.8 1.8 1.8 1.8 1.8

¢ Not eluted after 60 min.
¢ Drug unretained under these conditions.

At any given pH these two mechanisms will be operating in opposition to one another,
as evidenced by the appearance of a retention maximum, with reduced solute
ionisation predominating at high methanol contents, and reduced competing ion
solvation predominating at low methanol contents. However, as Laurent et al.? point
out, the enhanced solvation of large competing ions (such as tetramethylammonium
hydroxide) is the opposite to what happens when the smaller lithium ion is transferred
from aqueous to organic media; in this case the smaller ion is less solvated in methanol.
It is quite possible that in the present study where the competing ion is the relatively
small potassium ion, the degree of buffer ion solvation is reduced as the methanol
content is increased, an effect which would act in concert with reduced solute
ionisation to minimise the drugs interaction with the stationary phase.

Plasma experiments

Having previously carried out on-line solid-liquid extraction of drugs from
plasma, followed by chromatography on a bare silica column'®, it was decided to
attempt similar experiments on the alumina column. The instrument arrangement and
column switching operation have been previously described in the experimental
section. Plasma clean-up and drug extraction were performed on a 10 x 1.5 mm LD.
concentration column, dry-packed with Corasil C;g 25-40 um packing material. In
earlier work on the silica column, the C,g packing was compared with Cg material in
terms of drug recovery and plasma clean-up. It was found that a C,4 concentration
column retained less of the endogenous plasma components than the Cg packing
because the former is more hydrophobic and has less affinity for the relatively polar
plasma constituents.

The objective of this study was to compare drug-free plasma profiles when the
pH of the aqueous component was increased from pH 5 to pH 8, and when the ionic
strength was increased from 0.02 M to 0.04 M. The mobile phases studied, along with
the resultant chromatograms are presented in Fig. 3, where it can be seen that a slightly
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Fig. 3. Blank plasma chromatograms. Mobile phases: (A) 0.02 M buffer, pH 5-methanol (20:80); (B) 0.02
M buffer, pH 8-methanol (20:80): (C) 0.04 M buffer, pH 8-methano! (20:80).

Fig. 4. Spiked plasma chromatograms. Plasma spiked with fluphenazine (F) 200 ng m1~!. (a) Mobile phase:
0.02 M phosphate buffer, pH 5-methanol (20:80); (b) mobile phase: 0.02 M phosphate buffer, pH
8-methanol (20:80).

better blank plasma chromatogram is obtained at the higher eluent pH with little
difference observed when the ionic strength is doubled. The effect of pH on the
retention of plasma constituents is not as manifest as its effect on the individual drug
species. To illustrate this point, a test compound, i.e. fluphenazine, was extracted
on-line from spiked plasma prior to chromatography. As may be seen from the
chromatograms presented in Fig. 4, there is a pronounced shift in the retention time of
the drug relative to that of the plasma constituents as the pH is increased from pH 5 to
pH 8. These results demonstrate that it is possible to manipulate the mobile phase to
produce the most appropriate retention time for the compounds of interest with little
danger of introducing unacceptable interfering peaks from the plasma matrix. Hence
this type of chromatography would seem to offer an advantage over conventional
bonded-phase techniques, in that the plasma constituents are not sufficiently ionised to
be retained by the alumina column, and hence are rapidly eluted. An important
example is caffeine which can interfere with drug analysis in reversed-phase
chromatography: because it does not ionise, it will not interact with alumina by the
principal mechanism of retention, i.e. ion exchange, and as a result would elute too
early to interfere with any of the peaks of interest.

Using a mobile phase containing methanol-0.04 M phosphate buffer, pH
5 (80:20), five replicate analyses of plasma containing 200 ng mi~! fluphenazine were
made. The drug eluted with a mean retention time of 7.0 min (standard deviation 0.1
min). The mean drug peak height was 65.4 mm (+ 2.3 mm) using a detector sensitivity
setting of 0.04 a.u.f.s. The coefficient of variation was 3.5%, and 73.1% of the drug was
recovered from plasma when compared with authentic aqueous standards injected in
the same concentrations as spiked plasma. These results indicate that it should be
possible to develop a fully validated bioanalytical method incorporating on-line
solid-phase extraction for any drug which can be separated using this chromato-
graphic system.
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CONCLUSION

A preliminary study of the behaviour of drug compounds and plasma extracts on
an alumina column has been carried out. Results would indicate that alumina presents
an attractive alternative to bonded-phase separations of basic drugs which can present
difficulties associated with the presence of unreacted silanol moieties on the silica
surface. Alumina has an advantage over silica in that it is more stable at high pH, and
thus in the separation of bases, the cationic character of the column may be maximised
without fear of column degeneration. The retention of ionic compounds is strongly
influenced by pH, ionic strength, and the percentage methanol in the mobile phase.
Any or all of these parameters may be manipulated to produce the desired retention for
the compound or compounds of interest. Chromatography on alumina would appear
to be well suited to the analysis of drugs in plasma samples as it lends itself to the rapid
and convenient technique of solid-phase extraction by column switching.
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SUMMARY

Using phosphoserine peptides as model substances, we have studied the
separation of acidic peptides as substituted ammonium ion-pairs on a macroporous
copoly(styrene—~divinylbenzene) (PLRP-S) chromatographic column. Various hydro-
phobic amines were examined, of which long-chain N-methyl- and N,N-dimethyl-
n-alkylamines proved to be the best with respect to selectivity and peak symmetry.
Excellent separations were obtained in ammonium bicarbonate buffer (pH 7.5) with
ethanol as organic modifier under isocratic conditions using the corresponding heptyl-
to nonylamines.

INTRODUCTION

In recent years, reversed-phase high-performance liquid chromatography
(HPLC), owing to its inherent sensitivity, resolution, speed, and general convenience,
has become an invaluable tool in the analysis of natural as well as synthetic
peptides!~3. Among refinements of this technique the application of various ionic or
ionizable additives as counter-ions should be emphasized in this context. Additives to
have been applied include carboxylates, perfluorinated carboxylates, sulphonates,
sulphates and picrate, with a vast number of organic cationic analytes, including drugs
and peptides, whereas mainly quaternary ammonium ions have been used for anionic
substances*S.

Earlier it was shown that for the analysis of basic hydrophilic peptides, such as
the arginine-containing serine peptides, prepared as substrates for cAMP-dependent
protein kinase’, hexanesulphonate could be applied as the counter-ion®. The peptides
were separated on a C;g column in phosphate buffer (pH 3-4.5) with ethanol as
modifier. Later it was demonstrated that the corresponding phosphoserine peptides
could be resolved under the same conditions®,

In a parallel fashion, attempts were made to resolve mixtures of acidic
phosphopeptides on C, g microsilica columns. The idea was to apply amines of varying
hydrophobicity to regulate the retention but, even under essentially neutral conditions
(pH below 7.5), the columns had limited stability and lost their resolving capacity.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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With the advent of new stationary phases such as copoly(styrene—divinylbenzene),
which are stable at a higher pH, new attempts were undertaken in this direction.

EXPERIMENTAL

Materials and solvents

To regulate the retention, amines and a quaternary ammonium salt were used.
Hexylamine, octylamine, N-ethyldiisopropylamine, N,N-dimethylcyclohexylamine
and tributylamine were obtained from Fluka (Buchs, Switzerland), N-methyloctyl-
amine (MOA) and trimethylnonylammonium bromide from Eastman Kodak
(Rochester, NY, U.S.A.), N,N-dimethylheptylamine, N,N-dimethylnonylamine and
N-methylnonylamine from Pfaltz & Bauer (Waterbury, CT, U.S.A.) and N,N-di-
methyloctylamine (DMOA) from ICN Biomedicals (Plainview, NY, U.S.A.). The
quaternary ammonium bromide was converted into the corresponding hydroxide by
means of an anion exchanger before use.

Isocratic mobile phases were used, consisting of binary aqueous solvents with
ethanol or acetonitrile as organic modifier. The acetonitrile used was LiChrosolv from
Merck-Schuchardt (Darmstadt, F.R.G.). The ethanol was of spectroscopic quality.
The buffers were prepared from ammonium hydrogencarbonate, generally to an ionic
strength of 0.1 M, and neutralized by carbon dioxide to the required pH. The mobile
phases also contained the mentioned amines to serve as counter-ions.

Synthesis of phosphoserine peptides

The phosphopeptide Arg-Ala—Ser(P)-Val-Ala (1) was prepared and purified as
already described!®. Employing the earlier established experimental procedures'?, the
tetrapeptide Ala-Ser(P)-Val-Ala (2) and the tripeptide Ser(P)-Val-Ala (3) were
obtained in similar yields, as outlined previously!!. The protected peptide inter-
mediates were thoroughly characterized by 'H, !3C and *'P NMR spectroscopy and
amino acid analyses, and their high purity was confirmed with thin-layer chromato-
graphy (TLC). The final free phosphopeptides were examined with TLC, HPLC, and
amino acid analyses, and exhibited satisfactory purity.

Instrumentation

Our liquid chromatographic system consisted of a Model 6000 A solvent-
delivery device and a Model 450 variable-wavelength detector (Waters Assoc.,
Milford, MA, U.S.A.). The detector head was carefiilly isolated in order to reduce any
influence on the baseline stability at high sensitivity due to variations in the ambient
temperature. The flow-cell had a volume of 8 ul. The detection wavelength was 210 nm.
A laboratory-made block-heater was used and thermostatted at 30.0 + 0.1°C.
A Model 7125 sample-loading injector was obtained from Rheodyne (Cotati, CA,
US.A)).

The separation column (150 x 4.6 mm 1.D.) was obtained from Polymer Labs.
(Shropshire, U.K.). It contained a polymeric material, macroporous copoly(styrene—
divinylbenzene), PLRP-S, 100 A, 5 um.

Procedure
The column was carefully conditioned by pumping the mobile phase through the
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system at a flow-rate of 1 ml/min. for 6 h, when the retention times had generally
-stabilized. In the studies on the effect of the amine concentration, the experiments were
conducted in the order from lower to higher concentrations, because otherwise the
results would be poorly reproducible. Before changing from one amine to another, the
column was carefully washed with 0.1 M phosphate buffer (pH 3.0) and distilled water.

Standard chromatographic conditions

Support, PLRP-S, 5 um; column, 150 x 4.6 mm LD.; mobile phase, 0.1
M ammonium hydrogencarbonate (pH 7.50)-modifier (93:7); flow-rate, 1.0 ml/min;
amine, as indicated (otherwise 0.010 M); temperature, 30.0 + 0.1°C; detection
wavelength, 210 nm. The three phosphopeptides are indicated in the figures as follows:
(B) Arg-Ala-Ser(P)-Val-Ala (1); (®) Ala-Ser(P)-Val-Ala (2); and (x) Ser(P)-
Val-Ala (3).

RESULTS AND DISCUSSION

Although various chromatographic systems containing trifluoroacetic acid
(TFA) have been successfully used for the separation of many peptides on reversed-
phase C,s microsilica columns!?, preliminary experiments with peptides 2 and
3 indicated that even in the absence of an organic modifier, poor retention was
obtained (capacity factor, k' <2). This led us to consider the possibilities for
chromatographing our peptides as anions with cationic counter-ions (amines and
quaternary ammonium salts), but these experiments were hampered by the poor
stability of this column material. Under the conditions used, at pH 7.0 the resolving
power of our columns already deteriorated at an unacceptable rate. In this work we
therefore exclusively used copoly(styrene-divinylbenzene) as the support, because it is
stable over a much wider pH range and various improved types of this material have
been used successfully in recent years for the separation of peptides'®!4. In the
presence of 0.1% TFA, peptides 1-3 passed through the column without any
retardation, even in the absence of an organic modifier.

With this new type of column, a number of hydrophobic (C¢—C,,) amines were
screened for their usefulness in the separation of acidic hydrophilic peptides, using
three phosphopeptides as model substances. A preliminary study of several different
types of amine was made at this stage (Table I), but this list is by no means complete.
Nevertheless, as a result of this screening, two apparently good candidates for further
study appeared. With the majority of the amines tested, however, neither satisfactory
selectivity nor the required peak symmetry could be obtained. This was the case with
the two primary amines studied, hexylamine and octylamine. On the other hand, with
N-methyloctylamine the results were dramatically improved, and N,N-dimethyl-
octylamine proved equally useful. Three other tertiary amines tested in this context did
not seem promising. An attempt has been made to summarize the findings in
qualitative terms in Table I.

At this stage it was decided to study the influence of N,N-dimethyloctylamine
and N-methyloctylamine on the separation of the three model peptides mentioned
above in more detail. In this context the effect of pH as well as of ionic strength on &’
also had to be investigated, and this was done with the former of these two amines.
These results are presented in Fig. 1. Considering the pK, values of the various groups
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TABLE 1
SCREENING OF AMINES FOR THEIR USEFULNESS IN THE SEPARATION OF THREE
ACIDIC HYDROPHILIC PHOSPHOSERINE PEPTIDES

The code used to grade retardation, selectivity, and peak symmetry: — — (poor); — (less satisfactory);
+ (satisfactory); + + (good to excellent). For further details, see Standard chromatographic conditions, at
the end of the Experimental section.

Amine Retardation Selectivity Symmetry
Hexylamine + - —_
Octylamine + - +
N-Methyloctylamine ++ + 4 ++

N-Ethyldiisopropylamine — - -
N,N-Dimethylcyclohexylamine - - = - =

Tributylamine — + —_
N,N-Dimethyloctylamine ++ ++ ++
Trimethylnonylammonium (hydroxide)  + + —-— ++

involved!>, the pH 7-8 range was studied. As can be seen from Fig. la, k' has
a maximum at ca. pH 7.5 for the model peptides, but appears to be quite high
throughout the pH interval. (It should be noted that this applies to the resolution as
well.) On the basis of this result, we chose pH 7.5 as a standard value in subsequent
experiments. Correspondingly, in these experiments the ionic strength was kept at 0.1
M. As can be seen from Fig. 1b, k" is only modestly influenced by a change above this
value, whereas the retention is satisfactory and the resolution quite high.
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Fig. 1. The influence of (a) pH and (b) ionic strength on &’ for peptides 1-3 in the presence of
N,N-dimethyloctylamine and NH,HCO; (in the latter, the pH used was 7.60). For further details, see
Standard chromatographic conditions, at the end of the Experimental section.
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Fig. 2. Effect of the concentrations of (a) N,N-dimethyloctylamine and (b) N-methyloctylamine on &’ for
peptides 1-3. For further details, see Standard chromatographic conditions, at the end of the Experimental
section.

The effect of the concentration of N,N-dimethyloctylamine and N-methyl-
octylamine on &' is presented in Fig. 2. For both amines, k' for all the model peptides
first increases sharply on the addition of amine, reaching its half-maximum value at ca.
4 mM, to exhibit more or less pronounced maxima at ca. 20 mM. The resolving
capacity is satisfactory (for « values at Cypnine = 0.010 M, see Table II), whereas the
column efficiency is more modest (Table II) as in all other cases in which this support
was used. It should be noted in this context that N-methyloctylamine consistently gives
rise to higher &' values than does N,N-dimethyloctylamine (Table II). A typical
chromatogram of the three model peptides using N,N-dimethyloctylamine is shown in
Fig. 3. The first peak in the chromatogram refers to the pentapeptide, which has one
negative charge less than the tetra- and tripeptides, and therefore quite likely binds one
fewer molecule of hydrophobic amine. The tripeptide is obviously the most hydro-
phobic of the three phosphopeptides studied.

In Table II, the results of similar experiments with three additional secondary
and tertiary heptyl- and nonylamines are presented, together with data on the two
octylamines discussed above. As expected, within each group k' increases with the
chain length of the amine. As previously shown for the two octylamines, N-methyl-

TABLE IL

EFFECT OF THE AMINES ON THE RETENTION OF THREE ACIDIC HYDROPHILIC PHOS-
PHOSERINE PEPTIDES

For further details, see Standard chromatographic conditions, at the end of the Experimental section.

Amine k', H, k', o H, k's o3 H,

N,N-Dimethylheptyl — — - 191 - 0.15 221 - 0.14
N,N-Dimethyloctyl ~ 327 0.15 559 171 0.14 809 247 0.1
N,N-Dimethylnonyl ~ 3.44  0.17 767 223 013 1121 326  0.10
N-Methyloctyl 474 015 937 198 013 1253 264 0.0
N-Methylnonyl 582 015 1240 213 013 1905 329 013
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Fig. 3. Separation of three model peptides on a PLRP-S column using N,N-dimethyloctylamine. For further
details, see Standard chromatographic conditions, at the end of the Experimental section.

nonylamine gives rise to higher &’ values than does N,N-dimethylnonylamine. With
respect to the selectivity, the two nonylamines mentioned rank highest, but the
octylamines are nearly as good. The column efficiency has approximately the same
value for all amines studied, and is rather low in comparison with that of a microsilica
column. For any given amine it improves with the &' value.

Table III contains some additional data on N,N-dimethylnonylamine, obtained
using two different organic modifiers, acetonitrile and ethanol. As can be seen, the
retention order of the three phosphopeptides is identical with both modifiers. Contrary
to our previous experience of chromatography of peptides, these phosphopeptides

TABLE III

SUMMARY OF DATA ON THE SEPARATION OF THREE PHOSPHOSERINE PEPTIDES USING
N,N-DIMETHYLNONYLAMINE WITH ACETONITRILE AND ETHANOL AS ORGANIC
MODIFIERS

Peptide Acetonitrile Ethanol
k' o H k' o H

Arg—Ala-Ser(P)-Val-Ala® 3.43 1 0.15 2.88 1 0.16
Ala-Ser(P)-Val-Ala* 7.30 213 0.12 6.00 2.08 0.13
Ser(P)-Val-Ala® 998 291 0.09 8.08 281 0.10
Arg-Ala-Ser(P)-Val-Ala® 392 1 0.16 344 1 0.17
Ala-Ser(P)-Val-Ala®  9.08 231 0.12 7.67 223 0.13
Ser(P)-Val-Ala® 12.80 3.27 0.08 1121 3.26 0.10

¢ Concentration of N,N-dimethylnonylamine 0.005 M.
b Concentration of N,N-dimethylnonylamine 0.010 M. For further details, see Standard chroma-
tographic conditions, at the end of the Experimental section.
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gave higher k' values with acetonitrile than with ethanol. The selectivity appears to be
approximately the same for both, whereas the column efficiency is marginally higher
for acetonitrile. The amount of modifier was the same, 7%, as in all previous
experiments. Because of the high &k’ values, no further experiments were conducted
with a higher concentration of the amine.

Amines have previously been applied as modifiers only in conjunction with
microsilica columns*®. Even after careful capping of their silanol groups, the residual
ones can have unfavourable effects on the symmetry of the peaks. The peak symmetry
could, however, be improved by minute amounts of a hydrophobic amine or
quaternary ammonium salt. Compounds of the latter type were recently used in one
case for the separation of amino acids®’. Up to now, however, amines have not been
exploited for the regulation of the retention of anionic peptides, and their widely
variable selectivities in this context have also gone unnoticed.

The column has been in regular use for nearly a year without any loss of
resolution. It made possible the convenient separation of peptides, otherwise not easily
separated, by application of protonated lipophilic amines as counter-ions at a pH not
compatible with standard microsilica columns.
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SUMMARY

A systematic investigation of the influence of the detergent sodium dodecyl
sulphate (SDS) on micropreparative peptide separations on microbore reversed-phase
high-performance liquid chromatographic columns is reported. A tryptic digest of
bovine serum albumin and a mixture of synthetic peptides were used to monitor the
separation behaviour of a 1.6 mm I.D. Nucleosil C, g column in the presence of various
amounts of SDS. The data demonstrate that even traces of SDS in the sample reduce
the separation efficiency and peptide recovery. An extraction method is presented
which reduces the SDS content in peptide mixtures below the critical concentration
without affecting significantly the recovery of individual peptides. After acidification
of the sample, the detergent is extracted into heptane—isoamyl alcohol (4:1, v/v). In
combination with chemical or enzymatic fragmentation techniques, this extraction
method facilitates the sequence analysis of minute amounts of SDS-solubilized
hydrophobic proteins. The applicability of the method is demonstrated on the example
of the integral membrane protein bacteriorhodopsin.

INTRODUCTION

Technological advances over the past few years now permit the sequence
analysis of proteins and peptides to be performed routinely at low picomole levels.
However, the micropreparative isolation of microgram amounts of proteins and
peptides with suitable purity for microsequence analysis appears to be a persistent
problem. In particular, large hydrophobic proteins, e.g., integral membrane proteins
and membrane-associated proteins, pose difficultics'. Hydrophobic proteins require
the presence of detergents such as sodium dodecyl sulphate (SDS) during the
purification procedure. SDS is also required to solubilize Coomassie blue-stained and
fixed proteins before electroelution from the gel®.

Several methods for the removal of SDS from protein preparations have been
published which use inverse gradients on reversed-phase columns®, methanol-chloro-
form precipitation* or ion-pair extraction®. Although these methods work effectively
even with minute amounts of soluble proteins, they often cannot be applied to
hydrophobic proteins. After efficient removal of SDS, many hydrophobic proteins

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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become insoluble in aqueous buffers and form precipitates which are inaccessible to
endoproteases. The presence of small amounts of SDS is therefore required in order to
keep the proteins in solution and to ensure efficient enzymatic fragmentation®.
Accordingly, the enzymatic digests derived from these proteins and also proteins that
were digested within SDS gels’ contain various amounts of detergent. However, the
data presented in this paper demonstrate that the SDS concentration in the sample is
a critical parameter affecting the separation drastically when microbore reversed-
phase high-performance liquid chromatography (HPLC) is used for peptide purifica-
tion. Therefore, an efficient extraction procedure for removal of SDS from complex
peptide mixtures was developed, which is generally applicable to the micropreparative
isolation of peptides derived from SDS-solubilized proteins.

EXPERIMENTAL

High-performance liquid chromatography

Separation of the peptides was performed using a Hewlett-Packard 1090 liquid
chromatograph equipped with a Kontron 430 UV detector. The peptides were detected -
at 215 nm. The column (250 x 1.6 mm 1.D.) was Nucleosil C,5 (Macherey, Nagel
& Co.) packed by MZ-Analysentechnik (Mainz, F.R.G.). The synthetic peptides were
separated at a flow-rate of 100 ul/min using a 20-min linear gradient from 5 to 50%
B followed by a 10-min isocratic elution at 50% B; buffer A was 0.1% trifluoroacetic
acid (TFA) in water and buffer B was acetonitrile containing 0.07% TFA. The tryptic
peptides obtained from bovine serum albumin (BSA) were separated under the same
conditions, but using a 60-min linear gradient from 0 to 60% B. All gradient
separations of SDS containing samples were followed by a 10-min isocratic elution at
80% B. A 90-min linear gradient from 10 to 90% B was used for separation of the
peptides derived from tryptic digestion of bacteriorhodopsin.

Trypsin digestion

BSA (Serva, Heidelberg, F.R.G.) was digestd in 100 mM ammonium hydrogen-
carbonate for 6 h at 37°C. The protein concentration was 2 uM and the enzyme/
substrate ratio was 1:5 (w/w). Bacteriorhodopsin (Serva) was solubilized by boiling in
1% SDS and was diluted with 100 mA ammonium hydrogencarbonate to yield a 2 uM
protein solution containing 0.08% (w/v) SDS. Digestion of 200-ul aliquots of this
solution was performed for 12 h at 37°C and the enzyme/substrate ratio was 1:4 (w/w).
Trypsin (sequencing grade) was obtained from Boehringer (Mannheim, F.R.G.).

SDS extraction

The extraction was performed on 100-ul samples containing 200 pmol of peptide
mixture in 0.1% TFA-water and up to 0.05% (w/v) SDS. The sample was acidified
with 5 ul of TFA and extracted with 100 ul of heptane-isoamyl alcohol (4:1, v/v) by
briefly vortexing. After centrifugation in an Eppendorf centrifuge, the heptane phase
was removed with a pipette and residual heptane was evaporated in a gentle stream of
nitrogen. Samples containing more than 0.05% of SDS were extracted twice.
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Fig. 1. High-performance liquid chromatography of tryptic peptides derived from bovine serum albumin.
The peptides (200 pmol) were separated on a 250 x 1.6 mm I.D. Nucleosil C,g column using a 60-min linear
gradient from 0 to 60% B at a flow-rate of 100 ul/min. Sample A contained no SDS, samples B and

C contained 50 ug of SDS. Before injection, sample C was extracted with heptane—isoamyl alcohol (4:1, v/v).
Time in min.

RESULTS AND DISCUSSION

Fig. 1A shows the elution profile of a tryptic digest of 200 pmol of BSA. The
peptides were separated on the Nucleosil C, g microbore column. The profile in Fig. 1B
shows the same separation under identical chromatographic conditions, but with 50 ug
(0.05%) of SDS in the sample. In the presence of the detergent the peptides were shifted
to higher retention volumes and the number of separated peaks was markedly reduced.

TABLE I

AMINO ACID SEQUENCES OF THE SYNTHETIC PEPTIDES USED IN THE SEPARATION
EXPERIMENTS

Peptide  Sequence

1 Lys-Val-Glu-Gly-Glsu-Glu-Gly-Glu-Glu-Glll(x)—Gly-Glu
2 }Jys-Cys-Arg—Asn-ASrg-Arg-Arg-Glu-Leu-Tll?r-Asp-Thr»Leu-Gln
3 ;’ro-Thr-Val-Thr-Alz-l1e~Ser-Thr-Ser-Pro-}\2p-Leu-Gln
4 ;’ro-Ala-CyS-Lys-IleS-Pro-Asp~Asp-Leu-Glyl-(z}lu-Phe-Pro-Glu
I 5 10

S Ser-Glu-Glu-Pro-Ile-Tyr-Ile-Val-Thr-Glu-Tyr-Met-Ser-Lys-Gly-Ser-Leu
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The injection of 100 ug (0.1%) of SDS led to the complete breakdown of the separation
and the peptides eluted as a single broad peak at 50-60% acetonitrile (data not shown).

To investigate the nature of the separation mechanism in the presence of various
SDS concentrations, the elution behaviour of five synthetic peptides of similar size and
of graded polarity (Table I) was monitored. The separations were performed under
identical chromatographic conditions, but with the addition of increasing amounts of
SDS (1-50 pg) to the sample. The results are shown in Fig. 2. In the absence of SDS, the
most polar peptide (peptide 1) eluted first and peptide 5, containing the highest number
of apolar residues, eluted last from the reversed-phase column. In Fig. 2b—e the effect
of increasing concentrations of SDS in the sample is demonstrated. Whereas the
retention time and the peak area of peptide 3 remained stable up to 50 ug (0.05%) of
SDS, all other peptides were affected. The peaks were shifted to longer retention times
and the peak areas were reduced. Even at 5 ug (0.005%) of SDS the recovery of the
basic peptide 2 was reduced to 10% and at 50 ug (0.05%) of SDS the peptide failed to
elute from the column. The effect of SDS on the retention volumes of the peptides can
therefore be related to the number of Lys and Arg residues present in the individual
sequences (Table I). This indicates an increasing interaction of the positively charged
residues with the separation matrix due either to the binding of the anionic detergent to
the peptide, thus rendering them more hydrophobic, or to the binding of SDS to the
reversed-phase matrix. The latter would convert the hydrophobic C,5 phase into
a negatively charged cation-exchange matrix. Therefore, as the amount of SDS applied
to the column increases, the ion-exchange mechanism becomes predominant and,
owing to the low ionic strength of the elution buffer, the basic peptides are retarded.

The fact that the detergent binds to the column and not to the peptides is
illustrated in Fig. 3. In this experiment the detergent was applied separately to the
column 5 min (B) and 15 min (C) before injecting the peptide mixture. The change in
the elution profile was almost identical with the profile obtained with simultaneous

0.1 AUFS

time
Fig. 2. Effect of SDS concentration on gradient elution of a mixture of five synthetic peptides. The peptides
were separated on a 250 x 1.6 mm 1.D. Nucleosil C, g column using a 20-min linear gradient from 0 to 50%
B followed by a 10-min isocratic elution at 50% B. The flow-rate was 100 ul/min. The peptides are designated
according to their numbering in Table I. In each experiment 200 pmol of peptide mixture were injected in 100
ul of 0.1% TFA. SDS content in the sample: (a) 0; (b) 1; (c) 5; (d) 20; (e) 50 ug.
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Fig. 3. Effect of SDS injection on gradient elution of peptides. In all instances (A—C) the peptides were
injected in 100 ml of 0.1% TFA and eluted under the chromatographic conditions given in Fig. 2. In B and

C the column was loaded with 20 mg of SDS and washed for (B) 5 min or (C) 15 min with starting buffer
before sample injection.

injection of peptide and detergent. Owing to the strong binding of the detergent even
after a 15-min wash with buffer A, no change in the retention behaviour was observed.
To restore the separation, the detergent had to be eluted from the column with 80%
acetonitrile.

From these results, it was obvious that even traces of SDS have to be removed
from peptide mixtures before applying them to reversed-phase columns. As none of the
cited methods for removal of SDS from proteins gave satisfactory results with peptide
mixtures, we tried an extraction method which was proposed by Heukeshoven®. In this

0.1 AUFS

1
1 23 4 5
10 2 30
time
Fig. 4. Efficiency of removal of SDS from a peptide mixture (200 pmol in 100 1 of 0.1% TFA) by extraction
with heptane-isoamyl alcohol (4:1, v/v). The chromatographic conditions were the same as in Fig. 2. The
peptide numbering corresponds to the numbering in Table I. The peptides were separated (A) without SDS,

(B) after addition of 50 1g SDS and (C) after a single extraction of B with heptane—isoamyl alcohol (4:1, v/v).
Time in min.
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Fig. 5. Separation of tryptic peptides derived from SDS-solubilized bacteriorhodopsin (500 pmol). The
protein was digested as described under Experimental and the fragments were extracted with heptane-
isoamyl alcohol (4:1, v/v). The separation was performed on a 250 x 1.6 mm I.D. Nucleosil C,5 column
using a linear gradient from 0 to 90% B at a flow-rate of 100 ui/min. The amino acid sequence data obtained
from individual peaks are given as one-letter codes on top of the peaks. The numbers in parentheses give the
positions of the corresponding peptides in the sequence of the mature protein.

method, SDS is extracted into heptane—isoamyl alcohol (4:1, v/v) after acidification of
the sample with TFA. The efficiency of the method is illustrated in Fig. 4. After asingle
extraction of the peptide mixture containing 50 ug of SDS per 100 ul, the elution profile
which was obtained from the SDS-free sample (A) was almost completely restored (C).

As determined by the methylene blue method®, the SDS concentration was
below 0.001%. The recovery of peptides 1, 3 and 4 was near 100%. Peptide 3 was still
slightly retarded and only peptide 5 was recovered with reduced yield (90%) owing to
extraction losses. A similar result was obtained when a tryptic digest of 200 pmol of
BSA containing 50 ug of SDS (Fig. 1B) was extracted. After extraction, the elution
pattern of the SDS-free sample was restored and the recovery of only a few peptides
was reduced (Fig. 1C).

The applicability of the method to hydrophobic membrane proteins is demon-
strated in Fig. 5, which shows the micropreparative separation of tryptic peptides
obtained from 500 pmol of SDS-solubilized bacteriorhodopsin. The protein was
digested in the presence of 0.1% of SDS and the digest was extracted twice with
heptane—isoamy! alcohol (4:1, v/v). Corresponding to the distribution of the lysine and
arginine residues in the primary structure of bacteriorhodopsin!®, several small
hydrophilic peptides (eluting at 30-45% B) and a number of large hydrophobic
fragments (eluting at 75-90% B) were obtained. The identities of some of the peptides
were established by microsequence analysis in a gas-phase sequencer'!. The sequences
are given in Fig. 5.

In conclusion, the data presented demonstrate the extreme sensitivity of
microbore reversed-phase HPLC columns to the presence of SDS in the sample. The
detergent binds to the column and converts the reversed-phase matrix into a cation-
exchange matrix. The separation capacity of the column and the peptide recovery are
reduced. Therefore, control of the amount of detergent present in the sample is
important for efficient micropreparative isolation of peptides. As many proteases,
such as trypsin and V8-protease, are not inhibited in the presence of up to 0.1% of
SDS, the proposed extraction method allows the enzymatic fragmentation of
SDS-solubilized proteins to be performed without prior removal of the detergent. The
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extraction reduces the amount of SDS in the resulting peptide mixture to below the
concentration critical for micropreparative HPLC, without affecting the recovery of
peptides. This strategy significantly improves the microsequence analysis of hydro-
phobic membrane proteins.
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SUMMARY

Non-polar and medium-polarity stationary phases, such as SE-30, SE-52 and
SE-54, can be completely cross-linked by exposure to low-temperature plasmas. Plas-
ma-exposed polymers on glass coverslips resist solvent dissolution and were judged
fully cross-linked. SE-30 coated on glass beads was also rendered insoluble by plasma
treatment. Columns packed with treated beads show no reduction in chromatograph-
ic performance. A simple method for generating plasmas within evacuated capillaries
is presented. Tests made with in situ cross-linked capillary columns demonstrate plas-
ma exposure does not affect retention characteristics. The advantages of plasmas are
described, and additional applications are proposed.

INTRODUCTION

In recent years, chromatographers have cross-linked polymer stationary phases
to improve the performance of capillary gas chromatography (GC) columns. Only a
few cross-linkages on each polymer chain are required to greatly increase the average
molecular weight and render the material insoluble, thus giving rise to the term “non-
extractable phase”.

For capillary GC applications, cross-linked stationary phases provide several
benefits'. First, these phases withstand large solvent injections. A second benefit is the
freedom to wash columns with solvent to remove non-volatile sample compg@nents.
Resistance to dissolution has also facilitated the development of capillary super-
critical fluid chromatography and open-tubular liquid chromatography with parti-
tion retention mechanisms. A third feature of cross-linking is enhanced film stability.
This is particularly important for polar polysiloxane phases, which are often subject
to film disruption at elevated temperatures due to reductions in phases viscosity>.

A variety of cross-linking techniques have been reported in the chromatograph-
ic literature. Siloxane polymers have received the most attention, though other phase
classes have also been cross-linked. Two distinctly different types of cross-linking may
be considered: with linkages formed either through the linear backbone of the poly-
mer or through substituent groups.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Polysiloxane stationary phases are usually linear. In siru concatenation of a
partially polymerized siloxane results in highly stable coatings®. Blomberg et al.*
prepared cross-linked phases by adding tri- or tetrafunctional silanes during the poly-
merization step to form cross-linked phases. Both approaches invariably suffered
from increased stationary phase activity due to the presence of uncapped functional
sites.

The application of free radical induced cross-linking to GC stationary phases’
was a major improvement over earlier techniques. This approach, directly adapted
from basic silicone chemistry developed in'the fifties, creates cross-linkages through
substituent groups, leaving the polymer backbone intact. Because polymers that are
not based on the siloxanes can have these same substituents, free radical cross-linking
has been applied to a broad range of stationary phases including polyethylene gly-
cols®. In addition, this method can be performed in situ after the phase has been
deposited on the column wall.

Several different initiators have been successfully used to stimulate the cross-
linking chain reaction. Initial experiments were with organic peroxides; however,
active by-products were incorporated into the stationary phase layer. Another draw-
back involved the elevated temperatures required to cause free radical formation.
When heated, those phases exhibiting only marginal physical stability may coalesce
into droplets, thus drastically reducing column efficiency. Azo compounds seem to be
preferred over peroxides due to their lower decomposition temperatures and rela-
tively clean decomposition products®. Ozone has also been shown to cause in situ
cross-linking of certain phases at room temperature’.

With each of these chemical cross-linking agents, the incorporation of residual
groups into the polymer structure can cause residual activity. A second drawback is
that chemical initiators, except for ozone which reacts spontaneously at room temper-
ature, must be heated before cross-linking occurs. Even though the temperatures used
to stimulate cross-linking are usually well below those encountered during separa-
tions, it may be preferable to avoid heating some polar phases before their mechanical
stability has been augmented by cross-linking.

Forming free radicals directly in the stationary phase by irradiation with gamma
rays has also been reported®, but columns prepared in this manner still exhibit unde-
sirable adsorption of polar solutes. Other problems with irradiative cross-linking
include damage to the outer.polyimide coating and the general inaccessibility of
irradiation facilities.

Cross-linking procedures can be judged on the following criteria: (1) cross-
linking should not degrade column performance as measured by selectivity and effi-
ciency; (2) adsorptive activity should not be increased by the cross-linking procedure;
and (3) cross-linking procedures should be applicable across a broad spectrum of
stationary phases. At present, the phases that can be cross-linked are somewhat
limited. Commercial high-polarity polysiloxanes remain resistant to existing proce-
dures. Although part of this problem is the unavailability of highly polar gum phases,
the presence of functional groups certainly affects cross-linking®1°.

In this work, a new agent for initiating cross-linking in GC stationary phases is
described: the low-temperature plasma. The ability of low-temperature plasma to
cross-link polymers is well documented!!. Low-temperature plasmas are produced
when a low-pressure gas (generally ca. 100 Pa) is excited by strong electric fields. The
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electrons in such plasmas are not in thermal equilibrium with the molecular and
atomic species, with the gas temperature typically one or two orders of magnitude less
than the electron temperature!?, Energetic electrons can thus stimulate chemical reac-
tions by transferring energy to gas molecules and forming ions, free radicals, meta-
stable species, and atoms while the gas remains near ambient temperature. These
active species then react with polymers in their vicinity.

For chromatographic purposes, plasma cross-linking presents several potential
advantages. First, low-temperature plasmas are generated in a controlled, low-pres-
sure atmosphere, therefore contamination from extraneous species should be mini-
mal. Next, noble gases, the most common sustaining medium, are unlikely to become
chemically attached to the polymer. The reactive noble-gas species serve only to
initiate the free radical cross-linking chain reactions. Since the same noble gas atom
can be repeatedly energized in the plasma, free radicals are created as long as external
energy is supplied. Also, values for gas pressure, composition, plasma excitation
energy, and exposure time can all be optimized, if necessary, for each stationary
phase. Finally, plasma cross-linking should permit external energy to be selectively
coupled to the gaseous plasma species, thus avoiding indiscriminate heating through-
out the entire column. _

The chromatographic applications of plasmas are by no means limited to cross-
linking. At least three brief reports have described plasmas being used to prepare
chromatographic columns. Masada et al.'® not only showed scanning electron micro-
graphs of glass capillaries etched with plasmas of organo-fluorine compounds, but
also claimed to have plasma-polymerized dimethyldichlorosilane on the column wall,
though no chromatograms were produced. Such films are probably inferior to con-
ventional polysiloxanes for separating organic solutes, as studies of plasma-polymer-
ized siloxane monomers have shown the resulting polymers to exhibit a marked inor-
ganic character'*. Two other groups® 16 have treated column packing materials with
plasmas to improve performance.

A preliminary demonstration of stationary-phase cross-linking by means of ex-
posure to a low temperature plasma is reported here. Several other novel uses of
plasmas will also be discussed as they apply to fused-silica capillary columns.

EXPERIMENTAL

The effectiveness of low-temperature plasmas for cross-linking GC stationary
phases was initially evaluated using glass microscope coverslips coated with a thin
film of stationary phase. The coverslips were first cleaned in a boiling solution of
dilute hydrochloric acid. After thorough washing with deionized water, the plates
were dried in air overnight at 110°C. Stationary phase was applied to tared micro-
scope coverslips as a dilute solution that was allowed to dry. The amount of phase
deposited was determined gravimetrically. This system resembles the thin film of
stationary-phase polymer on the walls of a capillary GC column, though the layer
was appreciably thicker.

Coverslips coated with polydimethylsiloxane (SE-30, GC grade, Alltech Assoc.,
Deerfield, IL, U.S.A.) were placed in a low-temperature argon plasma (PDC-23G
Plasma Cleaner, Harrick Scientific, Ossining, NY, U.S.A.). Exposure times and ar-
gon pressures were varied systematically. Immediately following exposure, the cov-
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erslips were reweighed to determine if the plasma had removed any polymer. The
extent of cross-linking was taken to be the fraction of the original polymer weight
remaining after a 1-h immersion in a gently rocked bath of dichloromethane.

Tests were carried out at 130 Pa of argon to determine if other stationary phases
(Alltech) could be cross-linked. A series of polysiloxanes consisting of SE-30 (100%
methyl), SE-52 (5% phenyl), OV-61 (33% phenyl), OV-17 (50% phenyl), and OV-25
(75% phenyl) were exposed to plasmas. SE-54 (1% vinyl, 5% phenyl) was also tested.

Next, a stationary phase coated on diatomaceous earth was cross-linked. Gas-
Chrom P, 80-100 mesh, coated with 10% polydimethylsiloxane (OV-101, Applied
Science Labs., State College, PA, U.S.A.) was placed in a shallow boat and exposed
to a 130-Pa argon plasma within the generator chamber. After each successive 1-min
interval, the material was thoroughly stirred and a small portion removed for gravi-
metric evaluation of cross-linking following a 1-h solvent extraction with dichloro-
methane. A sample exposed for a total of 1 h was then evaluated chromatographically
in a well-packed, 1.85 m x 0.216 cm stainless-steel column. Retention and efficiency
for the plasma exposed material were compared with an identical column packed with
unexposed material.

Based on the results with conventional packing material, similar tests were per-
formed with coated glass beads (ca. 0.10-0.11 mm diameter, Sargent-Welch, Spring-
field, NJ, U.S.A.). These beads supported a loading of 0.5 w/w% SE-30. Assuming
uniform coverage, this corresponds to a coating thickness of 0.2 um. Plasma exposure
with 130 Pa of argon consisted of two 5-min periods separated by stirring. Again, the
same column tubing was used to compare the performance of untreated and plasma-
treated glass beads, based on retention and efficiency measured under identical condi-
tions. Following these tests, the plasma-exposed beads were removed from the col-
umn, extracted in dichloromethane for 1 h with stirring, and repacked to form the
third column. This column was used to evaluate the effect of extraction on chroma-
tographic performance.

Polysiloxane-phase capillary columns were prepared following the basic proce-
dure of Woolley et al.'”. Column lengths were generally 4-6 m with an 1.D. of 250
um, Untreated fused silica was obtained from Polymicro Technologies (Phoenix, AZ,
U.S.A)). Capillaries were purged with helium for 2 h at 250°C before use. Columns to
be coated with SE-30 were deactivated with polymethylhydrosilane (Petrarch Sys-
tems, Bristol, PA, U.S.A)) before coating. An OV-215 column was first deactivated
with mixed cyclics of trifluoropropylmethylsiloxanes (Petrarch) at 420°C based on the
procedure of Blomberg et al.'®. A column coated with SuperOx 0.1 (Alltech) was not
deactivated. Columns were statically coated with a 0.4 w/v% (0.6 w/v% for OV-215)
solution of the stationary phase dissolved in an appropriate solvent. After coating,
columns were briefly conditioned before testing. ’

The ends of coated capillary columns which were to be cross-linked were first
sealed into 0.636 cm O.D. glass tubing. The glass tubing was then connected by means
of a simple vacuum fitting to a vacuum system with a liquid-nitrogen trapped diffu-
sion pump capable of pressures less than 10~ ¢ Pa. Before evacuation, columns were

"purged extensively with argon (minimum purity 99.998%, MG Industries, Valley
Forge, PA, U.S.A.). Due to the inherently high flow impedance of capillaries, pump-
ing times on the order of 1-2 h were used for these columns. Following evacuation,
the columns were gently back-filled with the desired pressure of argon (130 Pa) as
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measured at the column head by a thermocouple pressure gauge. Columns were then
sealed by melting the glass tubing. Sealing in this manner provides a low-pressure
reservoir at the column end.

Several in situ methods of producing plasmas in capillary columns were ex-
plored. An ordinary Tesla-coil leak detector (Fisher Scientific, Pittsburgh, PA,
U.S.A.) generates a glow discharge in low-pressure glass chambers by delivering an
electrical arc of 50 kV and ca. 0.5 MHz. Several “electrodeless’™ systems were sur-
veyed for suitability. In these cases, the column was first removed from its metal cage.
Microwave (Little Litton, Model 1146, Litton Systems, Minneapolis, MN, U.S.A.),
radiofrequency (Rf generator from a- Low Temperature Dry Asher, Tracerlab, Rich-
mond, CA, U.S.A.), and audio-frequency (Leco Induction Furnace No. 537, Lab-
oratory Equipment, Saint Joseph, MI, U.S.A.) electrical fields were applied to the
low-pressure argon within columns. In the case of radio frequency excitation at 13.56
MHz, both capacitive and inductive coupling were examined. Finally, attempts were
made to strike a plasma by means of a 7500-V neon sign transformer connected to
tungsten electrodes sealed into the column ends.

The ability to cross-link stationary phases for chromatographic separations was
assessed for both packed and capillary columns. Chromatographic evaluation was
done using a Varian VISTA 4600 GC (Varian Instruments, Walnut Creek, CA,
U.8.A)) equipped with an on-column injector for packed columns and a split injector
for capillaries. Detection was by flame ionization detector. Volumetric flow-rates
through the packed columns were maintained at 10 ml/min (¢, = 16 s), as measured
by a soap bubble flowmeter, and were not optimized. Linear flow-rates of helium
carrier gas through the capillary columns were between 20 and 30 cm/s and were not
optimized. When comparing columns before and after plasma treatment, the flow-
rate was kept constant. All columns were evaluated based on efficiency and retention.
Capillaries were also assessed by the selectivity and activity shown for a mixture of
polar solutes separated at 100°C based on the method of Grob!®. Column activity
refers to undesirable secondary retention mechanisms that cause polar compounds to
elute as skewed peaks and can also negatively affect minimum detection limits. Col-
umn performance parameters were measured from the statistical moments of solutes
separated isothermally at 100°C.

Chromatograms were digitally recorded using a CHROM-1 A-to-D. board
(Metrabyte, Taunton, MA, U.S.A.) operating within a PC’s Limited 286 microcom-
puter (PC’s Limited, Austin, TX, U.S.A.). The software controlling the data acquisi-
tion was LABTECH NOTEBOOK (Laboratory Technologies Corporation, Wil-
mington, MA, U.S.A.). For packed column separations, the sample size was ca. 500
ng. For capillary work, detector sensitivity was set so less than 1 ng of an alkane
produced a full-scale response (8 - 10712 A.f.s.). Detector output was captured at 10
points-per-second with a height resolution of ca. 2000 points for a full-scale response.
Moment analysis of the digital data was accomplished with software written in Pascal
(Borland International, Scotts Valley, CA, U.S.A)).

Chromatographic evaluation of capillaries was done both before and after in
situ plasma exposure. A third evaluation was performed after the column had been
rinsed with ca. 10-20 column volumes of dichloromethane [or ethyl acetate-diethyl
ether (1:4) in the case of OV-215]. As with the packed columns, the extent of cross-
linking in a capillary column was considered to be the adjusted retention time of an



84 S. R. SPRINGSTON, D. A. DEZARO

alkane (dodecane for SE-30, pentadecane for OV-215 and SuperOx 0.1) on an ex-
tracted column divided by the retention of that compound on the same column prior
to extraction.

RESULTS AND DISCUSSION

In Fig. 1, the average fraction of stationary phase remaining on its coverslip
after extraction is plotted versus time of plasma exposure for three different argon
pressures. After 3-min exposure at any of the three pressures, the polymer is insoluble
and is considered to be completely cross-linked. Except for a small number of cov-
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Fig. 1. Plot of polymer fraction cross-linked (mean £+ S.D., n = 3) vs. plasma exposure time at three
different pressures for SE-30 deposited on coverslips. Phase loss determined gravimetrically after 1-h
agitation in dichloromethane. (a) 13-Pa Ar; (b) 130-Pa Ar; (c) 670-Pa Ar.
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erslips, well over 95% of the polymer remained on the coverslip, even after extensive
extraction. In a few cases, pieces of highly cross-linked material were dislodged from
the glass and were noted in the extraction vessel. These plots confirm that a polysilox-
ane stationary phase can be converted into a non-extractable form by relatively brief
exposure to a low-temperature plasma. These data also indicate plasma pressure only
marginally affects the cross-linking process.

Considerable differences were observed between the stationary phases tested. In
general, the degree of cross-linking decreases with increasing phenyl substitution.
SE-30, SE-52, and SE-54 all show complete cross-linking after 240 s of plasma expo-
sure (more than 98% of the phase resisted extraction). The more polar polysiloxanes
remain partially soluble even after 16-min contact, but display evidence of some
cross-linking. A 16-min treatment resulted in 20% cross-linking for OV-61 and ca.
10% for OV-17 and OV-25. All phases tested could be quantitatively extracted if not
subjected to plasma exposure.

Phenyl substitution has been reported to hinder chemically induced cross-link-
ing®1°. A similar trend shown by plasma cross-linking is consistent with the hypothe-
sis that free radicals formed in the plasma initiate stationary-phase cross-linking. In
these experiments, other factors, such as polymer chain length, polymer purity, and
surface wettability, are likely to contribute to the observed differences in cross-linking
for different phases and may obscure important distinctions between the two tech-
niques. Further investigations are required to adequately determine the range of
stationary phases that plasmas can cross-link.

Both packed and capillary chromatographic columns were prepared with plas-
ma cross-linked stationary phases to determine if the plasma corrupts the inert nature
of the phase. The two different geometries presented different obstacles for successful
plasma treatment. Diatomaceous earth column packings were subjected to plasma
exposure in the same chamber as the coverslips to allow similar treatment conditions.
One concern was that the plasma would not penetrate the material evenly. Fig. 2
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Fig. 2. Plot of polymer fraction cross-linked vs. plasma exposure time at 130-Pa Ar for 10% OV-101 on
Gas-Chrom P, 80-100 mesh. Material was thoroughly stirred after each exposure interval. Phase loss
determined after 1-h agitation by weighing polymer extracted in 10 ml of dichloromethane.
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shows the fraction of stationary phase remaining on extracted packing material as a
function of exposure time. The weight of polymer phase isolated from the extraction
solvent and the weight loss measured for the packing material were equivalent in all
cases.

After exposure for 360 s, the material was 23% cross-linked. This value did not
increase significantly even after repeated extended exposures interspersed with mix-
ing. From these data, it was concluded reactive plasma components penetrate the
interparticulate spaces. If penetration had not occurred, the fraction cross-linked
should increase markedly at each exposure interval after the material was thoroughly
stirred, presumably exposing particles coated with virgin polymer. However, though
the plasma apparently penetrates between particles, the phase was not completely
cross-linked even after prolonged treatment. The porous nature of diatomaceous
earth supports is suspected as the cause of this failure. These pores form highly
tortuous paths which reactive plasma species do not seem to penetrate, and thus a
fraction of polymer that remains soluble is shielded from the plasma.

Both the cross-linked and non-cross-linked columns displayed similar perform-
ance for separating alkanes. At 100°C, the control column generated 2400 effective
plates for decane at k* = 22.5. Under identical conditions, a column packed with
plasma-treated material produced 2200 effective plates at k' = 22.2. Sample retention
is unchanged, confirming that the plasma does not significantly alter solute solubility.
Because of the large amount of surface activity present on the packing material, polar
solutes eluted with distorted peak shapes on both columns.

The inability to completely cross-link the stationary phase on ordinary packings
prompted experiments with glass beads. With no internal pores available, the station-
ary phase is confined to the surface. Low liquid phase loadings and reduced surface
area allow the film thickness of capillary columns to be approximated. A third ad-
vantage of glass bead solid supports is their mechanical strength. Unlike Gas-Chrom
P, coated beads can be removed from the column, extracted with solvent, and re-
packed without damage. This property allows the fraction of polymer cross-linked to
be assessed chromatographically as well as gravimetrically.

Coated glass beads proved more amenable to cross-linking than diatomaceous
earth, but still less than expected from the coverslip experiments. After two 300-s
exposures at 130 Pa, samples were 60% cross-linked based on gravimetric analysis of
the extracted phase. As shown in Table I, column performance was virtually un-
affected by plasma treatment.

From the measured decrease in chromatographic retention following extraction,
55% of the phase withstood extraction, in agreement with the gravimetric measure-
ment. This value, though higher than for the diatomaceous earth support, was signif-
icantly below the fraction cross-linked during the coverslip studies. This loss may
arise from abrasive action during the stirred extraction removing fully cross-linked
polymer from the exposed bead surface. Phase pooling at contact points between
glass beads is well documented?® and may also account for incomplete cross-linking
of SE-30 on glass beads.

Several schemes designed to strike a plasma in a capillary were tried using
low-pressure argon in various diameter tubing. Experiments were first performed
with 4-mm I.D. glass tubing, then the bore was reduced to 1 mm. The next step was to
attempt striking a plasma in a 250-um capillary. In every case, decreasing the volume
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TABLE 1
CHARACTERISTICS OF PACKED COLUMNS TREATED WITH PLASMAS

Column dimensions, 1.85 m % 0.216 cm [.D.; 0.10-0.11 mm glass beads. Height equivalent to an effective
plate (HEEP) and capacity ratio for dodecane at 100°C.

Glass-bead Stationary phase Capacity HEEP
column No. and treatment ratio (mm)
1 0.5% (w/v) SE-30, 20.3 0.85
no treatment
2 : 0.5% (w/v) SE-30, 19.6 0.95
2 X 5 min 130-Pa
Ar plasma
3 Beads from column 2, 11.1 0.72

extracted 60 min

to surface area ratio made it progressively more difficult to generate and sustain the
plasma.

The neon-sign transformer successfully lit only the larger glass tubes and con-
tamination was observed from the internal electrodes. The discharge tubes quickly
became hot. The induction furnace easily ignited plasmas at 20 kHz in the glass
tubing without significant warming over a 1-h excitation. Capillaries resisted plasma
excitation. Brief flashes occurred only when a short section of column was held near
the induction coil. Radio frequency excitation was applied with two reactor designs.
Using a capacitive reactor as described by Masada et al.'3, no plasmas could be
ignited in capillaries after repeated attempts. An induction-coil reactor sustained a
plasma in the glass tubes, but not in a capillary. Heating was more pronounced with
this system than with the 20-kHz furnace. Microwave excitation sustained plasmas
only in the glass tubing and the tubes rapidly became too hot to touch.

Of the plasma generation methods tested to date, the Tesla coil provides the
most reliable plasma generation. Energy can be coupled from the coil to the capillary
using two approaches. In the first, a column containing argon at 130 Pa is unwrapped
from it metal cage. A column section is held centered in a 2-cm 1.D. glass tube
wrapped with ten turns of bare copper wire. By touching the wire with the Tesla coil,
a plasma is ignited over a 20-cm length within the straight capillary. This discharge is
quite bright. By pulling the column through the outer tube at ca. 20 cm/s, the entire
column is briefly exposed to the plasma. Columns cross-linked by this process dis-
played poor chromatographic performance although they were completely resistant
to solvent extraction. The intense plasma appears to damage the polymeric stationary
phase.

The second Tesla coil excitation method is even simpler and produces a less
vigorous plasma over the entire column. The coil is brought close to a metal cage
holding a column containing argon at 130 Pa. As the tip approaches the cage, a faint
discharge is visible throughout the entire column. This discharge flickers somewhat
and appears a pale greenish orange when viewed through the outer polyimide layer.

The small cross-sectional area of capillaries, coupled with their extreme length,
leads to slow evacuation. When an entire column is simultaneously excited, plasma



88 S. R. SPRINGSTON, D. A. DEZARO

inhomogeneities due to atmospheric contamination are easily observed as color var-
iations across the column length. To minimize contamination by air, capillaries were
extensively purged with argon prior to evacuation. Severe pressure gradients cause
dramatic changes in plasma intensity over the column length. Data from coverslip
experiments indicate pressure gradients within a more moderate range should not
interfere with in situ cross-linking of capillary columns. Successful cross-linking of a
polydimethylsiloxane stationary phase within a capillary column is illustrated in Ta-
ble II. Utilization of theoretical efficiency (U.T.E.) is reported relative to an ideal
column of the same diameter providing identical solute retention at optimal flow
velocity. The U.T.E. values reported here are conservative. Both detector and injector
volume contribute slightly to band broadening as evidenced by a 5-10% increase in
U.T.E. for 10-m columns. Using statistical moments to calculate column perform-
ance is more sensitive to instrumental distortions than traditional measures of peak-
width at half-height. The ability to measure U.T.E. values consistently between 80
and 90% [height equivalent to an effective plate (HEEP) = 0.31 mm at capacity ratio
= 7.5] for untreated SE-30 capillaries confirms proper system operation.

Capillary column 1 is an untreated control. The dramatic loss in retention fol-
lowing extraction confirms the phase is largely soluble. A second solvent wash of 10
ml removed an additional 3% of the original phase. The decrease in U.T.E. upon
extraction is largely due to the decrease in retention. At greatly reduced capacity
ratios, ordinarily minimal bandbroadening contributions from dead volume, injec-
tion plug width, and detector time constant significantly degrade the relative effi-
ciency for weakly retained solutes on short capillaries. (Similar U.T.E. values were
measured for decane prior to extraction, where decane eluted with the same capacity
ratio as dodecane following extraction.)

TABLE 11
CHARACTERISTICS OF CAPILLARY COLUMNS TREATED WITH PLASMAS

Column dimensions, ca. 5m X 0.25 mm L.D. Utilization of theoretical efficiency (U.T.E.) measured for
dodecane on columns 1 and 2. Pentadecane used for columns 3 and 4. (a) Before plasma treatment; (b) after
plasma treatment; (c) after solvent extraction.

Capillary Stationary phase U.TE. Fraction cross-linked
column No. (%) (%)
1 a 0.4% (w/v) SE-30 82 -

c 39 23
2% a 0.4% (w/v) SE-30 87+4 -

b 37+3 -

c 40+1 963
3 a 0.6% (w/v) OV-215 72 -

b 67 _

c 31 36
4 a 0.4% (w/v) SuperOx 0.1 68 -

b 38 ~

c 32 12

@ Average of three columns + S.D.



NON-EXTRACTABLE STATIONARY PHASES FOR GC 89

) —_—

)
0

(min)

Fig. 3. Typical gas chromatogram of a test mixture at 100°C for capillary column 2. Peaks: 1 = 2-octanone;
2 = decane; 3 = octanol; 4 = dimethylphenol; 5 = undecane; 6 = dimethylaniline; 7 = naphthalene; 8 =
dodecane. (a) Before plasma exposure, column length = 5.2 m; (b) after 4-s plasma exposure at 130-Pa Ar
and extensive extraction, column length = 4.7 m. )

The data for capillary column 2 are averages from three columns. Solute reten-
tion diminished only slightly after cross-linking. This minor reduction probably arose
from conditioning before testing rather than the plasma itself. Solute retention was
completely maintained after solvent extraction. A second solvent wash of 10 ml did
not measurably alter retention. These data confirm such columns are effectively cross-
linked.

Unfortunately, the present plasma generation method markedly reduces column
efficiency. As shown in chromatogram b of Fig. 3, the test solute peaks all tail appre-
ciably, with pronounced tailing in the solvent peak. The second statistical moment,
used here to measure column efficiency, is highly sensitive to tailing peaks. This
sensitivity is reflected in the low U.T.E. values for the cross-linked capiliaries.

Interestingly, alkanes tail to the same extent as polar solutes. Plasma exposure
does not change the peak areas for polar compounds relative to the alkanes. For
properly deactivated columns, even the highly polar test solutes described by Lee et
al.'7 elute with the proper peak area relative to the alkanes. Furthermore, peak shape
does not change significantly when the sample size is increased by a factor of ten to 10
ng per compound on column. These observations are inconsistent with the usual
cause of tailing, exposed active sites.

If present, active sites affect polar solutes much more than alkanes, therefore we
suggest the loss in efficiency is not due to chemical changes in the polymer, but to
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physical disruption of the stationary phase during plasma generation. Normally,
low-temperature plasmas do not disturb delicate structures. Inductively generated
plasmas did not diminish column efficiency when either column packing or glass
beads were treated. Even exposure times well in excess of those needed for cross-
linking showed no deleterious effects on packed columns. The present method of
exciting plasmas in capillaries, however, involves coupling an energetic electrical arc
from a Tesla coil through the column to the plasma. Multiple tiny arcs, where the
metal cage contacts the column, penetrate the fused-silica tubing and the thin poly-
mer layer before reaching the plasma in the column interior. It is suspected that the
inner film is damaged only at these localized areas.

Capillary column 3, coated with a trifluoropropyl-substituted polysiloxane, was
partially cross-linked in situ. Unlike the polydimethylsiloxane column, plasma expo-
sure by itself did not greatly affect column efficiency. Extraction with the coating
solvent removed 64% of the phase. Tests with the extracted column show reduced
efficiency, although the peak shape remained symmetrical in this instance. The rea-
sons why OV-215 behaved differently than SE-30 are not clear.

The polyethylene glycol phase, SuperOx 0.1 (capillary column 4), exhibited the
least propensity for cross-linking. Chemically induced cross-linking at elevated tem-
peratures has been effective for these polymers®. The problem with plasma induced
cross-linking of SuperOx is suspected to be the polymer’s physical state. At room
temperature, this phase is a solid. Methylene radicals created on the polymer chain
may not exist long enough to come into proximity with an adjacent chain. At the
cross-linking temperature, all of the other phases tested in this work were either
liquids or gums where molecular motion is greater than in the solid state. Other
factors may also contribute to the failure with SuperOx.

Efforts are being made to cross-link columns without reducing their efficiency.
High-frequency electromagnetic fields are commonly used to create plasmas. Mat-
suzawa and Yasuda?®! described a capacitively-coupled plasma polymerization appa-
ratus for coating the inside of plastic tubing as small as 1.5-mm L.D. A slightly
modified version of their device has been constructed and initial trials on 0.25-mm
I.D. fused-silica capillaries have been promising.

In addition to initiating cross-linking in capillaries, low-temperature plasmas
may be uniquely applicable for other column preparation steps. Oxidizing plasmas
produced within glow discharges have long been used for cleaning glass and other
surfaces?2. Similar treatments should be equally useful for fused-silica capillaries. The
principal advantage over aqueous and non-aqueous cleaning solutions is the reduced
opportunity for contamination by trace impurities.

In the past, the surface of glass capillaries was often chemically roughened to
improve the wettability of polar stationary phases. Most of these techniques are not
applicable to fused silica. The introduction of organo-fluorine compounds into a
plasma forms reactive fluorine species which etch fused silica?3. Although roughening
invariably increases surface activity, there may be applications where etched surfaces
are desirable. It may be possible to create highly deactivated, fused-silica surfaces
which remain wettable for polar films by plasma deposition of appropriate materials.
The doping of plasmas with certain polar compounds may also greatly increase the
polarity of previously coated stationary phases. As these films are already mechani-
cally stable due to cross-linking, the in siru addition of polar moieties should not
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disrupt the film’s structure. In this manner it is may be feasible to prepare highly polar
phases which normally could not be coated on low-energy, deactivated surfaces. The
enhanced retention of polar compounds relative to the alkanes has already been
observed when air inadvertently contaminated the plasma during cross-linking. A
final possibility is the preparation of porous-layer open-tubular (PLOT) columns
through plasma deposition of aluminum oxide or other adsorbent layers. Plasma
deposition of these materials at low temperatures has been reported within the semi-
conductor industry?#,

At this early stage, capillary plasma applications other than cross-linking are
speculative extrapolations based on existing processes. These potential uses do serve,
however, to illustrate the broad utility of low-temperature plasmas. Investigations
into these areas are being conducted.

CONCLUSIONS

Low-temperature plasmas cause cross-linking of GC stationary phases in a va-
riety of geometries. Exposing the stationary phase to plasmas in a large chamber does
not seem to affect chromatographic performance. Plasmas can also be generated
within coated capillary columns with relatively simple equipment. These columns
exhibit cross-linked behavior, but show diminished efficiency. Chromatographic tests
reveal no gross chemical transformations have occurred to alter retention patterns. It
is suggested that the polymer layer is physically disrupted by the discharge as it passes
through the capillary wall. A suitable method of generating plasmas without dis-
turbing the interior coating is essential for further developments.

The fundamental properties of low-temperature plasmas make them attractive
for a variety of column fabrication steps. Many of the potential applications, in-
cluding cleaning, deactivation, chemical modification, and material deposition, are
predicated on the widespread use of such plasmas in a variety of technological areas.
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SUMMARY

A coating procedure for preparing fused-silica capiltary columns with graph-
itized carbon black, modified with a liquid stationary phase, is described. This yields
reproducible results in terms of column efficiency, separation power and retention
parameters. The factors that affect the final results are discussed and some analytical
applications are reported.

INTRODUCTION

For several years, our group has been investigating the preparation of fused-
silica capillary columns with the inner walls coated with graphitized carbon black and
treated with suitable amounts of liquid stationary phases!-2, in an attempt to enhance
the selectivity of capillary columns by using the peculiar stationary phases yielded by
gas-liquid—solid chromatography (GLSC)3. Faster analysis is also obtained with
these capillary columns.

In a previous paper! we reported a method for the preparation of GLSC capil-
lary columns, based on making a slurry of graphitized carbon black and the liquid
phase to be used, in a suitable solvent [generally pentane—dichloromethane (1:1, v/v)].
The column is then filled with the slurry, closed at one end and the solvent is evap-
orated slowly from the other end by keeping the column in a water-bath at a temper-
ature higher than the boiling point of the solvent mixture.

Although good results were obtained with the preparation and use of such
columns and the theoretical expectations concerning their properties were confirmed,
many questions remained open, in particular those concerning reproducibility. The
preparation of a good column is affected by several critical parameters: the dimen-
sions of the carbon black particles; the surface area of the particular carbon black
used; the concentration of the slurry, both in carbon black and the liquid phase; and
the final amount of stationary phase on the carbon black surface. These parameters
also influence each other, so that the final result is the best compromise among them.

¢ Presented at the 25th International Symposium on Advances in Chromatography, Minneapolis, MN,
August 29-September 1, 1988. The majority of the papers presented at this symposium have been published
in J. Chromatogr., Vol. 468 (1939).

0021-9673/89/503.50 © 1989 Elsevier Science Publishers B.V.
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In this paper, we present a method of preparation intended to obtain good
column reproducibility. The influence of the carbon black concentration on different
columns is shown and some applications to environmental analysis are reported.

EXPERIMENTAL

Preparation of the slurry and coating

The carbon black (Carbopack B or F, obtained from Supelco, Beliefonte, PA,
U.S.A))is first crushed and sieved to less than 200 mesh. In order to use the full power
of the sonicator (Model 450; Branson, Danbury, CT, U.S.A.), the material is dis-
persed in water, which is the best medium for sonication, and maximum power is
maintained for 30 min. Then the water is evaporated and a suitable organic solvent
(dichloromethane) is added to the dry material. By using water, a much higher sub-
division of the carbon black particles is obtained, so that the slurry is more homoge-
neous. The mixture of the organic solvents and the carbon black is again sonicated for
15 min and a homogeneous slurry is again obtained. The column is then coated,
following the procedure described previously', and after the solvent has completely
evaporated the column is dried under a stream of nitrogen.

Adjusting the amount of stationary phase and column conditioning

The initial amount of stationary phase added to the slurry is usually greater
than needed for optimum conditions of GLSC, so that, prior to conditioning, the
column is again placed in a water-bath kept at 25°C and washed with the solvent
previously used for the slurry. In this way, some of the stationary phase is washed out,
and the percentage that remains in the column depends on the amount of solvent
passed through the column. The column is then dried and conditioned overnight. The
silica tubes were not specially treated before coating.

Chromatographic measurements

All analyses were performed with a Carlo Erba (Milan, Italy) Mega Series
HRGC 5160 gas chromatograph, with flame ionization detection (FID) and using a
split/splitless injector, and with a DANI (Monza, Italy) Model 6500 chromatograph,
with electron-capture detection (ECD) and using a programmed-temperature vapor-
izer (PTV) injector. The heat of adsorption of n-pentane was measured for the isos-
teres by plotting capacity ratio (k") against reciprocal temperature. The separation
factor, a, between n-heptanol and n-octane was measured using the corrected reten-
tion times. As the heptanol peak is tailed, care was taken always to inject the same
amount of this compound for the sake of reproducibility. The peak maximum is
considered as the retention time.

Hydrogen was used as carried gas with FID and nitrogen with ECD mea-
surements.

RESULTS AND DISCUSSION
Determination of the surface coverage

Because of the coating procedure, the actual percentage of stationary phase on
the carbon black cannot be established directly, because by micronizing the carbon
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particles, the surface area is increased with respect to the accepted value of 90 m?/g
given for Carbopack B and 6 m?/g for Carbopack F in the 40-120-mesh range.
However, the surface coverage can be established from the inflection point of the
curve obtained by plotting the heat of adsorption of n-pentane against the nominal
percentage>. This experiment was carried out by preparing a series of packed col-
umns, containing Carbopack B coated with various amounts of SP-1000 liquid phase,
and the results are shown in Fig. la. The change in the retention volume ratio be-
tween an aliphatic saturated linear hydrocarbon (n-octane) and an aliphatic saturated
linear alcohol of analogous molecular weight (n-heptanol) was also measured on the
packed columns, giving Fig. 1b.

As the retention volume ratio is linearly related to the surface coverage, by
measuring this ratio on the capillary column its surface coverage can be found by
comparing the value obtained with those for the packed column.

In this way, the actual surface coverage (f) of three capillary columns was
calculated to be 0.6, which corresponds to about 2.2% for the packed columns.
However, it should be understood that we do not know the percentage for the capil-
lary column, as the surface area of the carbon black is not known for the reasons
stated above.

In fact, the coverage obtained approximately corresponds to the maximum
value of the heat of adsorption on the curve, where the maximum of the “lateral
interactions” of the eluate with the stationary phase takes place. This corresponds to
a maximum of the column selectivity for hydrocarbons. The surface coverage is ob-
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Fig. 1. Plots of (a) the chromatographic heat of adsorption and (b) separation factors against the surface
coverage, 0, and the percentage (w/w) of liquid phase SP-1000 on Carbopack B.
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tained by assinging a value of unity to the inflection point of the curve of the heat of
adsorption®*. Washing of the capillary column was carried out to such an extent on
purpose, in order to obtain maximum selectivity for hydrocarbons.

This method seems to be the most convenient for establishing the extent of
surface coverage by the stationary phase, as it is found from GC measurements and
because measurements of the surface area with the Brunauer-Emmett-Teller (BET)
method have only a relative meaning and may lead to different evaluations that have
little significance for chromatographic purposes.

Column reproducibility

Once the optimum procedure had been established, we prepared three columns
under the same conditions in order to test the reproducibility of the coating proce-
dure. The results are summarized in Table I.

The reproducibility is very good in terms of the efficiency. The three columns
show a maximum of 18 000 theoretical plates with respect to n-C;,. The same repro-
ducibility is observed for the ratio of the retention volumes for an alcohol and a
hydrocarbon of similar structure and molecular weight. The two compounds were
chosen because the carbon black and the stationary phase have counteracting effects
on polar and non-polar compounds. At zero surface coverage, the two compounds
should have very similar retention volumes, as their polarizabilities are similar, as has
been shown previously®. The retention of the polar compounds increases with in-
creasing surface coverage by a polar stationary phase, such as SP-1000, whereas it
decreases for the hydrocarbon. Hence, the ratio of the retention volumes is a very
good index of the surface coverage by the stationary phase. Of course, this parameter
is critical, and very small variations in the percentage of stationary phase may lead to
considerable differences in the relative retentions. The three columns show a differ-
ence of about 10% in relative retention; it is our opinion that such a result is satis-
factory and does not affect substantially the chromatographic characteristics of the
columns.

Fig. 2 shows a practical example of the reproducibility of the columns. The
characteristics of columns A, B, and C are the same and are reported in Table I. Some
of the peaks show slight tailing, but the separations reported have no analytical

TABLE 1

COMPARISON OF SOME PARAMETERS FOR THREE COLUMNS (A-C), PREPARED BY THE
SAME PROCEDURE AND FOR A COLUMN WITH A HIGHER CONTENT OF CARBON
BLACK IN THE SLURRY (D)

Column dimensions 7 m x 0.25 mm I.D.

Column t, (s)° Flow-rate k' (140°C), o (90°C), H,,
(ml/min) n-C,, n-heptanolfn-Cg (mm)
A 18 1.5 49 38 0.40
B 18 1.5 52 38 0.38
C 18 1.5 56 3.7 0.40
D 18 1.5 125 4.0 0.40

1, (dead time) = retention time of methane.
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Fig. 2. Chromatograms showing the reproducibility of three columns (A, B and C) of the same length and
diameter, coated by the same procedure and under identical conditions. Fused-silica capillary columns (7
m X 0.25 mm 1.D.) coated by the procedure dexcribed in the text. | = [, 2, 4-Trichlorobenzene; 2 =
n-dodecane; 3 = l-methylnaphthalene; 4 = 2-methylnaphthalene; 5 = 1,3-dimethylnaphthalene; 6 =
n-tetradecane; 7 = n-pentadecane; 8 = hexachlorobenzene. Carrier gas, hydrogen; flow-rate, 1.5 ml/min at
140°C; temperature programme, 2 min at 140°C, then increased at 10°C/min to 240°C.
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meaning, the mixture being made for the sake of comparison, not for solving actual
analytical problems. A fourth column (D) was prepared with the same carbon black
and the same stationary phase, but by changing the concentration of carbon black in
the slurry while keeping the same ratio of the stationary phase to carbon black (30:1).
The results are also given in Table 1.

The data show that the column efficiency is very similar to the previous results,
whereas a slight increase in the relative retentions of the alcohol and the hydrocarbon
is observed. In contrast the retention of the n-C;, hydrocarbon increases substantial-
ly. ”ﬁhis can only be explained by assuming that an increase in carbon black concen-
tration in the slurry leads to a more extensive coating of the silica surface, whereas the
surface coverage of the carbon black by the stationary phase is not affected to a large
extent. In fact, the ratio of the SP-1000 to Carbopack B was kept unchanged for the
three columns.

It is worth noting that scanning electron microscope photographs of the inner
surface of the coated capillary show that the carbon black particles cover only 50% of
the silica surface. This introduces a third variable into the column characteristics that
should be taken into account for obtaining a more or less retentive layer while main-
taining a very similar selectivity. We think this parameter is extremely important and
is a peculiar feature of this type of column. In fact, making a comparison with the
thickness of the liquid film in conventional GLC capillary columns, an increase in the
film thickness produces the same effect as the increase in the surface coating of our
columns. This is possible because the silica surface is not completely coated. Other-
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Fig. 3. Chromatogram of a virgin naphtha (80-250°C). Column D (see text). Carrier gas, hydrogen;
flow-rate, 1.5 ml/min at 35°C; temperature programme, 35°C for 1 min, then increased at 12°C/min to
240°C.
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wise, the thickness of an adsorptive layer does not affect the retention, which in this
instance is due only to the surface phenomena.

We realize that the absorbent-stationary phase-silica surface system is very
complex and that the retention mechanism may be different from that for classical
packed columns with liquid-modified graphitized carbon. However, from the values
and the behaviour of the heat of adsorption, measured with the capillary column, it
can be concluded that the silica surface contributes to retention to a very minor extent
and may only be responsible for some peak tailing of polar compounds. This is worth
investigating, and some surface treatment prior to coating may be useful in eliminat-
ing irreversible adsorption phenomena due to the silica active sites.

A fifth column was prepared with the more concentrated sturry, but this time
the washing was omitted. This is important in order to understand the modifications
induced by the solvent treatment. In fact, the retention time ratio between n-heptanol
and n-octane is 56:1, which shows that the carbon surface is now covered by at least
three or four monolayers of SP-1000. The column efficiency is also much lower, the
minimum plate height (H,,;,) being ca. 1 mm.

The conclusion from these experiments is that, although a large amount of
SP-1000 must be added to the slurry to make it stable, washing with the solvent is
necessary to ensure both column reproducibility and better efficiency. Also, it has

R S .
0 2 4 6 8 10 12 14 16 18 min 0 2 4 6 8 10 12 min
Fig. 4. (A) Separation of chlorodibenzodioxins and benzofurans. 1 = 2,3,7,8-Tetrachlorodibenzodioxin:

2 = 1,2,3,7,8-polychlorodibenzofuran; 3 = 1,2,3,7 8-polychlorodibenzodioxin; 4 = 1,2,3,6,7,8-hexachlo-
rodibenzofuran; 5 = 1,2,3,6,7,8-hexachlorodibenzodioxin; 6 = 1,2,3,7,8,9-hexachlorodibenzodioxin; 7 =
octachlorodibenzofuran; 8 = octachlorodibenzodioxin. Fused-silica capillary column (8 m x 0.25 mm
1.D.); coating, Carbopack F + SP-1000; carrier gas, hydrogen; flow-rate, 1.5 ml/min at 150°C; temperature
programme, 1.5 min at 150°C, then increased at 10°C/min to 280°C. (B) Separation of tetrachlorodiben-
zodioxin isomers: 1 = 1,4,7,8-tetrachlorodibenzodioxin; 2 = 1,2,3,4-tetrachlorodibenzodioxin; 3 =
1,2,3,7-tetrachlorodibenzodioxin; 4 = 1,2,7 8-tetrachlorodibenzodioxin; 5 = 1,2,3,8-tetrachlorodibenzo-
dioxin; 6 = 2,3,7,8-tetrachlorodibenzodioxin. Fused-silica capillary column (8 m x 0.25 mm 1.D.); coat-
ing, Carbopack F + SP-1000; carrier gas, hydrogen; flow-rate, 1.5 ml/min at 150°C; temperature pro-
gramme, 1.5 min at 150°C, then increased at 8°C/min to 250°C.



100 F. BRUNER ez al.

been observed that, once the slurry has been prepared, it should be used within a
short time. As time passes between preparation and use, the surface coverage by the
stationary phase increases, probably because the graphitized carbon adsorbs some
stationary phase from the solvent during storage. Hence, the time between prep-
aration and use of the slurry is another parameter to be taken into account for
column reproducibility.

Analytical applications

In Fig. 3 the chromatogram of a virgin naphtha, obtained on the fourth column
(D), made with a more concentrated slurry, is shown. The analysis was performed in
22 min. The complexity of the mixture in terms of number of peaks and separation
power is analogous to that obtained with a much longer column by GLC. This is due
to the ability of GLSC columns with carbon black coated with a polar stationary
phase, to separate hydrocarbon isomers.

Fig. 4A shows the separation of some chlorodibenzodioxins and chlorodiben-
zofurans. This separation was obtained with a column only 8 m long, coated with
Carbopack F covered by SP-1000. In Fig. 4B the same column was used with the
specific purpose of separating the isomers of tetrachlorodibenzodioxins. It is interest-
ing that, owing to the selectivity of this particular column, a separation analogous to

11
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-

0 2 4 6 min

Fig. 5. Separation of some chlorinated priority pollutants. | = Dichloromethane; 2 = trans-1,2-dichlo-
roethylene; 3 = 1,1,1-trichloroethane; 4 = carbon tetrachloride; 5 = bromochloromethane; 6 = chloro-
form; 7 = trichloroethylene; 8 = bromochloromethane; 9 = cis-1,3-dichloropropene; 10 = 1,1,2-trichlo-
roethane; 11 = tetrachloroethylene; 12 = dibromochloromethane; 13 = bromoform; 14 =
1,4-dichlorobutane; 15 = 1,1,2,2-tetrachloroethane. Fused-silica capillary column (20 m x .25 mm L.D.),
coated with Carbopack B + SP-1000; temperature programme, 2 min at 30°C, then increased at 20°C/min
to 120°C.
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that obtained with a 60-m capillary column of the standard GLC type was obtained
with an 8-m column within 12 min.

In Fig. 5 the separation of some halogenated low-molecular-weight compounds
of environmental interest is shown. Very fast analysis is obtained.

CONCLUSIONS

The results help to clarify the mechanism of operation of capillary columns
coated with liquid-modified cabron black. We have now found a reproducible meth-
od of preparing such columns, and their chromatographic properties can be predicted
as a function of the various parameters investigated. As has been pointed out, a better
performance for polar compounds should be obtained by appropriate treatment of
the silica surface. Different stationary phases should be tested according to prelimina-
ry experiments performed previously. We believe that much more work is needed to
exploit fully the analytical potential of these columns, which have the advantage that
they couple a high selectivity with the high efficiency typical of capillary columns. As
a final consideration, we think that previous attempts to obtain capillary columns
coated with carbon black>¢ remained interesting experiments but were not exploited
further because of the difficulties encountered reproducing the results. Reproducibil-
ity depends on many parameters that need to be considered, especially those which
mutually interact.
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SUMMARY

A series of oligoethylene oxide-containing polysiloxanes were prepared by hy-
drosilylating the appropriate oligoethylene oxide-containing alkene onto a well-de-
fined polymethylhydrosiloxane polymer. The most convenient oligoethylene oxide-
containing alkenes were prepared from eugenol and the tosylate of di- or triethylene
glycol monomethyl ether. The polysiloxane phase prepared from 1-(4-allyl-2-me-
thoxyphenoxy)-5-methoxy-3-oxapentane was found to possess desirable chromato-
graphic properties when used in capillary supercritical-fluid chromatography and is
suggested as a substitute for Carbowax 20M. The phase was usable at temperatures
from 20°C to 300°C. The synthetic rationale and the effects of structural changes in
the polymers on chromatographic performance are discussed in this paper. This pa-
per also contains a systematic study of the influence of chemical structure on chroma-
tographic properties of the resulting polysiloxane phases.

INTRODUCTION

Nearly all of the presently used stationary phases for capillary gas chromatogra-
phy (GC) are based on the polysiloxane backbone. Thermal stability as well as good
diffusion of solutes in the stationary phase are necessary requirements for preferred
stationary phases. Polysiloxanes have the best diffusion properties of the polymeric
materials known today® and they are also very stable. Substitution on the polysilox-
ane backbone has been diverse, depending on the chromatographic need. Stationary
phases range from polar cyanophenyl-substituted?, to non-polar alkyl-substituted
polysiloxanes?.

The polyethylene glycol (PEG) phases, such as Carbowax, are popular because
of their moderate polarities which lead to selective separations of polar and polariz-
able solutes without exhibiting strong retention of these compounds. A number of
studies have been made to modify Carbowax for use at both higher and lower oper-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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ating temperatures*. In a previous paper®, a comparison was made between a PEG
phase (Carbowax 20M) and a phenyl-containing oligo(ethylene oxide)-substituted
polysiloxane (phase 1a, Fig. 1). The new phase was found to have a selectivity similar
to Carbowax 20M. In addition, the phase could be crosslinked and was usable at
temperatures from 20°C to 300°C in GC. These desirable chromatographic properties
of polymer 1a led us to prepare a series of similar phases shown in Fig. 1, and to study
the effects of different structural features on gas and supercritical-fluid chromato-
graphic (SFC) selectivity and stability. Our objective was to prepare a medium polar
phase that could be used in SFC as well as in the typical full temperature range of GC.

EXPERIMENTAL

Synthetic procedure for the preparation of oligoethylene oxide-containing polysiloxane
phases (Scheme 1)

The new phenyl- and non-phenyl-containing oligoethylene oxide-substituted
polysiloxanes were prepared by hydrosilylating the appropriate oligoethylene oxide-
containing alkene onto a previously prepared polymethylhydrosiloxane of known
composition (Scheme 1). The hydrosilation reaction used to prepare these polymers
and the synthesis of the polymethylhydrosiloxanes have been reported previously>:®.
The number of Si—H units in the polymethylhydrosiloxane determined the extent of
substitution on the polymer. For example, a polymer with 50% Si-H (every silicon
atom had a methyl group and a hydrogen atom) would produce a final polymer

CHs <|3Ha <I>Ha ICH@
CHg—Si Si Si Si—CHy
[0t 1o 1
CHy R CeHiz | CHy

n 25%

/s
1a, R=(CH2)3-©-O O OCHy

2a, R =(CHyp) _@_ OHOI_\OI_\OCHQ

OCH;

I
3a, R=(CHys 0 0 CH
OCHa
/N M//
4a, R =(CHys 0 O O OCHs
. OCH3
oY an)
5a, R =(0H2)3Q0 O OCHy
OCH3

r—
6a, R =(CHyy-0 O,_\OCHZCH:,

N
7a, R=(CH)0 ©O O OCHs

CHy0
N\ rm— rm—
8a, R=(CH),,0 O O O OCH
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g. 1. Oligoethylene oxide-containing polysiloxane gum phases.
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Scheme 1. Hydrosilylation of a polar substituent onto a preformed polysitoxane. Where R =the above
oligoethylene oxide-containing alkene.

containing approximately 50% substitution. The polymers in this study contained
about 47% of the oligoethylene oxide substituent and about 3% octyl substituent.
The oligoethylene oxide-containing alkenes were prepared by several different meth-
ods as presented below.

Preparation of oligoethylene oxide-containing alkenes (Schemes 2—4)

1-(4-Bromophenoxy )-5-methoxy-3-oxapentane (11) (Scheme 2). Compound
11 was prepared as reported®. In an alternative method, 4-bromophenol was dis-
solved in 75 ml of dry dimethyl sulphoxide (DMSO), and a slight excess of sodium
hydride was added. The tosylate 9 was added over a period of about 20 min and the
mixture was allowed to react overnight while keeping the temperature around 40°C.
Product 11 was then isolated as reported® in a 79% yield.

1-(4-Allylphenoxy )-5-methoxy-3-oxapentane (1) (Scheme 2). Compound 1
was prepared from 11 as reported”.

1-(4-Bromophenoxy )-8-methoxy-3,6-dioxaoctane (12) (Scheme 2). This mate-
rial was prepared as above for compound 11° except that tosylate 10 (prepared from
the monomethyl ether of triethylene glycol and tosy! chloride) was added to the

A =
_
CHR0 0 JIn OH Pyridine CH30 o |, OTs

9 n=1
10 n=2
1) Mg, ether
——— " & o o ln ocH, —mm————
Base 2) Allylbromide
11 n=1
12 n=2
AQ,O’ 0 1o ook
1 n=1
2 n=2

Scheme 2. Synthesis of alkenes using p-bromophenol.
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phenoxide. The product was purified by distillation to give 55% of 12; b.p. 120-
125°C/0.07 mm; NMR (4): 3.4 (3H, s), 3.72 (10H, bm), 4.1 (2H, m), 6.8 (2H, d), 7.36
(2H, 4d).

1-(4-Allylphenoxy ) -8-methoxy-3,6-dioxaoctane (2) (Scheme 2). Compound 2
was prepared as above for 8 using 1.31 g (0.054 mol) of magnesium turnings, 15 g
(0.047 mol) of 12 and 70 ml of anhydrous tetrahydrofuran (THF). After the magnesi-
um was consumed, 5.3 ml of 3-bromopropene in 15 ml of anhydrous THF were added
and the mixture was refluxed overnight. The product was purified by distillation to
give 0.79 g (6%) of 2; b.p. 123-125°C/0.04 mm; NMR (d): 3.40 (3H, s), 3.72 (10H,
bm), 4.1 (2H, m), 5.0 (2H, m), 5.95 (1H, m), 6.86 (2H, d), 7.12 (2H, d).

1-(4-Allyl-2-methoxyphenoxy )-5-methoxy-3-oxapentane (3) (Scheme 3). The
potassium alkoxide of eugenol was first prepared by treating 16.91 g (0.103 mol) of
eugenol with 5.78 g (0.103 mol) of potassium hydroxide (in as little water as possible)
and evaporating the salt to dryness on a rotary evaporator. The salt was then dis-
solved in DMSO and heated to 40°C while 27.43 g (1.10 mol) of tosylate 9 was slowly
added. The mixture was stirred overnight at 40°C and extracted with ether. The ether
layer was washed with 5% sodium bicarbonate, dried over anhydrous magnesium
sulfate and evaporated. The resulting oil was distilled to give 19.44 g (73%) of 3; b.p.
127-131°C/0.06 mm; NMR (d): 3.30 (2H, d), 3.38 (3H, s), 3.5 (2H m) 3.70 (4H, m),
3.85(3H, s),4.15(2H, t), 5.15(2H, m), 5.95 (1H, m), 6.7 (2H, s) 6.85 (1H, d). Analysis
for C15sH,,04; calculated: C, 67.66; H, 8.33; found: C, 67.54; H, 8.42.

1-(4-Allyl-2-methoxyphenoxy ) -8-methoxy-3,6-dioxaoctane (4) (Scheme 3).
This material was prepared in the same manner as 3 above from 7.36 g (0.045 mol) of
eugenol and 10.93 g (0.034 mol) of tosylate 10. The product was distilled to give 7.32 g
(54%) of 4; b.p. 154-157°C/1.2 mm; NMR (9): 3.31 (2H, d), 3.38 (3H, s), 3.54 (2H,
m), 3.7 (6H, m), 3.81 (3H, s), 3.38 (2H, 1), 4.15 (2H, 1). 5.06 (2H, dd), 5.92 (1H, m), 6.7
(2H, bs), 6.85 (1H, d). Analysis for C;,H,¢0s; calculated: C 65.79; H, 8.44; found: C,
65.65; H, 8.54.

1-(4-Allyl-2,6-dimethoxyphenoxy )-5-methoxy-3-oxapentane (5). Compound 5
was prepared as above for 3 from 1.92 g (0.01 mol) of 2,6-dimethoxy-4-allylphenol
and 1.37 g (0.01 mol) of 1-chloro-5-methoxy-3-oxapentane (9 with a chlorine sub-
stituted for the tosylate group) using N,N-dimethylformamide (DMF) rather than
DMSO as the solvent. The mixture was then heated to 120-135°C overnight. After
the reaction mixture had been extracted, product 5 was isolated by distillation to give
1 g(34%) of §; b.p. 110-120°C/0.75 mm; NMR (¥): 3.3 (2H, d), 3.4 (3H, s), 3.8 (10H,

TsCl
/ | \ / \ ———— / ‘ \ / I \
CH30 O In OH Pyridine CH30 O Jn OTs

9 n=l

10 n=2
OCH3 OCHy
& h< S—OH / | \ / \
Base $ n=1
4 n=2

Scheme 3. Synthesis of alkenes starting from eugenol.
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Scheme 4. Synthesis of oligoethylene oxide alkenes without phenyl rings (xs = in excess).

m), 4.57 2H, t), 4.15 (2H, t), 5.1 (2H, dd), 6.0 (1H, m), 6.4 (2H, bs). Analysis for
C,6H2405; calculated: C, 64.86; H, 8.33; found: C, 64.54; H, 8.42.

3,6,9-Trioxa-11-dodecene (6) (Scheme 4). Freshly distilled diethylene glycol
monoethyl ether (15 g, 0.112 mol) and 2.57 g of sodium were stirred and refluxed
overnight in 50 ml of glyme. Allyl bromide (12.6 ml, 0.146 mol) was then added and
the mixture was heated at reflux overnight. The resulting mixture was cooled and
extracted with 200 ml of ether. The ether layer was washed with 100-ml portions of
brine until the aqueous layer was neutral. The ether layer was dried over anhydrous
magnesium sulfate and the solvent was removed under vacuum to give 13.5 g of an
oil. The oil was distilled to give 8.5 g (43%) of 6; b.p. 44°C/0.225 mm; NMR (J): 1.05
(3H, t), 3.4 (10H, bm), 3.85 (2H, d), 5.05 (2H, m), 5.75 (1H, m). Analysis for
CoH,30s3; calculated: C, 62.04; H, 10.41; found: C, 61.94; H, 10.47.

2,5.8,11-Tetraoxa-13-tetradecene (7) (Scheme 4). Compound 7 was prepared
as 6 above using 10 g (0.061 mol) of triethylene glycol monomethyl ether (Fluka) and
1.4 g of sodium. The solution was refluxed about 3 h, and 6.9 m! (0.079 mol) of allyl
bromide was added. This crude product (5.5 g) was distilled to give 4.1 g (33%) of 7;
b.p. 57°C/0.05 mm; NMR (4): 3.1 (3H, s), 3.35 (12H, bm), 3.74 (2H, d), 5.05 (2H, m),
5.65 (1H, m). Analysis for C;oH,004; calculated: C, 58.80; H, 9.87; found: C, 58.61;
H, 9.64.

1-(3-Butenyl)-3,6 9-trioxaundecan-1,11-diol (13) (Scheme 4). Dry dioxane
(250 ml) and 1.54 g of sodium hydride (60% dispersion) were placed in a large
three-necked round bottom flask with 140 ml of triethylene glycol (1.1 mol). The
solution was allowed to stir at room temperature until the sodium hydride was dis-
solved, and then the solution was heated to reflux. 1,2-Epoxy-5-hexene (28.7 ml, 0.26
mol) was added over a 1.5-h period. The mixture was stirred for two days at reflux
temperature, after which it was cooled and made slightly acidic with dilute hydro-
chloric acid, and then neutral with saturated sodium bicarbonate solution. The mix-
ture was then filtered and the solvent was removed to give an oil which was distilled to
give 16.65 g (26%) of 1-(3-butenyl)-3,6,9-trioxaundecan-1,11-diol; b.p. 144°C/0.20
mm.

3-(3-Butenyl)-2,5,8,11,14-pentaoxapentadecane (8) (Scheme 4). DMSO
(stored over molecular sieves) (80 ml) and 18 g of powdered potassium hydroxide
were placed in a round bottom flask and stirred for 20 min. Compound 13 (10 g, 0.04
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mol) was added along with 10 ml (0.080 mol) of methyl iodide. The solution was
stirred overnight, poured into 300 ml of water, and extracted with three 200-ml por-
tions of dichloromethane. The combined extracts were washed with four 200-ml por-
tions of dichloromethane and four 200-ml portions of water. The solution was dried
over anhydrous magnesium sulfate and the solvent was removed to yield 10.7 g (96%)
of an oil. NMR: 1.58 (2H, m), 2.10 (2H, m), 3.30 (3H, s), 3.40 (3H, s), 3.6 (14H, bm),
5.05 (2H, bm), 5.3 (1H, s), 5.8 (1H, bm). Analysis for C;(H,505; calculated: C, 60.84;
H 10.21; found: C, 60.67; H, 10.33.

Column preparation and evaluation

Capillary columns for GC and SFC were prepared according to the method
described by Jones et al.”. The fused-silica columns were deactivated with cyanopro-
pylhydrosiloxane deactivation reagent®, and the oligoethylene oxide stationary phas-
es were immobilized using azo-tert.-butane or dicumyl peroxide free radical initiator.
GC column evaluations were performed with a Carlo Erba 5160 Mega Series GC
using hydrogen gas at 50 cm s ™! starting linear velocity and a flame ionization detec-
tor. SFC column evalutations were performed using a Lee Scientific 501 supercritical-
fluid chromatograph with a flame ionization detector using CO, as carrier fluid at 2
cm s~ starting linear velocity and using a frit restrictor (Lee Scientific, Salt Lake
City, UT, U.S.A.). The injected sample amounts and the detector attenuation settings
were adjusted to give 1-10 ng full-scale response.

RESULTS AND DISCUSSION

The search for a stationary phase which possesses many of the desirable proper-
ties of 2 PEG such as Carbowax, led to the investigation of a series of oligoethylene
oxide-containing polysiloxane stationary phases (see Fig. 1). The objectives in prepar-
ing the oligoethylene oxide-substituted polysiloxanes were: first, to lower the glass
transition temperature (#,), making the phase useful at lower temperatures; second, to
extend the upper temperature limit, increasing the utility of the phase in GC; third, to
produce a phase that was inherently crosslinkable, allowing the phases to be highly
reproducible from batch to batch and allowing the crosslinked phase to be physically
stable for both high temperature GC and SFC use; and finally to find the optimum
structure to give the best selectivity for chosen test solutes.

The first two objectives were achieved by grafting the alkenes onto preformed
polysiloxanes containing Si—H sites (see Scheme 1). This provided a route to many
structurally similar compounds which all possessed the advantages of the polysilox-
ane backbone, i.e. thermal stability and high flexibility, which tends to lower the glass
transition temperature. The chromatographic testing of phase 1a indicated that in
fact, these new materials possessed superior physical properties over PEGs. The tem-
perature range for this material was found to be 20-300°C.° The low bleeding of this
stationary phase is demonstrated in Fig. 2 in which a paraffin wax extract was eluted
during a temperature program up to 300°C, resulting in a baseline rise of only 1 pA.

The third objective, to have a crosslinked phase, was achieved by including a
measured amount of 1-octene in the hydrosilylation reaction along with the oli-
goethylene oxide-containing alkene (see Scheme 1). This results in a polymer which
contains from 2-5% octyl! substitution and greatly enhances the crosslinkability of
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Fig. 2. Gas chromatogram of a paraffin wax oil extract on oligoethylene oxide stationary phase 1a.
Conditions: 10 m x 200 gm L.D. column with a 0.25-um film thickness.

the phase®, therefore providing much needed long term physical stability when the
phase is used in both GC and SFC. The octane side chain had another beneficial
effect. When the polymer was prepared by hydrolysation without octene, the polymer
precipitated from the hot reaction mixture®. Even lower molecular weight polymers,
when hydrosilylated without some octene present, behaved in a similar manner. One
of the gelled polymers was pressure filtered through a 2-um filter, leaving no residue,
and the solution gelled again upon standing at room temperature for several hours.
Even though the solution could be filtered, it could not be coated. This polymer
property could be due to the strong interactions between individual substituents on
the polysiloxane backbone, resulting in a thixotropic gel. The addition of octane
substituents made the polymers dissolve nicely and retain a homogeneous consis-
tency. The inclusion of the octene in slightly different amounts from batch to batch
was found to have no measurable effect on the chromatographic properties of the
phases”.

The major differences in the chemical structures that were studied included: (1)
presence or absence of a phenyl group between the hydrocarbon spacer and the
oligoethylene oxide chain, (2) presence or absence of a methoxy group on the above
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mentioned phenyl group, (3) number of oxygens in the oligoethylene oxide chain, and
(4) methyl or ethyl end groups on the oligoethylene oxide chain. The preferred oli-
goethylene oxide-containing polysiloxanes have a phenyl unit in the side chain
(1a-5a). These materials were found to have higher thermal stability than those that
did not have a phenyl unit in the chain (e.g. phases 6a—8a). These latter phases showed
serious degradation above 240°C. The higher stability is due to many factors, how-
ever it is possible that the phenyl groups afford some steric protection to the polysi-
loxane backbone.

The alkenes needed to prepare the different polysiloxane phases shown in Fig. 1
were prepared as shown in Schemes 2-4. The best method to join the oligoethylene
oxide group to the benzene ring employed sodium or potassium hydroxide in DMSO
to remove the proton from 4-bromophenol, and then slow addition of the tosylate
(Scheme 2). It was possible to run the complete set of reactions in one pot with
mechanical stirring as follows: the tosylate of the monomethyl ether was formed using
hydroxide and DMSO, the phenoxide was prepared in a separate container also in
DMSO and slowly added to the tosylate. The resulting solution was allowed to react
at 45-65°C for 3-5 h. The allyl group was then attached by forming a Grignard
reagent in THF and trapping the Grignard with allyl bromide.

The procedure shown in Scheme 2 to prepare the alkene containing both a
benzene ring and the oligoethylene oxide unit is not synthetically convenient because
of the need to use a Grignard reaction to attach the allyl group. A more convenient
method is to prepare the oligoethylene oxide-containing alkenes from eugenol (4-
allyl-2-methoxyphenol) as shown in Scheme 3. Oxide materials 3 and 4 are similar to
1 and 2, respectively, except for the added methoxy substituent on the benzene ring.
Excellent yields of both 3 and 4 were realized. Care must be taken to exclude all acid
before the final distillation step in the purification of 3 and 4. Acid causes the allyl
group to isomerize to form a methylvinyl substituent.

Polysiloxane phase 3a, which was prepared using the more convenient synthetic
pathway, was found to provide somewhat different performance than phase 1a. The
only structural difference between 1a and 3a is the methoxy substituent on the ben-
zene ring of 3a. Phase 3a was tested in detail and compared to phase 1a.

Fig. 3 shows chromatograms of an alcohol standard mixture separated on phas-
es 3a (A) and 1a (B), respectively. Both phases demonstrate comparable retention of
polar solutes. This is shown by the retention times of the diols of peak numbers 5, 7
and 9. The alkenes (peaks 4 and 8) on the other hand, are less retained on methoxy-
substituted phase 3a. High-molecular-weight alcohols are also less retained on phase
3a as their alkane chains get longer. Phase 3a would indicate higher polarity than
phase 1a if the phases were compared using a retention index scale.

Phase 3a was found to have low thermostability before it was crosslinked. At
210°C the bleed from the uncrosslinked phase was 2 pA using a flame ionization
detector and a 10 m X 200 gm L.D. column having a 0.15-um polymer film thickness.
A dynamic free radical initiated crosslinking procedure using dicumy! peroxide im-
proved the thermal stability of phase 3a to 260-270°C. The solute retention properties
of crosslinked 3a was changed unless mild crosslinking conditions were used. Phase
3a s not as thermally stable as 1a and, therefore, has no advantage over 1a except for
its ease of preparation. No further tests of phase 3a for use in GC were carried out.

Phase Sa, with two methoxy groups on the benzene ring, exhibited poor GC
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Fig. 4. Supercritical-fluid chromatogram of a beeswax extract on oligoethylene oxide stationary phase 3a.
Conditions: CO, at 120°C, 9m x 50 gm 1.D. capillary column with 0.25 ym film thickness.

performance in all aspects of efficiency, selectivity and thermostability and was not
tested further. It is obvious, from the above resuits, that having methoxy groups on
the benzene ring in phases 3a and Sa significantly affects the selectivity and thermal
stability of the phase.

Fig. 4 shows a capillary supercritical-fluid chromatogram of a beeswax extract
using phase 3a. After crosslinking, this phase remained stable under stringent SFC
conditions for several weeks. Also, the limited thermostability of the phase as men-
tioned above is not a problem for use in SFC. The non-polar hydrocarbon series, in
the early part of the chromatogram, and the medium polar long chain ester series
starting to elute after 25 min in the chromatogram, are both well resolved.

Removal of the benzene ring from these phases greatly lowers their stability as
shown by the fact that phases 6a—8a could not be used above 240°C and showed
severe bleeding from around 180°C. Also, the addition of another ethylene oxide unit
at the end of the arm as in phases 2a and 4a resulted in decreased thermostability
without any measurable gain in selectivity.

The importance of having a benzene ring in a medium polar oligoethylene ox-
ide-substituted polysiloxane phase has been demonstrated in this systematic study of
the structural influence on the chromatographic performance of these oligoethylene
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oxide phases. New phases containing different substituents at the end of the oli-
goethylene oxide chain are presently under study to see if stable phases with unique
selectivities can be prepared based on the phenyl-containing oligoethylene oxide poly-
siloxane structure.
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SUMMARY

Two non-polar stationary phases, i.e., a novel octadecylpolyvinyl (ODP)
packing and a poly(styrene-divinylbenzene) (PLRP-S) gel, were compared with
a standard phase (octadecylsilane, ODS) for their usefulness in determining lipo-
philicity. Various monosubstituted benzenes and neuroleptic drugs were used as
solutes. The usefulness of the polystyrene divinylbenzene phase was limited by physical
problems, long retention times and capacity factors which did not appear to express
the same partitioning behaviour as in an octanol-water system. In contrast, the ODP
phase proved very interesting. Like the ODS phase, it showed high selectivity and fast
elution, and yielded retention data which reflect a partitioning behaviour comparable
to that seen in an octanol-water system. It also proved superior to the ODS phase in
that it did not require the addition of a masking agent.

INTRODUCTION

Since the pioneering work of Meyer! and Overton? on the narcosis of tadpoles,
lipophilicity has become a major parameter in quantitative structure—activity rela-
tionships3~¢. Although several calculation methods have been used to determine
lipophilicity”®, its experimental determination remains crucial. A number of methods
have been used to measure lipophilicity but only two are in common use today, namely
the shake-flask method and reversed-phase high-performance liquid chromato-
graphy'? (RP-HPLC). In the former method, the biphasic n-octanol-water system has
been chosen as a standard owing to some analogies with biological systems*!. The
equilibrium of a solute between an organic and an aqueous phase defines the partition
coefficient (expressed as log P). Time consumption, large errors caused by small
impurities with strong chromophores and limitations to log P values in the range —2
to 4 are the main practical disadvantages of the shake-flask method. For extensive
details on these limitations and shortcomings, the reader is referred to a review by
Dearden and Bresnen'?.

In recent years, RP-HPLC has proved to be a successful alternative for assessing

0021-9673/89/803.50 © 1989 Elsevier Science Publishers B.V.



116 A. BECHALANY et al.

lipophilicity of drugs and other compounds. Alkylsilane-bonded phases, particularly
the octadecyl type, are the non-polar stationary phases most frequently used. They are
prepared by reacting the silanol groups of silica gel with organochloro- or organo-
alkoxysilanes!3. However, a high proportion of silanol groups (up to 50%) remain
unreacted owing to steric hindrance!*. During the chromatographic process, such
residual silanol groups can interact with basic solutes by means of so-called
silanophilic interactions, resulting in severe peak tailing and a decreased number of
theoretical plates'®. These phenomena severely disturb the partitioning behav-
iour'®!7, The addition of a masking agent, usually an amine modifier, attenuates the
silanophilic interactions without always suppressing them. Triethylamine, n-decyl-
amine and N,N-dimethyloctylamine are masking agents in common use-2!,

Other types of bonded phases have been proposed for the RP-HPLC determina-
tion of lipophilicity, e.g., phenyl-modified silica gels, which were suggested to be
superior to the ODS phase for measuring the partition coefficients of aromatic
compounds?Z2, Despite these efforts, the octadecylsilane (ODS) stationary phase is still
considered to be the most convenient?3, and is indeed the most frequently used.

In order to avoid the silanophilic interactions, a poly(styrene—divinylbenzene)
packing (PLRP-S) was used to assess the lipophilicity of 30 aromatic acids, yielding
values which were well correlated with partition coefficients calculated according to
Rekker’s method?*, The hydrophobic matrix of the PLRP-S is formed by a network of
linear chains of polstyrene interconnected with divinylbenzene molecules?>~2. Steric
exclusion, which is claimed to govern the mechanism of retention?®, in fact appears
restricted to relatively large molecules; this implies that retention of solutes of ordinary
size should be based solely on partitioning. A poly(styrene-divinyl) stationary phase
has the advantage of being stable over a broad pH range, allowing the determination of
capacity factors and dissociation constants of compounds with comparatively high
pK., values (above 7)29-3°, On the other hand, PLRP-S columns have a comparatively
small number of theoretical plates and undergo considerably shrinking and swelling,
which shorten their life.

A rigid macropourous polyacrylamide-based packing having a chemically
bonded octadecyl phase has recently been developed. According to Dawkins et al.?!,
this stationary phase, like ODS and unlike PLRP-S, may be viewed as a hydrophobic
layer attached to a rigid hydrophilic support. This material is considered to be a direct
replacement for C;g silica packings with the additional advantage of providing
long-term physical and chemical stability over a wide pH range (1-13).

Recently, an octadecylpolyvinyl copolymer packing (ODP) became com-
mercially available. The ODP gel is obtained by reaction of stearoyl chloride with the
hydroxyl group of a vinyl alcohol copolymer gel32:33, It is claimed to offer the
advantages of both the ODS and the polystyrene phases without their respective
disadvantages, in other words, to afford high resolution, a large number of theoretical
plates, expanded applicability with efficient separation of basic substances, stability
over a wide eluent pH range and absence of silanophilic interactions, swelling and
shrinkage. This phase is considered to be very stable chemically but physically weaker
than silica gels.

To the best of our knowledge, the above-mentioned phases have never been
objectively compared for their ability to assess lipophilicity. This study was therefore
undertaken with the aim of comparing ODS, PLRP-S and ODP stationary phases for
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their ability to measure lipophilicity. A correlation between retention data and
octanol-water partition coefficients was established using a wide range of solutes of
known lipophilicity. In addition, the ODS packing was used with and without
a masking agent (n-decylamine).

EXPERIMENTAL

Chemicals

Monosubstituted benzenes (28 compounds) of the best available purity were
obtained from Fluka (Buchs, Switzerland). Samples of neuroleptic drugs of phar-
maceutical purity were kindly donated by various pharmaceutical companies.
Analytical-reagent grade methanol and 3-morpholinopropanesulphonic acid (MPS)
were obtained from Merck (Darmstadt, F.R.G.).

Chromatographic equipment

A Siemens S101 chromatograph equipped with an Orlita DMP-AE 10.4 pump
was used. The detector was a Uvikon 740 LC (Kontron) operating at 254 nm.
A Hewlett-Packard integrator was used for peak registration and calculation of
retention times.

Columns

The ODS column (25cm x 4 mm 1.D.) was prepacked with LiChrosorb RP-18,
particle size 10 um (Knauer, Berlin, F.R.G.). The PLRP-S column (15c¢m x 4.6 mm
I.D.) was filled with macroporous, rigid spherical particles (5 wm) made of
poly(styrene-divinylbenzene). The ODP column (15 c¢m x 6 mm I.D.) was prepacked
with the octadecyl copolymer gel, particle size 5 yum (Asahi Chemicals, Kawasaki,
Japan).

Mobile phase preparation

The mobile phases were prepared volumetrically from combinations of
methanol and aqueous MPS buffer (0.02 M, pH 7.4) in the range 10-90%. All
solutions were purified by filtration using a Milli-Q system (Millipore). All measure-
ments were performed at room temperature (21 + 1°C). The flow-rate was 1.5 ml/min
for the ODS column and 0.8 ml/min for the PLRP-S column; for the ODP column it
was 1.5 ml/min with the monosubstituted benzenes and 1.3 ml/min with the
neuroleptic drugs. Isocratic capacity factors, k;, were defined as

ki = (tx — to)/to (1

where tg is the retention time of the solute and ¢, is the column dead time determined
using methanol as the non-retained compound.

RESULTS AND DISCUSSION
In agreement with previous results®*, the increase in log k; values with decreasing

methanol concentration in the eluent was linear with the ODS packing. Indeed, the
straight lines of log k; versus methanol concentration display r? values ranging from
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Fig. 1. Linear relationship between the isocratic capacity factors and the percentage of methanol in the
mobile phase for five typical monosubstituted benzenes using the PLRP-S column. x, Trifluoro-
methylbenzene; @, N-methylaniline; [, chlorobenzene; A, aniline; O, methyl phenyl sulphoxide.

0.9846 to 0.9983 without added decylamine, and from 0.9879 to 0.9996 in the presence
of decylamine. Figs. 1 and 2 show that a linear increase in log k; values is also observed
with the PLRP-S and ODP phases, with r? values ranging from 0.9570 to 0.9995 with
the former and from 0.9644 to 0.9986 with the latter phase. The log k; values could thus
be extrapolated linearily to 100% water content, yielding the log &, values reported in
Table I for the three stationary phases. Partition coefficients in the n-octanol-water
system are also reported.

ODS stationary phase

The relationship between n-octanol-water partition coefficients (log P values)
and the extrapolated capacity factors (log k, values) determined using the ODS
packing wih (log k,,[ODS/d] values) and without (log k,,[ODS] values) a masking agent
are reported in eqns. 2 and 3, respectively.

log ki

//

% methanol

0 20 40 60 80 100

Fig. 2. Linear relationship between the isocratic capacity factors and the percentage of methanol in the
mobile phase for five typical monosubstituted benzenes using the ODP column. O, Biphenyl; x
thioanisole; @, methyl benzoate; A, benzaldehyde; [, benzyl alcohol.

)
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log P = 1.07(£0.08) log k,[ODS/d] — 0.124(+0.176) @)
n=2% r=098 s=0.18; F=721

log P = 1.21(£0.12) log k,[ODS] — 0.587(+0.270) 3)
n=28 r=0971; s=0236  F=430

The good relationship between these log k., values and log P values®® confirms
previous findings®#3®, As expected with neutral solutes, the use of n-decylamine only
slightly improved the correlation. Indeed, the relationship would not be so good in the
absence of a masking agent had basic compounds been included in the study (see later).
Further, several workers have claimed that the polar character of silanol groups is
essential for a non-polar stationary phase to mimic the properties of #-octanol by
adsorbing both water and methanol molecules®”-32, as the stationary phase is viewed
as a dynamic system made of silica substrate, linked organic chains and associated
solvent molecules®*®~#!. This reasoning ignores the abnormal behaviour of sulphonyl-
containing solutes, which may interact very strongly with silanol groups and yield
misleading log k,, values®**. An additional shortcoming is that protonated masking
agents must be avoided when investigating ionized acidic compounds (none of which
was incorporated in the present study) giving either to ion-pair formation or to an
ion-exchange mechanism*2.

PLRP-S stationary phase

The PLRP-S phase was characterized by a comparatively small number of
theoretical plates and suffered from excessive shrinkage and swelling, The. flow-rate
was limited to 0.8 ml/min and the pressure increased dramatically at the column inlet.
Retention times were inconveniently long, and only eluents with high methanol
proportions could be used. Thus, no more than five compounds could be investigated
with eluents containing down to 40% methanoti (see Fig. 1). A dense structure and
small particle size (5 um) render PLRP-S an extremely compact stationary phase, and
a pressure superior to 300 bar would be necessary to reach a flow-rate of 1.5 ml/min. Tt
can be observed in Table I that the PLRP-S phase yields retention times that are
significantly longer than those obtained with the other stationary phases. This may be
related to problems of mass transfer due to the highly compact stationary phase.

The extrapolated capacity factors (log k,[PLRP-S]) obtained with the PLRP-S
stationary phase gave the following relationship with log P values:

log P = 0.771(+0.107) log k[PLRP-S] — 0.708(40.391) 4)
n =28 r = 0.946; s = 0.321; F =221

This is a relatively unsatisfactory correlation, which can perhaps be partly explained by
the technical problems mentioned above. An additional explanation may be that the
PLRP-S phase does not possess polar groups such as the silanol groups in the ODS
phase. As a consequence, the partitioning process will be limited to a hydrophobic
mechanism, whereas lipophilicity is the sum: of polar and hydrophobic contribu-
tions*>.
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log P

log k,, [004)
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Fig. 3. Relationship between log &, values of 28 monosubstituted benzenes (determined with the ODP
phase) and partition coefficients (log P values) in the n-octanol-water system?®.

ODP stationary phase

The vinyl alcohol copolymer gel is very polar and is surface-modified with
hydrophobic octadecyl groups®®. Adsorption of both water and methanol can
therefore be expected, resulting in a stationary phase that is viewed as being of dynamic
nature*!**. Flow-rates of 1.3 and 1.5 ml/min were easily reached without too much
pressure increase at the column inlet, and were chosen to obtain log k,[ODP] values
that were higher than log k,,[ODS] but lower than log £ ,[PLRP-S] values (Table I). For
thirteen compounds, log k; values could be measured with eluents down to 40%
methanol (Fig. 2).

The relationship between n-octanol-water partition coefficients and
log k,{ODP] values (Fig. 3) is given by the equation

log P = 0.930(10.080) log £,[ODP] — 0.347(+0.215) ®)
n = 28; r = 0.978; s = 0.206; F =573

The correlation is as good as that obtained with the ODS phase (eqn. 3). Many
advantages are therefore associated with the ODP phase. To assess its usefulness
further, it was examined using a number of drugs the lipophilicity of which had
previously been determined with the ODS column in the presence of n-decylamine!®.

Comparison of the lipophilicity of neuroleptics determined using the ODP and ODS
phases

The ODS stationary phase has proved to be ineffective without a masking agent
when studying basic compounds such as neuroleptics'8. Although necessary in such
instances, a masking agent has the disadvantages of introducing an additional variable
into a standardized protocol. '
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TABLE 11

LIPOPHILIC INDICES OF TWELVE NEUROLEPTIC DRUGS USING THE ODP AND ODS
STATIONARY PHASES

Compound Log k. fJODP]  Log k,[ODS/d]
Benperidol 3.84 3.65
Chiorpromazine 4.37 3.36
Clozapine 3.82 2.99
Flupentixol 5.21 4.33
Fluphenazine 4.87 431
Haloperidol 3.95 3.11
Mezilamine 2.83 2.64
Pipamperone 2.58 2.38
Sulpiride 1.53 0.61
Tefludazine 4.72 4.16
Thioridazine 4.82 3.90

Zetidoline 2.54 2.15

The ODP phase does not require a masking agent. In order to verify that the
ODP phase is indeed capable of yielding a true measure of lipophilicity for basic
compounds, we measured the log k,[ODP] values of twelve neuroleptics and
compared the results with log £,[ODS/d] values (Table II):

log k,[ODP] = 1.02(40.21) log £,{ODS/d] + 0.567(4+0.676) (6)
n=12; r = 0.962; s = 0.331; F =122

Eqn. 6 indicates a reasonably good correlation, as also shown in Fig. 4. A better
correlation was not to be expected as the two lipophilic phases are not totally identical

log ,, [00P]

log k. [00S/d]

0 i 2 3 4 5
Fig. 4. Relationship between log k,, values of 12 neuroleptics determined with the ODP and ODS columns.
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in terms of interactions between solute and stationary phase owing to the presence of
a masking agent in one system only. Hence the log k,, values obtained with the two
phases cannot be identical because the two sets of underlying intermolecular forces
that they express are not identical. In this context, an open question concerns the
compared hydrogen-bonding ability of the two phases towards solute molecules. The
ODS phase is a strong hydrogen-bond donor and also a hydrogen-bond acceptor; the
ODP phase, on the other hand, is a good hydrogen-bond acceptor, but its proportion
of free hydroxyl groups and hence its hydrogen-bond donating capacity appear
unknown at present and warrant specific studies. These questions, however, do not
affect our conclusion that the ODP column is a valuable tool for determining the
lipophilicity of basic drugs without the need to add a masking agent. A number of
perturbative interactions can thus be avoided.

CONCLUSION

The ODS stationary phase is a selective and useful tool for assessing
lipophilicity, and indeed is used extensively. However, its useable pH range is narrow,
which restricts its applicability. In addition, the ODS phase can give rise to undesirable
silanophilic interactions with ionized and basic compounds, thus necessitating
a masking agent which imposes restrictions of its own.

The PLRP-S phase avoids silanophilic interactions and expands the usable pH
range. However, of the three phases investigated, PLRP-S proved the least satisfactory
for assessing lipophilicity owing to physical restrictions and because its retention
mechanism differs from that of the two other phases. Indeed, its mechanism is based
purely on hydrophobic interactions with the solute, whereas lipophilicity implies
a combination of hydrophobic and electrostatic (polar) interactions*343,

The ODP packing indeed appears to combine the advantages of both the ODS
and the PLRP-S phases without the disadvantages of either, i.e., sharp resolution with
a large number of theoretical plates, efficient separation of basic compounds without
the need for a masking agent, stability over a wide pH range, reduced swelling and
shrinkage and the possibility of having a reasonable flow-rate without undesirable
pressure increases at the column inlet. The ODP stationary phase therefore offers
a promising alternative to the ODS packing.
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SUMMARY

A novel procedure for the derivatization of aldoses prior to gas chromatogra-
phy-mass spectrometry is proposed. Reaction of the sugars with hydroxylamino-O-
sulphonic acid and silylation of the hydroxyl groups yields siltylaldonitrile derivatives,
which give single chromatographic peaks and favourable mass spectrometric proper-
ties. The silylaldonitrile derivatives are easily separated by capillary gas chromatogra-
phy and are suitable for both identification and quantification purposes.

INTRODUCTION

The determination of sugars by gas chromatography (GC) and GC coupled
with mass spectrometry (GC-MS) has been accomplished with a number of deriv-
atives, each possessing distinct advantages and drawbacks. In principle, an ideal
derivative for GC-MS should yield a product eluting as a single peak, with intense
and diagnostic high-mass ions in its mass spectrum. An additional useful feature in
the spectra of polyhydroxy compounds is the occurrence of even-electron ion series,
arising from a-cleavage next to each heteroatom-bearing carbon, which facilitates the
recognition of functional groups on the carbon atoms. Among the commonly em-
ployed derivatives of simple sugars are methyl!-2, silyl-> or acyl-protected*> closed-
ring acetals, which yield anomeric mixtures, their proportion depending largely on
the reaction conditions. Some of these derivatives have been widely applied in the
past for both structural and quantitative analysis.

Conversion of the oxo function to a suitable oxime derivative and silylation of
the hydroxyl groups yields a mixture of syn and anti products®’, which can be sep-
arated by GC and give rise to intense Cg-containing ions in their mass spectra. A
serious drawback of the methoxime-silyl (MO-TMS) derivatives is the excessive
length of the GC run if the two isomers of each of glucose, mannose, galactose and
fructose are to be separated®.

Acetylated aldonitriles are obtained through dehydration of the corresponding
aldoximes by means of acetic anhydride®'°. A single derivative is obtained for each
aldose, and several can be separated in a chromatographic run, but the electron-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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impact (EI) mass spectra contain only two low-intensity, high-mass ions, resulting
from the loss of the C¢ and C¢—Cs fragments. This is of particular disadvantage if
[6,6-2H]glucose is to be employed in isotope dilution mass spectrometry (IDMS) or
as a tracer in biochemical studies!'?, as neither of these ions retains the carbon atom
carrying the isotopic label.

Boronate cyclic esters'? of many sugars are useful derivatives for GC-MS
work, characterized by intense high-mass ions retaining the cyclic acetal moiety. The
number of derivatives formed in the boroacetylation reaction is, however, strongly
related to the stereochemistry and solution conformation of the molecule, and there-
fore the method does not appear to be suitable for general use in sugar derivatization.

Silylated aldonitriles were first described in the course of an investigation on
cyanide addition to pentoses'>. Such derivatives were reported to be not very stable,
and no attempt was made to employ them for analytical purposes.

The aim of this work was to combine the advantages of two of the afore-
mentioned derivatives, namely the single-peak sugar aldonitriles and the methylox-
ime-trimethylsilyl ethers, with Cg-containing fragments in their mass spectra. The
silylated aldonitriles of various simple sugars were therefore synthetized and sub-
jected to GC and GC-MS analyses.

EXPERIMENTAL

All solvents and reagents were of analytical-reagent or reagent grade and were
used as received.

The sugars 2-deoxy-D-ribose (1), D-arabinose (2), D-xylose (3), D-lixose (4),
D-ribose (5), 2-deoxy-D-glucose (6), D-galactose (7), D-mannose (8), D-gulose (9), D-
allose (10), p-idose (11), D-altrose (12), D-talose (13), D-glucose (14) and D-glucuronic
acid (15) were purchased from Sigma or obtained as pure standards.

Lyophilization and evaporation under vacuum were performed in a SpeedVac
concentrator (Savant). All heating was accomplished with a Blok heater (Supelco).

GC analyses were performed on a Carlo Erba 4160 capillary gas chromato-
graph equipped with a split—splitless injector and flame ionization detector. A Waters
740 integrator was employed for recording the data. GC-MS analyses were perform-
ed on a Finnigan 4021 instrument with a Super-INCOS data system.

The capillary columns employed were of the bonded-phase fused-silica type: a
Mega 25 m % 0.25 mm L.D. column coated with (5% phenyl-methyl)polysiloxane
(SE-54; film thickness 0.4 ym) and a Chrompack 25 m x 0.32 mm I.D. column (50%
phenyl-methyl)polysilpoxane (CP-Sil-19CB; film thickness 0.1 um). More polar col-
umns were not tested, as the compromise between resolution, analysis time and col-
umn lifetime was judged to be sufficient with the above columns.

Synthesis of derivatives

An appropriate amount (50 ug—1 mg) of individual sugars or sugar mixture
from water or methanol stock solutions was lyophilized in cone-bottomed glass tubes
with PTFE-lined screw-caps. A 50-100-ul volume of the derivatizing reagent (a 1 M
solution of hydroxylamine-O-sulphonic acid in methanol containing an equimolec-
ular amount of triethylamine) was added and the solution reacted at room temper-
ature for 30 min. The solvent was evaporated, 50 ul of bistrimethylsilyltrifluoroacet-
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amide (BSTFA) and 50 ul of pyridine or acetonitrile were added and the suspension
was heated at 80°C for 30 min.

When an internal standard was needed, as in the measurement of conversion
efficiencies or retention time measurements, hexachlorobenzene (5 mg/ml in pyridine)
was added in the silylation step.

RESULTS AND DISCUSSION

Derivatization

The silylated aldonitrile derivatives of several aldoses were prepared by a mod-
ification of the procedure of Fizet and co-workers'*!%, employing hydroxylamine-O-
sulphonic acid, which they had applied to a variety of aliphatic, aromatic and hetero-
cyclic aldehydes. The reaction scheme, exemplified for glucose, is depicted in Fig. 1.
An earlier attempt to reproduce Fizet and co-workers’ conditions, i.e., carrying out
the reaction in water at room temperature to 50°C, produced the silylated epimeric
mixture as the only peaks in the GC run. Moreover, the reagent is scarcely, if at all,
soluble in pyridine, and when a suspension was added to the sugars and reacted at
80°C for 30 min, as under the usual oxime formation conditions, a mixture containing
the silylated anomers, in addition to the syn—anti isomers, was obtained. A very minor
peak, eluting immediately before the oxime isomers, was also detected, and was also
present when the silylation step was carried at temperatures higher than 100°C. It was
therefore assumed that such a peak could be the expected product, formed through a
thermally induced loss of silanol from the silyloxime moiety.

When an equimolar amount of a tertiary amine (pyridine or triethylamine) was
added to a 1 M solution of hydroxylamine-O-sulphonic acid in methanol or aceto-
nitrile, the pH of the solution increased to 5, in comparison with the value of 1
measured in water or methanol. This reagent was therefore employed for the deriv-
atization,under a variety of conditions, which all led to the expected aldonitrile com-
. pounds, although in greatly different yields and with different rates.

Conversion efficiencies were measured for glucose in methanol and in aceto-
nitrile and showed the conversion to be quantitative within 15 min in the former
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Fig. 1. Scheme of the derivatization reaction, exemplified for D-glucose.
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solvent, whereas 16-24 h were necessary when the reaction was carried in acetonitrile.
However, an advantage of employing acetonitrile as the reaction solvent is that lyo-
philization prior to silylation is unnecessary, and much less tanning of the reaction
mixture occurs on storage of the samples, both at room temperature and at 4°C, in
tightly closed vessels.

The reagent and the oxime-O-sulphonic acid intermediate are very prone to
methanolysis when a molar excess of triethylamine is present, the measured pH being
higher than 5, or when the reaction is carried out at temperatures over 40°C. Under
these conditions, the silyloxime couple is formed instead of the silylaldonitrile. Fur-
ther evidence of this explanation is that with aged solutions a sticky precipitate sep-
arates and the desired reaction does not occur. The derivatizing solution should
therefore be used within a few hours after preparation.

The derivatized samples are stable (and can be employed for quantitative mea-
surements) for several weeks even at room temperature, provided that the screw-
capped vial is not opened.

The stability of glycosidic bonds to the reaction conditions was tested by sub-
jecting f-methyl-D-mannopyranoside to the derivatization steps and analysing the
products by gas chromatography. No mannose silylaldonitrile peak was detected,
and the silyl derivative of the substrate compound was detected as the only product.

Gas chromatography

GC separation of several different aldohexoses and pentoses was accomplished
on a moderately polar capillary column operated isothermally at 170-180°C (Fig. 2).
At a 50:1 splitting ratio even the earliest eluting 2-deoxyribose derivative was well

3
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Fig. 2. Capillary GC separation of silylaldomtrlles: 1, deoxyrlbose; 2, arabmose; 3, xylose; 4, ribose; 5,
2-deoxyglucose; 6, galactose; 7, mannose; 8, idose; 9, glucose. The peak marked with an asterisk is the
internal standard (hexachlorobenzene). CP-Sil-19CB capillary column (25 m x 0.32 mm L.D., film thick-
ness (.1-0.15 uym); helium, 8 p.s.i.; injection temperature, 280°C; oven temperature, 180°C; coupled to a
Finnigan 4021 quadrupole mass spectrometer continuously scanned between 33 and 650 uin 0.95 + 0.05s;
electron energy, 70 eV; emission current, 250 uA; multiplier voltage, 950 V.
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TABLE I

RELATIVE RETENTION TIMES OF THE SILYLALDONITRILE DERIVATIVES OF VARIOUS
SUGARS ON TWO COLUMNS

Isothermal operation at 180°C.

Compound SE-54° CP-Sil-19CB®
1 0.537 0.644
2 0.755 0.751
3 0.756 0.774
4 0.769 0.769
5 0.790 0.804
6 1.158 1.276
7 1.700 1.475
8 1.706 1.575
9 1.752 1.631

10 1.759 1.609

11 1.792 1.647

12 1.838 1.610

13 1.862 1.631

14 1.876 1.724

15 2.098 2.109

¢ Retention time of internal standard 4.525 min.
b Retention time of internal standard 4.537 min.

separated from the solvent peak. Differences in the elution order of the eight aldohex-
ose steroisomers were noticed between the two phases, whereas all sugars were more
retarded on the SE-54 column (Table I). Mannose and galactose could not be separat-
ed on the SE-54 column, whereas the three physiologically occurring aldohexoses
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Fig. 3. 70-eV mass spectrum of D-glucose. GC-MS conditions as in Fig. 2.
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(galactose, mannose and glucose), together with a diastereoisomeric internal standard
(idose or gulose), were separately eluted from the CP-Sil-19CB column within 8 min.
Temperature-programmed runs did not improve the separation of too closely eluting
peaks. ’

Under the conditions used, less than 10 ng of glucose could be detected with
flame ionization detection.

Mass spectrometry

The 70-eV EI mass spectrum of the glucose derivative is shown as an example in
Fig. 3. The main features of the EI fragmentation parallel that of the corresponding
MO-TMS derivatives, as reported by Laine and Sweeley®’, and their nomenclature
for the fragment ions is employed here (Fig. 4 and Table II). Cleavages of the carbon
skeleton « to each silyl-ether oxygen atom generate two series of even-electron ox-
onium ions, which can further eliminate trimethylsilanol, yielding the corresponding
“prime”’(’) ions.

The difference in the behaviour of the two derivatives lies principally in the
lower abundance of A" and B’ fragments in the aldonitrile compounds. The smaller
number of degrees of freedom (a cyano group vs. a methoxime) at C-1 can, of course,
play a role in the more extensive fragmentation of these compounds in comparison
with the MO-TMS derivatives. The derivatives of uronic acids yield ions that retain
the silyl ester moiety, in addition to those related to the common part of the molecule.
Other fragments, related to more complex cleavages of the silylated polyol chain, are
also present (Fig. 5 and Table III).

In the spectrum of [6,6->H,]glucose the 217/219 and 103/105 ion ratios are very
close to that observed by Laine and Sweeley for the MO-TMS derivatives, thus
confirming that a substantial non-specific hydrogen rearrangement takes place. This
is also confirmed by the occurrence of the ion at m/z 103 in the derivative of the uronic
acids. Spectra obtained at low electron energy (3040 eV) show a prominent ion at
mjz 201, which is probably generated from a weak precursor at m/z 291, by loss of
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Fig. 4. Simple cleavage and silanol loss (primes) fragments in the spectra of silylaldonitrile derivatives.
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TABLE II
FRAGMENT IONS FROM SIMPLE CHAIN FISSION AND SILANOL LOSS (PRIMES)

For the mass values of the fragments, see Fig. 4; the reported intensities are relative to m/z 73 = 100%.

Compound A A B B’ C (o4 D 0 R R- S s’

1 - 5.72 1330 - 691 - ~ 6.11 420 - - -
2 1.62  11.57 17.62 - 1576 - - 0.67 120 076 - -
3 1.70  12.88 14.64 - 16.11 - - 084 122 066 - -
4 240 1160 1082 - 19.51 - - 065 093 - - -
5 342 1501 1323 101 19.63 - - 078 055 101 - -
6 - - 216 1391 17.26 - 1529 575 4.18 - 270 -
7 - 398 253 2454 1629 - 16.82 3.12 105 - - 7.29
8 - 571 259 2116 18.66 - 16.83 3.12 L6l - - 6.61
9 - - 123 10.50 11.24 - 16.14 1.79 - 042 - 4.26
10 - 6.84 142 1434 1647 - 1387 318 056 069 - 1.63
11 - 3.84 355 2332 1598 - 18.04 283 3.07 - - 6.00
12 - 414 148 1331 1562 - 1534 261 061 067 - 4.43
13 - 299 171 1150 1145 - 1423 276 051 046 - 4.67
14 - 299 263 2131 1752 - 1723 270 219 - - 4.67
15 - 715 - 0.69 247 294 - - 265 - - 0.88

trimethylsilanol. Such fragmentation is not shared by 2-deoxyaldoses, uronic acids
and silylated polyols.

Applications

In order to explore the suitability of these derivatives to assist in the character-
ization of polysaccharides, lactose was hydrolysed under acidic conditions and the
resulting sugar mixture was derivatized and subjected to GC analysis. Two peaks
appeared in the chromatogram, corresponding to the expected galactose and glucose
derivatives. A calibration graph (r=0.9989) in the physiological range 50-350 mg per
100 ml was obtained for serum glucose, employing D-idose as the internal standard
and flame ionization detection. This method could be suitable as a reference method

+ +
o=Si HC —O0=S5i HC — OTMS
‘ I I
C C
OTMS ”
HC —OTMS +0~—Si(CHj);
m/z 189 miz 201 m/z 203
. + +
OTM?' M O=Si O —TMS
’
| !
OTMS OTMS TMSO™
OTMS OTMS
miz 204 miz 291 m/z 305

Fig. 5. Other important fragments in the spectra of silylaldonitriles.
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TABLE 11
OTHER IMPORTANT FRAGMENTS

For structures, see Fig. 5; intensity is relative to mfz 73 = 100%.

Compound . Fragment ions (m|z)

189 201 203 204 291 305
1 1.12 - 243 331 - -
2 8.71 7.20 1.17 38.34 5.28 0.58
3 9.03 6.72 2.06 30.78 2.52 0.47
4 8.07 9.18 2.04 22.14 243 0.37
5 11.86 11.08 2.57 25.28 2.84 0.55
6 6.19 - 1.23 31.76 3.44 1.23
7 8.18 22.86 2.79 21.65 2.76 4.07
8 8.75 30.36 3.48 18.79 232 3.57
9 3.85 14.09 2.27 13.29 1.51 0.90
10 7.37 21.88 2.62 13.04 1.27 1.93
11 9.36 18.33 . 2.59 22.36 2.78 4.17
12 8.26 25.88 - 2.82 15.51 1.51 2.11
13 4.94 15.12 1.85 13.39 0.92 1.69
14 8.61 22.04 2.99 20.44 2.41 3.72
15 1.97 [.12 1.13 15.90 1.58 342

to assess the precision of glucose measurements in clinical chemistry. The use of an
isomer rather than an isotopically labelled analogue and of simple capillary GC in the
place of GC-MS would be highly cost effective, as pointed out by Kinter ez al.'® in a
recent paper on serum cholesterol measurement.

CONCLUSIONS

Trimethylsilyl aldonitriles can be synthesized under mild conditions from al-
doses carrying a variety of functional groups, and the derivatives of several sugars can
be separated as single peaks in a short isothermal GC run. The mass spectra allow
identification of the substituents on the carbon chain and contain ions suitable for
IDMS quantification.
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SUMMARY

Recently developed gas chromatographic—mass spectrometric (GC-MS) and
high-performance liquid chromatographic (HPLC) procedures for the analysis of
petroporphyrins have been employed in the search for benzoporphyrins in six
sediments, a bitumen and a petroleum. In addition, structurally assigned mono-
benzocycloalkanoporphyrins (benzo-CAPs) isolated from Boscan crude oil {Creta-
ceous, Venezuela) have been used in a co-chromatographic study of these minor
components (ca. 1% of total porphyrins). The petroporphyrins are generally obtained
by demetallation of metalloporphyrins from samples representing a variety of
geographical locations and ages ranging from Permian (ca. 235 million years) to
Palaeocene (ca. 60 million years). The data show that, where the benzo-CAPs were
detected, up to 24 components can occur, although the dominant member in each case
is the C;3 compound. Studies of a chromatographic fraction from Boscan crude oil,
enriched in high-carbon-number benzo-CAPs, indicates that the series extends from at
least C3g to Cag in this sample. The GC behaviour of the benzo-CAPs as the
bis(tert.-butyidimethylsiloxy)Si(IV) [(TBDMSO),Si(IV)] derivatives is characterised
by the high Kovats retention indices (ca. 3900-4300; OV-1 column). Similarly, under
normal-phase HPLC conditions, the free-base benzo-CAPs elute after the major
alkylporphyrins. HPLC co-chromatography of the free-bases provides a rapid means
of identification of the major benzo-CAPs (Cs, and Cs;), while the GC-MS procedure
allows more detailed characterisation and quantitation of the benzo-CAP distribu-
tions as their (TBDMSO),Si(IV) derivatives.

“ Present address: Department of Pharmaceutical Chemistry, School of Pharmacy, University of
California San Francisco, San Francisco, CA 94143, US.A.

® Present address: Shell Research Ltd., Sittingbourne Research Centre, Sittingbourne, Kent ME9
8AG, UK.

¢ Present address: Department of Biochemistry, University of Liverpool, P.O. Box 147, Liverpool
L69 3BX, UK.
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INTRODUCTION

Computerised gas chromatography-mass spectrometry (GC-MS) of porphy-
rins as their bis(zerz.-butyldimethylsiloxy)Si(IV) [(TBDMSO),Si(1V)] derivatives has
been demonstrated as a useful means of analysis of the complex mixtures found in
sedimentary organic matter'~>. High-performance liquid chromatography (HPLC) of
free-base porphyrins on 3-um silica has been reported as a complementary method of
analysis®’. Both techniques provide a convenient means of identifying specific
petroporphyrin components in complex mixtures via co-chromatography with
compounds of known structure. Such an approach allows assignment of components
without the necessity of time-consuming isolation of individual components. The
structural assignment of selected members of the petroporphyrins is an essential step in
the geochemical interpretation of the overall distributions®.

The occurrence of so-called “rhodoporphyrins” (structural class* A-6, A-8) has
been widely reported in petroporphyrin mixtures®~3, Their presence has been inferred
from the distinctive rhodo-type electronic absorption spectra® and/or molecular ions
of appropriate masses in MS!® and GC/MS?® studies. More recently, structural
assignment of isolated rhodoporphyrin components from Boscan crude oil (Creta-
ceous, Venezuela), using 'H NMR techniques, has identified them as monobenzo-
cycloalkanoporphyrins(benzo-CAPs, 1-4, structural class* A-8).

C32(2) :R'= methyl , R2=ethyl
Ca3(1) :R" =ethyl , RZ=ethyl
C34(3): R'= ethyl , R®=propyl
Cas(h) R = isobutyl , RZ=ethyl

We report here the occurrence of benzo-CAPs in a variety of petroporphyrin
distributions via computerised GC-MS and HPLC analysis of the (TBDMSO0),Si(IV)
derivatives and free-bases, respectively, and co-chromatography with components
obtained from Boscan crude oil. Earlier studies of the petroporphyrins of Boscan oil*'
are extended by investigation of a fraction enriched in the high-carbon-number (>
Ci4) benzo-CAPs.
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EXPERIMENTAL

Samples

The sediment samples investigated (Table I) were as follows: Gafsa chert
(Palacocene, Tunisia), Kimmeridge shale (Late Jurassic, U.K.), Serpiano shale
(Middle Triassic, Switzerland), Julia Creek oil shale (Early Cretaceous, Australia),
Marl slate (Permian, U.K.), El Lajjun shale (Late Cretaceous, Jordan), La Luna shale
(Cretaceous, Venezuela); Gafsa chert is the least mature and La Luna the most mature
sample. The other sediments are listed in a crude order of increasing maturity. The
other samples were Gilsonite bitumen (Eocene, U.S.A.) and Boscan crude oil
(Venezuela). The geological descriptions of the samples have been given else-
where!5722, The depositional environments are all believed to be marine except for the
source rock of Gilsonite bitumen, which is believed to have been deposited under saline
lacustrine conditions?!.

TABLE 1

GEOLOGICAL SAMPLES INVESTIGATED FOR PRESENCE OF BENZO-CAPs BY GC-MS
AND/OR HPLC CO-CHROMATOGRAPHY STUDIES

N.D. = not determined; F.B. = free base.

Sample FB. (%) Ni(%) V=0 (%) Fraction examined by

GC-MS HPLC

Boscan oil 0 5 95 Total Total
La Luna shale 0 5 95 Total Total
Gilsonite bitumen 0 95 5 Total Total
Marl Slate 0 67 33 Ni, V=0 Ni

El Lajjun shale 0 57 43 Ni N.D.
Julia Creek oil shale 0 5 95 Total Total
Serpiano shale 0 S 95 Total Total
Kimmeridge shale 0 95 5 Total N.D.
Gafsa chert 95 5 0 F.B. F.B.

Isolation of porphyrins

After pulverisation (Tema mill), the samples were Soxhlet extracted [72 h,
methanol-dichloromethane (1:4, v/v)] and the extracts examined by UV-VIS (dichlo-
romethane) spectrophotometry to determine the complexing metal (V=0, Am.x 530,
570 nm; Ni, Aax 510, 550 nm; free-bases, Ay., 500, 530, 565, 615 nm. Where one species
predominated (> 90%; Kimmeridge, Gilsonite, Ni; Serpiano, Julia Creek, La Luna,
V =0) the porphyrins were obtained as the free bases using methanesulphonic acid to
remove the metal ions according to established procedures?®. Typically, the organic
extract (1 g) was heated (V=0, 100°C, 4 h; Ni, 80°C, 1 h) with a 5-10-fold excess of
methanesulphonic acid (98%, ca. 5 ml, Aldrich). The reaction mixture was diluted with
methane sulphonic acid-deionised water (20:80) (ca. 30 ml), decanted through a moist
filter paper and extracted with dichloromethane. The extract was neutralised
(saturated sodium bicarbonate), washed with water and dried (toluene azeotrope). The
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free bases obtained were purified by thin-layer chromatography (silica gel, acetone-
dichloromethane, 5:95).

Where both Ni and V =0 porphyrins were detected (Marl slate, 67% Ni, 33%
V=0; El Lajjun shale, 57% Ni, 43% V=0) fractionation was achieved by flash
chromatography?* over silica, eluting with 20% and 80% dichloromethane in hexane,
respectively. The demetallation procedure above was then followed on the separate
fractions.

Where free-base porphyrins predominated (>90%; Gafsa chert), the extract
was dissolved in diethyl ether and extracted with hydrochloric acid (5 M; 3 x 20 ml).
The aqueous phase was extracted with dichloromethane (3 x 20 ml). The extract
containing the porphyrin dications was neutralised (sodium bicarbonate) and dried
(toluene azeotrope).

Compounds for co-chromatography

The isolation and structural elucidation of the two major benzo-CAPs (1 and 2)
and the tentative assignment of 3 and 4 from Boscan oil used in this study, has been
described elsewhere!#25, In addition, a chromatographic fraction (HMW) enriched in
benzo-CAPs (>90% with regard to other porphyrin types), and containing high-
molecular-weight components?®, was obtained from Boscan oil. For the co-chroma-
tography studies the derivatives of the Cs; (1) and Cs, (2) components were added to
a derivatised aliquot of fraction HMW to give a mixture (mixture A) with the relative
abundances of the benzo-CAPs approximating those in the oil.

HPLC co-injection experiments were restricted to the two major benzo-CAPs (1
and 2).

GC-MS analyses

Derivative formation. Established conditions®™> for silicon insertion into the
individual demetallated benzo-CAPs from Boscan oil (25-50 ug) were slightly
modified due to the relatively low solubility of the pure compounds in the solvent
(toluene). The reaction was conducted at increased temperature (60°C vs. ambient) and
time (72 h vs. 24 h). Formation of the complex was confirmed by UV-VIS
spectrophotometry. Problems of solubility were not encountered for the free-base
petroporphyrin mixtures obtained after removal of metal ions and the modified
conditions were not employed.

Instrumentation. Analyses were performed on a Carlo-Erba HRGC 5160 gas
chromatograph with a Grob-type, cooled, on-column injector, linked to a Finnigan
4000 mass spectrometer. Data collection and processing were performed using
a Finnigan Incos 2300 data system.

A flexible fused-silica capillary column (Hewlett Packard Ultra series; 25
m x 0.31 ym I.D.) coated with cross-bonded polydimethylsiloxane (0.17 um film
thickness) and helium carrier gas (0.8 kg cm™!) was used. The temperature program
and mass spectrometer operating conditions were as described elsewhere®~>: 50-225°C
at 20°C min™, 225-300°C at 3°C min~" followed by an isothermal period at 300°C for
40 min. Data were acquired using a Finnigan program which allowed monitoring of
the ion m/z 113 (n-alkanes, see below) in the selected ion monitoring mode and
scanning of the range m/z 550-850.

Data processing and presentation. Details of the processing of porphyrin GC-MS
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data have been described previously®>=>-?¢. Pseudo-Kovats retention indices (KRI)
were calculated using program RRI?® employing n-alkane (C,o-C,4) standards. The
program allows conversion of GC-MS time-intensity data to a KRI-intensity format.
The n-alkane standards were supplemented by the (TBDMSO),Si(IV) derivative of
octaethylporphyrin (OEP) to allow greater reproducibility of KRI calculations®. The
KRI of this standard was defined as 3800 and the alkane standards were accordingly
offset by a constant value (generally <10 KRI units).

Mass chromatograms of the base peak in the porphyrin spectra were used to
quantify the components (%) relative to (i) the major benzo-CAP in the distribution
and (ii) the major petroporphyrin, generally C;, cycloalkanoporphyrin (CAP), 5. The
presentation of data generally follows earlier formats3—>,

HPLC analyses

Analyses of the free bases were performed using a Spectra-Physics SP8700
ternary solvent delivery system and a Rheodyne 7125 injector fitted with a 20-ul loop.
Detection (UV-VIS; 405 nm) was obtained using an LCD 1202 Spectromonitor III
variable-wavelength detector interfaced with a VG Minichrom data system. Analyses
employed three columns (Spherisorb 3W; cach 150 x 4.6 mm 1.D.; Phase Separations)
in series and a flow-rate of 1.0 ml min~!. A stepped solvent program® involving
mixtures of dichloromethane—acetone (4:1), hexane-pyridine (99:1) and hexane—acetic
acid (99:1) was used.

RESULTS

Benzoporphyrins in Boscan oil
The partial mass spectrum (Fig. 1) of the (TBDMSO),Si(IV) derivative of 1 (the
major benzo-CAP), isolated from Boscan 8-E4 oil, illustrates the characteristic
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Fig. 1. Partial EI mass spectrum of the (TBDMSO),Si(IV) derivative of Cs; benzo-CAP (1).
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fragment ions from cleavage of the TBDMSO ligands, as seen for these derivatives of
other porphyrin types3~>. GC-MS analysis revealed a high KRI value (4110), which
agrees closely with that obtained for the derivative corresponding formally to Cs;
benzo-CAP reported previously in the total Boscan distribution®. An analogous
fragmentation pattern was observed for the derivative of the C;, homologue (2; KRI
4070).

Fig. 2 shows the reconstructed ion current (RIC; m/z 550-850) obtained for the
total petroporphyrin derivatives. The general resolution and peak shape are not
optimal as analysis of the minor benzo-CAP components necessitated a relatively high
column loading. The inset shows the partial RIC (m/z 550-850) and the mass spectrum
at KRI 4380 for the fraction HMW (see Experimental) enriched in benzoporphyrins,
to illustrate the extended carbon number range observed. The mass spectrum at KRI
4380 shows molecular ions at m/z 828 and 842 and major fragments (M —131]* and
[M —57]* corresponding to C;; and Csg benzo-CAPs, respectively. Analysis of the
total porphyrin distribution did not detect these components (presumably because of
their low abundance), as observed previously®.
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Fig. 2. Reconstructed ion current (RIC) (m/z 550-850) chromatogram of total Boscan petroporphyrins as
the (TBDMSO),Si(IV) derivatives. The retention time scale has been converted to a KRI scale. Annotated
peak indicates compound 1. Inset shows (a) the RIC for fraction HMW (see text) with component
1 indicated, and (b) mass spectrum from (a) at KRI4380. Although the RIC intensity at KRI 4380 is low, the
presence of components corresponding to C,, (V) and C,, (V) benzo-CAP derivatives is indicated by the
characteristic mass spectra (¢f. Fig. 1). V: M™*, 828; [M—57}*, 771; [M—131]*, 697). ¥: M**, 842;
IM—-571%, 785; [M —131]*, 711.
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Single ion mass chromatograms for fraction HMW (see Experimental) we
examined for the intense [M — 131]* ions of all benzo-CAPs in the range C;5—C40 (Fi
3). To ensure that the peaks detected arose from “genuine” [M—131]" ions, and -
eliminate any possible “spurious” peaks®, spectra were obtained, summed sequential
in groups of 20 scans over the entire range of benzo-CAP elution. Thus, benzo-CAPs
the range C3o—Csg were assigned. The mass chromatograms reveal the presence «
structural isomers at each. carbon number.

The KRI values of the benzo-CAP derivatives are high (ca. 3900440
compared to those of cycloalkano-type porphyrins (e.g. C3, CAP, §5; KRI3755; ¢f. Fi
3). A combined Kovat’s plot, illustrating the benzo-CAP derivatives detected in tl
total Boscan petroporphyrin distribution and the additional high-carbon-numb
(C36~Cjg) isomers detected in fraction HMW, is shown in Fig. 4a. Quantification «
the major benzo-CAP (Cs3, KRI 4110) as a percentage of the major C3, CAP (KF
3755)indicated a relative abundance of 4%. Within the error limits of determination
this level and possible variations in column performance, this value agrees reasonab
well with previous studies (7%)°. Since the abundance of other benzo-CAPs is lowe
quantification of these components with respect to the total distribution of a majc
component such as C;; CAP (5) is perhaps not informative. Hence, in order 1

m/z  Cpo.

599 30

|
613 21 IJ\
U\

627 32 A/JL
641 a3 J
655 34 M
669 as Jt
W
683 26 l
697 a7 L
m 38 )
3200 - 3s‘oo. - 4400

KRI ———

Fig. 3. Partial mass chromatograms for the [M —131]" ions from the (TBDMSO),Si(IV) derivatives -
benzo-CAPs of different carbon numbers in Boscan fraction HMW. Shaded peaks indicate co-elution wi
derivatives of Cs, (2) and Cs3 (1) components**,



142

S. KAUR et al.
KRI
BOSCAN LA LUNA
4400+ ° .
] *
i
X
[
4200 i s |8 1 \ E ’
0 0
\o Mo AW
B Y
40004 o 2 1. 3 ¢
® [
a b
3800 T T T T T T T T
30 32 34 36 38
4400 | EL LAJJUN | maRL sLaTE Vo
4200 | i
N o \
\ . 0 \o .
b . [ 8
4000 PR . .« 8
-] 8
c
3800 . . . ; : ; d
MARL SLATE Ni JULIA CREEK -‘
4400 _
x X
4200 - N\ i -
NE e e X,
] 8 o \g
40004 , o e . . 8
* ®
3800 . . : e ' . . f
KIMMERIDGE GAFSA 1
4400 -
4200 N \
N N
[ [ o .
4000 - ° ® - X x
y % N
[¢] h
3800 7 y y
29 31 33 35 37 29 31 33 35 a7
CARBON NUMBER

Fig. 4. Plots of KRI vs. carbon number for GC-MS analyses of total benzo-CAPs as (TBDMSO),Si(IV)
derivatives in (a) Boscan oil, inset shows additional carbon number range detected in fraction HMW, (b) La
Luna shale, (c) El Lajjun shale Ni porphyrins, (d) Marl slate V=0 porphyrins, (¢) Marl slate Ni porphyrins,
(f) Julia Creek oil shale, (g) Kimmeridge shale, (h) Gafsa chert. Arrows indicate co-elution of C;, (2) and C;;
(1) derivatives. (O) Isomer co-elutes with a component in Boscan mixture A (see text) and is clearly most
abundant at carbon number (@). (%) Isomer does not co-elute with any component in Boscan mixture

A but is clearly most abundant at carbon number (®).



GC-MS AND HPLC OF SEDIMENTARY BENZOPORPHYRINS 143

compare the benzo-CAP distributions in the samples, quantification was performed
relative to the major C,3 benzo-CAP isomer (KRI 4110). This component was then
quantified relative to the major C;, CAP (KRI 3755) for each sample. The KRI values
and relative abundances of the isomers are listed in Table Il and are compared with
those present in the other samples studied.

Other samples

La Luna shale. Fig. 4b shows the KRI plot of the benzo-CAPs and summarises
results from co-chromatography with mixture A from Boscan (see Experimental). The
major benzo-CAP co-eluted with the Cj; derivative of 1 (KRI 4110). Hence, the
structures may be assumed to be identical, or at least positionally isomeric. The second
most abundant co-eluted with the Cj; derivative of 2 (KRI 4070). The major C34 and
C,s benzo-CAP isomers (KRI 4109 and 4203, respectively) co-eluted with the
derivatives of Boscan components tentatively proposed®® to have structures 3 and
4 respectively. The major Cs¢ isomer (KRI 4264) co-eluted with the major Cyq
benzoporphyrin.

HPLC co-chromatography of the Cs3 (1) and Cj, (2) standards with the total
demetallated La Luna porphyrins confirmed results from the GC-MS study (Fig. Sa).

Gilsonite bitumen. Derivatives having masses corresponding formally to ben-
z0-CAPs were not detected and this confirms earlier GC-MS studies* of this sample.

El Lajjun shale. GC-MS analysis was performed on the derivatised Ni(II)
fraction. The Kovats’ plot for the benzo-CAPs is shown in Fig. 4c and results from the
co-chromatography experiment are illustrated. In contrast to the Boscan and La Luna
distributions, the number of benzo-CAP isomers is small. The major component is,
however, the derivative of the same Cs; (1) component (KRI 4110). The abundance of
this relative to the major C3, CAP component (KRI 3755) is ca. 2%.

Marl slate. GC-MS analysis of both the derivatised vanadyl and nickel
porphyrin fractions was undertaken (Fig. 4d and e). The major C3; benzo-CAP
derivative from both fractions again co-eluted with the derivative of the Ci3 (1)
component (KRI4110). Although the derivative of the C;, (2) benzo CAP (KR1 4070)
in the Boscan mixture (mixure A) co-eluted with a C,, derivative from the vanadyl
fraction, the latter is not the major Cj, isomer (Table II). The major C;, isomer has
a KRI of 3986. Although this component is not present in mixture A, it was detected in
the Boscan total porphyrins in low abundance (Fig. 4a; Table II). Similarly, in the
nickel fraction the C;, (2) standard (KRI 4070) co-cluted with a C;, benzo-CAP
isomer, but again the major C;, isomer has a KRI of 3986 and is probably the same
compound as that from the vanady! fraction. In the nickel fraction, this isomer is not as
predominant as in the vanadyl fraction.

Both the C;; components in the vanadyl fraction (KRIs 3980 and 4060)
co-eluted with C3, components in the Boscan mixture. However, neither correspond
to the major C3, isomer in Boscan oil (KRI 3970). In contrast, the major Cy, isomer in
the nickel fraction (KRI 3970) corresponds to the major Ci; isomer in Boscan oil
(Table 1I).

The major Cs4 isomer (KRI 4109) in the nickel fraction co-eluted with
a compound in mixture A proposed?® to correspond to the derivative of structure
3 (Table IT). In contrast, the major C;, benzo-CAP isomer in the vanadyl fractlon was
at KRI 4160 (Fig. 4d; Table II).
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Fig. 5. HPLC chromatograms (SiO; 3 um) of total petroporphyrins as free bases from (a) La Luna shale, (b)
Matrl slate Ni porphyrins, (c) Julia Creek oil shale, (d) Gafsa chert. Insets in each case show enlarged regions

of benzo-CAP elution (not all the peaks in this region arise from benzo-CAPs). Arrows indicate co-elution
with Cs3 (1) and Cs, (2) standards (in increasing order of retention time).

Only one C,6 isomer (KRI 4230) was detected in the nickel fraction and this did
not co-chromatograph with any of the isomers present in mixture A.

The major difference between the nickel and vanadyl benzo-CAP distributions
appears to be that of a simpler overall distribution for the vanady! fraction, with fewer
isomers at most of the carbon numbers. The fact that isomers were detected in the
vanadyl fraction, and no isomers corresponding to Css or higher may, however, be
a consequence of the somewhat lower column loading in the analysis. The total
benzo-CAP concentration, as a fraction of the total porphyrins, was lower in the
vanadyl fraction than in the nickel fraction. Both these factors would discriminate
against the detection of very minor benzo-CAP components.

In summary, the Marl slate porphyrins contain a relatively high abundance of
benzo-CAPs, with the major component (C33, KRI 4110) being present in ca. 20% of
the major C5, CAP in the nickel porphyrins. In addition, a relatively large number of
isomers were detected at each carbon number in the nickel fraction (Fig. 4¢; Table II).

The assignments were confirmed in part by HPLC co-chromatography of the
C;, (2) and Cj3 (1) benzoporphyrin standards with the demetallated nickel fraction
(Fig. 5b). The demetallated vanadyl fraction was not available for HPLC analysis.

Julia Creek oil shale. Components corresponding to benzo-CAPs in the range
C;0-C34 were present and the series again maximised at C;5 (Table IT). Results from
the co-chromatography experiment with mixture A are summarised on the Kovats’
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plot (Fig. 4f). The major benzo-CAP again co-eluted with the derivative of the Cs3 (1)
standard, as did the Cs, (2) with the major C3, benzo-CAP. However, a second Cs2
isomer (KRI 3986) was present in relatively high abundance (Fig. 4f; Table II). The
latter was not present in mixture A, although a Cz, component at this KRI was
detected in the total Boscan porphyrins, albeit in low abundance. Two C;; isomers
were present at KRIs 3980 and 4060, the isomer at KRI 3980 being more abundant.
Both co-eluted with C;; isomers in mixture A and are, therefore, almost certainly the
same as those present in Boscan. The C;3, components were present in much smaller
abundance, the isomer at KRI 4109 co-eluting with the derivative of the component of
proposed structure 32°, The overall distribution in Julia Creek oil shale is relatively
simple in terms of the number of isomers at each carbon number, with the largest
number of isomers at C;,, where there are four (Fig. 4f; Table II).

HPLC co-chromatography confirmed the presence of the components corre-
sponding to the Cj; (2) and Cs; (1) standards (Fig. 5c).

Serpiano shale. No porphyrin derivatives having masses corresponding to
benzoporphyrins with a cycloalkano ring were detected by GC-MS. UV-VIS and/or
electron impact (EI) probe MS analyses of LC chromatographic fractions obtained
from the shale, however, have reported spectra?® and molecular ions®® corresponding
formally to benzo-CAPs. Itis possible that the relative abundance of these components
in the total distribution is below the limits of detection of the GC-MS procedure. If so,
~ this would indicate an abundance of less than ca. 2%, since this level was detected in
other samples (Table IT). A C34 porphyrin isolated from Serpiano shale and having
a molecular mass corresponding in degree of unsaturation to a benzo-aetioporphyrin,
was recently reported instead to have an unusual fused-ring structure3°.

Similarly, HPLC analysis did not detect any peaks with the expected retention
times of the benzo-CAP standards.

‘Kimmeridge shale. Results are summarised on the Kovats’ plot (Fig. 4g). Again,
the major Cj; isomer (Table II) and a Cs, isomer co-eluted with the derivatives of Cs;
(1) and Cj3, (2) components. However, the known Cj, component (2) is not the most
abundant C;, benzo-CAP, although it is present in a significant amount (25% of the
major Cs3 benzo-CAP). The most abundant C;, isomer has a KRI of 3986 (Table II).
A Ci4 isomer (KRI 4109) again co-eluted with the derivative of the Boscan
component, tentatively proposed to have structure 3. However, two other Cs, isomers
were present in equal abundance (KRIs 4122 and 4160; Table IT). The isomer at KRI
4122 was not detected in any of the other samples investigated.

The demetallated porphyrins were not available for HPLC analysis. Examina-
tion of an HPLC chromatogram from previous studies®! suggests, however, the
presence of a peak with the appropriate relative retention time for the C,; benzo-CAP

().

Gafsa chert. The Kovats’ plot (Fig. 4h) shows a relatively simple distribution
with the series again maximising at Cs3 (KRI 4110; Table II). The abundance of this
component relative to the C3, CAP (KRI 3755) is low, ca. 2%. Two C;, isomers are
present (KRIs 3986 and 4070), the C;, (2) derivative co-eluting with the latter (Fig.
4h). Although the isomer at KRI 3986 was not present in mixture A, it was detected, in
varying amounts, in all the benzo-CAP distributions studied, including the total
Boscan benzoporphyrins (Table IT). Similarly, there are two Cs; isomers at KRI 3970
and 4060 and only one of these (KRI 4060) co-eluted with a C3; isomer in mixture
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A (Fig. 4h). Again, the other isomer at KRI 3970 was present in a number of the
samples investigated and corresponds to the major C;; isomer in Boscan crude oil
(Table II). Both C;4 isomers in the chert (KRIs 4109 and 4160) co-eluted with
components in mixture A. The isomer at KRI 4109 is present in greater abundance
(Table IT) and is believed to correspond to the derivative of the Cy4 benzo-CAP (3)
tentatively assigned in Boscan oil®°.

The HPLC chromatogram (Fig. 5d) showed the presence of a small peak at the
retention time expected for the C;3 (1) benzo-CAP standard. Co-chromatography
confirmed the GC-MS results. A peak corresponding to the Cs, (2) standard could not
be detected. This is presumably a result of the very low abundance of this component in
the total porphyrins.

DISCUSSION

GC-MS of the derivatised porphyrins from a range of samples has revealed the
presence of benzo-CAPs in a number of them (Table II). The series were detected as
free bases (Gafsa chert), nickel complexes (Kimmeridge shale), vanadyl complexes (La
Luna shale, Julia Creek oil shale), or as a mixture of these metallo species (Marl slate,
El Lajjun shale). The presence of components with molecular ions corresponding
formally to free-base benzo-CAPs in immature sediments has been recently reported
from EI-MS studies'?'!3. The confirmation of benzo-CAPs as free bases indicates that
they may be formed under very mild sedimentary conditions (i.e. before metal
chelation). This contrasts with earlier proposed theories for their formation (the full
structures being unknown at the time), such as sedimentary Diels—Alder reactions32
which might be expected to require more severe conditions.

The benzo-CAPs occur over a range of maturity, extending from the relatively
immature Gafsa chert to the mature La Luna shale and Boscan oil. This fact indicates
that their presence is not maturity dependent. However, they do appear to show
maturity effects, as do other porphyrins, in that they are present as free bases in the
most immature sample (Gafsa chert) and as metalloporphyrins in the more mature
samples.

The carbon number ranges do not appear to be greatly affected over the maturity
range represented by the samples (Table II; Fig. 6). The range in the more mature
samples (e.g. La Luna shale) was ca. C34 to Cs¢, whereas in less mature samples (e.g.
Kimmeridge shale) it was ca. Cso to Cjy4. The complexity in the more mature
distributions arises more from an increase in the number of isomers at each carbon
number. For example, there are five C;,; benzo-CAP isomers in the Boscan porphyrin
distribution (Fig. 4a), whereas only two are present in Gafsa chert (Fig. 4h). This can
also be seen at other carbon numbers (Fig. 6). For example, there are four C;, isomers
in La Luna shale, whereas only two are present in Julia Creek. The large number of
isomers presumably results from variation in structural features, such as presence/
absence of unsubstituted f-positions, the spatial relationships of the f-substituents
features with the cycloalkano and benzo rings®2%27.

Carbon numbers ranging from C,, to at least Cy6 are present (e.g. La Luna
shale; Table IT; Fig. 6). The possibility of higher carbon numbers, below the limits of
detection in the total distributions, was highlighted by examination of fraction HMW
from Boscan where benzo-CAPs with carbon numbers up to Cy5 were detected.
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The co-injection experiments (GC~MS and/or HPLC) reveal, remarkably, that
in all the samples where benzo-CAPs were detected, the dominant member is the C;5
component (Fig. 6) corresponding to the compound previously isolated from Boscan
(1)**. In addition, although other C3; isomers were detected, the relative abundance of
the above component (1) is generally >90%, e.g. in La Luna (Fig. 6; Table II). The
abundance of this major C,3 benzo-CAP, relative to the major porphyrin in each
sample (generally C;, CAP) varies from ca. 2% (Gafsa chert) to 26% (Marl slate,
nickel fraction). The next most abundant benzo-CAP in most cases is the C5, isomer
(2). However, in some cases (Marl slate), an earlier-eluting C, isomer (KR 3986) was
in greater abundance. Other C;, isomers, in varying amounts, were also detected
(Table II). The very low relative abundance of most of the isomers, with respect to the
total distributions, makes it difficult to compare these components quantitatively in
the samples examined.

That the benzo-CAPs are widespread is clearly demonstrated by their occurrence
in sedimentary samples from locations ranging from the United Kingdom (Kim-
meridge shale) to Australia (Julia Creek oil shale) and of geological age ranging from
Palacocene (Gafsa chert) to Permian (Marl slate). However, they do not occur
ubiquitously when porphyrins are present, being absent for example, from the
Gilsonite bitumen. This offers some hope for the potential use of these components in
geological applications. On the other hand, there is at present no apparent correlation
with depositional environment among the samples examined. The two samples where
benzo-CAPs were not detected were Gilsonite bitumen, whose source rock is from
a lacustrine saline water depositional environment, and Serpiano shale, from
a restricted marine environment.

Ideally, a study of geological samples from a wider range of depositional
environments together with an examination of both the total petroporphyrin fractions
and individual metalloporphyrin fractions would be desirable to search for significant
geochemical correlations. In the present work, for convenience and due to the
availability of samples, a combination of these approaches was employed. The results
reveal, however, the striking predominance of compound 1 in all the distributions
where benzo-CAPs were detected. This suggests an origin from a widely occurring
specific precursor pigment rather than from sedimentary reactions of chloro-
phyll(s)32:33. At present, an origin from a known pigment is not obvious, although the
presence of the cycloethano ring clearly indicates one from chlorophylls rather than
other tetrapyrroles, such as cytohaemes. In the absence of an obvious precursor,
a bacterial origin has been suggested'*.

CONCLUSIONS

The identification of benzo-CAPs in a variety of petroporphyrin distributions
has been achieved via computerised GC-MS and HPLC analyses and co-chroma-
tography.

(1) The GC retention times (KRI 3900-4400) of the (TBDMSO),Si(1V)
derivatives are long compared to those of the major alkylporphyrins (e.g. 5, KRI
3755).

(2) The sensitivity of the GC-MS procedure has allowed detection of the less
abundant benzo-CAPs proposed as 3 and 4%° in a number of samples. In addition,
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minor components fractionated from Boscan oil and corresponding to benzo-CAPs,
were shown to be present.

(3) Up to 24 benzo-CAP components, with multiple isomers at individual carbon
numbers have been detected (e.g. La Luna shale; Table II).

(4) Both co-chromatographic techniques have provided a means of assignment
of benzo-CAPs without the use of lengthy isolation procedures for individual
compounds.

(5) Benzo-CAPs occur as minor petroporphyrin components in geological
samples from a range of locations and ages.

(6) The distributions studied all maximise at Cz; (same isomer, 1; KR 4110).
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SUMMARY

The gas chromatographic retention behaviour of complex mixtures of sixteen
polychlorinated dibenzo-p-dioxins and fourteen polychlorinated dibenzofurans, con-
taining in addition to the most toxic 2,3,7,8-chloro isomers the so-called “window”
isomers, was studied on low-polarity NB-54 and NB-1701 capillary columns under
suitable temperature-programmed conditions. The retention data for the components
are given and their separation is discussed. The results are compared with those of the
related isomers reported previously on low-polarity and polar stationary phases.

INTRODUCTION

Many papers have been published in the last 10 years on analytical methods for
polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) in various
biological and environmental samples'~%. After clean-up procedures the final analyses
were performed by gas chromatography (GC) with electron-capture detection (ECD)
and frequently with mass-selective detection. Packed and capillary columns with
low-polarity or polar stationary phases as listed in Table I°~>® have been used
separating the individual components from complex mixtures. Isomers, their con-
centration levels, total amounts and relative recoveries, etc., have been widely
reported, but relatively few publications®11-17:20:25:31-33,.38 geem to give the exact
retention data for compounds, however, although the chromatograms were shown.

As a continuation of our research on harmful organochlorine compounds in the
environment®®, this paper reports the GC retention behaviour of several PCDDs and
PCDFs on capillary columns coated with low-polarity NB-54 and NB-1701 stationary
phases. The mixtures were analysed using a double-column system with suitable
temperature programming. The relative retention data are given, the results being
compared with those reported previously for related isomers.

¢ For Part XLVIII, see . O. O. Korhonen, J. Chromatogr., 363 (1986) 277.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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TABLE 1
STATIONARY PHASES USED FOR GC SEPARATION OF PCDD AND/OR PCDF COMPOUNDS

This is not a complete list, but it contains the most important phases.

Stationary phase Refs. Stationary phase Refs.

C-87 25 OV-101 2, 10, 27, 34
Carbowax 20M 2,9 OV-105 2

CPS-2 10 OV-210 2
Cyanopropyltolylallylsiloxane 11 0OV-225 2,27

DB-5 10, 12-24 0OV-240-OH 35

DB-17 25, 26 OV-1701 28, 33

DB-1701 25 SB smectic 36, 37

Dexil 300 2 SE-54 2, 10, 15, 33, 38-42
Dexil 410 27 Sil-88 21, 37, 43
Methylsilicone 2,28,29 Silar 10C 2,25, 31, 44-47
OV-1 2,27, 28, 30-33 SP-2100 2,48

OV-3 2 SP-2330 10, 15, 19, 20, 25, 28, 30, 32, 49-54
ov-7 2 SP-2331 6, 16, 26, 50, 55-57
OV-17 2,12, 34 SP-2340 10, 58

OV-17/Poly S-179 2 SP-2350 58

OV-61 2 XE-60 2
EXPERIMENTAL

Materials

All 2,3,7 8-substituted PCDDs (2, 6, 10-12, 15 and 16) and PCDFs (18, 21. 22,
25-27, 29 and 30) were obtained from Wellington Labs. (Ontario, Canada) and the
other isomers (1, 3-5, 7-9, 13, 14, 17, 19, 20, 23, 24 and 28) from CIL (Cambridge
Isotope Labs., MA, U.S.A.). The mixtures analysed contained suitable amounts of the
individual components for the sensitivity of the electron-capture detector.

Methods

GC analyses were carried out on a Nordion Micromat HRGC 412 gas
chromatograph under the following operating conditions: injection and electron-
capture detector temperatures, 275 and 320°C, respectively; helium carrier gas
velocity, 32 cm min~!; and chart speed, 10 mm min~!. A double-column system was
used with the following low-polarity columns: a fused-silica NB-54 (5% phenyl-, 1%
vinylmethylsilicone, similar to SE-54) wall-coated open-tubular (WCOT) column (25
m x 0.32 mm I.D., film thickness 25 um) and a fused-silica NB-1701 (7% phenyl-, 7%
cyanopropylmethylsilicone, similar to OV-1701) WCOT column (25 m X 0.32 mm
LD., film thickness 25 um), both supplied by HNU-Nordion (Helsinki, Finland). The
oven temperature was held at 100°C for 1 min, then programmed to 180°C at 20°C
min~! and from 180 to 280°C at 5°C min~?, and held at the final temperature until
elution of peaks had ceased. Both columns were operated simultaneously.

The chromatographic data were recorded with a Trendcom Synnyvale Model
200 integrator using standard programs, the retention times being measured from the
time of sample injection.
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TABLE L.

RETENTION DATA FOR POLYCHLORINATED DIBENZO-p-DIOXINS OBTAINED ON NB-54
AND NB-1701 CAPILLARY COLUMNS

Conditions as in Fig. 1.
9 1

7 o 3

6 b

Peak Systematic ~ Compound® Column
No. No*

NB-54 NB-1701

ART* RRT? ART* RRT? RRT®

1 42 1,3,6,8 19.50 0919 20.62 0.911 1.057
2 48 2,378 21.21 1.000 22.63 1.000 1.067
3 41 1,2,89 21.94 1.034 24.11 1.065 1.099
4 58 1,2,4,6,8 2321 1.094 24.61 1.087 1.060
5 61 1,2,4,7,9 23.21 1.094 24.61 1.087 1.060
6 54 1,2,3,7,8 24.80 1.169 26.40 1.167 1.065
7 56 1,2,3,8,9 25.22 [.189 27.39 1.210 1.086
8 i 1,2,4,6,7,9 26.89 1.268 29.02 1.282 1.079
9 72 . 1,2,4,6,8,9 26.89 1.268 29.02 1.282 1.079
10 66 1,2,3,4,7,8 28.48 1.343 30.77 1.360 1.080
11 67 1,2,3,6,7.8 28.60 1.348 30.92 1.366 1.081
12 70 1,2,3,7.8,9 29.00 1.367 31.72 1.402 1.094
13 63 1,2,3,4,6,7 29.05 1.370 31.90 1.410 1.098
14 74 1,2,3,4,6,7,9 32.53 1.534 36.20 1.600 1.113
15 73 1,2,3,4,6,7,8 34.03 1.604 3791 1.675 1.[14
16 75 1,2,3,4,6,789 41.44 1.954 48.02 2.122 1.159

4 Taken from ref. 60.

Numbers indicate the chlorinated positions.

Absolute retention times (min) were measured from sample injection (Fig. 1).
Relative retention time for 2 taken as 1.000.

b
c
d
¢ Relative retention time for the corresponding isomer on NB-54 taken as 1.000.

RESULTS AND DISCUSSION

PCDDs

Chromatograms of a mixture of PCDDs (1-16) are illustrated in Fig. 1 and Table
II gives the corresponding retention data.

As would be expected, the individual components are eluted on the low-polarity
columns used in the order corresponding to their degree of chlorination, i.e., tetra-
< penta- < hexa- < hepta- < octachloro isomers. The so-called “window” isomers
for low-polarity phases, viz., the first and last isomer eluting in each group, are then
1 and 3 for tetra-, 4 + 5 and 7 for penta- and 8 + 9 and 13 for hexachloro PCDDs,
respectively (Fig. 1). Based on earlier observations!#:13:17:31:32 'the deficient isomers
not investigated in this work elute between these “window” isomers.

On NB-54, a mixture of sixteen components shows 13 resolved peaks, so that
4and 5,8 and 9, and 12 and 13 overlapped and 10 and 11 are partially separated from
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each other. With increasing column polarity, i.e., on NB-1701 the retention of the
isomers increases (Table IT), as expected, the mixture giving 14 resolved peaks (Fig. 1).
The retention order between the isomers remains unchanged. Compounds 4 and 5, and
8 and 9 are again coincident, whereas 12 and 13 show partially separated peaks like 10
and 11. The separation of the latter pair would have been expected to be better with
a higher column polarity. However, earlier results with polar Silar 10C*%*7 and
SP-2330° capillary columns showed only a slightly better separation between 10 and
11. Isomers 4 and 5, and 8 and 9 are also coincident on these phases, whereas 12 and 13
are completely separated.

The results obtained are in good agreement with the calculated and measured
values reported previously on a low-polarity DB-5!7 capillary column and in
contradiction to the elution order of the pair 10 and 11, obtained earlier on
low-polarity SE-54 and OV-1701 capillary columns?®?. Hence, it seems evident that the
retention order of isomers on these columns would also be the same as in the present
investigation, particularly owing to the almost identical stationary phases and the fact
that retention order of PCDDs is shown to be apparently constant with different
low-polarity and slightly polar phases'’.

PCDFs
Generally the same trends as above are found also with the mixture of PCDFs
(17-30) (Fig. 2 and Table III). The separation is nearly complete on both stationary

29

23

28

257 27

24
3

21 59
26

29
Fig. 2. Chromatogram of a mixture of polychlorinated dibenzofurans (PCDFs), separated on NB-54 and
NB-1701 capillary columns under conditions as in Fig. 1. Peaks 17-30 are identified in Table III.
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TABLE III

RETENTION DATA FOR POLYCHLORINATED DIBENZOFURANS OBTAINED ON NB-54 AND NB-
1701 CAPILLARY COLUMNS

Conditions as in Fig. 2.

6 .
Peak Systematic ~ Compound® Column
No. No.*
NB-54 NB-1701
ART* RRT* RRT® ART* RRT* RRT® RRT’

17 69 1,3,6,8 18.77 0902  0.963 1986 0.863 1.058  0.963
18 83 23,78 20.81  1.000  0.981 2301  1.000 1.106 1.017
19 63 1,2,8,9 2201  1.058  1.003 2359 1.025 1.072 0978
20 106 1,3,4,6,8 2223 1.068 — 2434 1.058 1.095 —
21 94 1,2,3,7,8 2390 1.148  0.964 2547 1107 1.066  0.965
22 114 2,3,4,7,8 24.59  1.181 - 27.11 1178 1102 —
23 96 1,2,3,8,9 2540  1.220  1.007 2779 1208  1.094 1015
24 116 1,2,3,4,6,8 26.37 1267 — 28.10  1.221  1.066 —
25 118 1,2,3,4,7,8 27.52  1.322  0.966 29.57  1.285 1.074  0.961
26 121 1,2,3,6,7,8 27.69 1331 0.968 29.76 1293 1075 0962
27 130 2,3,4,6,7.8 2841 1365 — 3222 1400 1.134 ~
28 120 1,2,3,4,8,9 2950 1418 — 3269 1421 1108 -
29 131 1,2,3,4,6,7,8 32.08  1.542 0.943 3509  1.525  1.094 0926
30 134 1,2,3,4,7,8,9 3481 1673 — 3886 1.689 1116 —

¢ Taken from ref. 60.

® Numbers indicate the chlorinated positions.

° Absolute retention times (min) were measured from sample injection (Fig. 2).

¢ Relative retention time for 18 taken as 1.000.

Relative retention time for the corresponding PCDD isomer taken as 1.000 (Table II).
I Relative retention time for the corresponding isomer on NB-54 taken as 1.000.

phases, only compounds 25 and 26 partially overlapping. It should be noted that the
predicted retention indices for these two isomers are close together!”, the components
being nearly coincident also on polar stationary phases such as Silar 10C254447 and
SP-2330°. Owing to the relatively small difference between the polarities of NB-54 and
NB-1701 (McReynolds constants ca. 320 and 780, respectively), the retention order of
the isomers is unaltered. However, if analysed on a polar column, the alterations would
be evident based on earlier observations with tetrachlorodibenzofurans on DB-5
(low-polarity) and SP-2330 (polar) stationary phases'>. This different behaviour of
PCDFs is due to their unsymmetrical molecular structure compared with symmetrical
PCDDs, shown also by comparison of the retention behaviours of the same PCDD
and PCDF isomers (Table III).
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CONCLUSIONS

The results show that the mixture of all 30 compounds investigated can be
separated on NB-1701, but on NB-54 two additional overlappings are evident, viz.,
3 with 9 and 10 with 27. The lower thermal stability of NB-1701 limits the final oven
temperature to its maximum of 280°C on NB-54, owing to the double-column system
used, resulting in relatively higher retention times for the octachloro isomer (16)
particularly on OV-1701 (Fig. 1). However, the use of a column as polar as possible is
recommended to achieve the maximum separation, but with highly polar columns the
elution order of certain isomers shifts significantly!’, even to the extent that
components are not eluted in order of their degrees of chlorination. The latter fact is
shown particularly with some PCDF isomers on Silar 10C?°, and also with our
preliminary results on a highly polar NB-9C capillary column®’.
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CAPILLARY GAS CHROMATOGRAPHY-FOURIER TRANSFORM INFRA-
RED SPECTROSCOPY OF PYRROLIZIDINE ALKALOIDS OF SENECIO
INAEQUIDENS DC.
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Dipartimento di Scienza e Tecnologia del Farmaco, cso Raffaello 31, I-10125 Torino (ltaly)
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SUMMARY

The pyrrolizidine alkaloid (PA) fraction of Senecio inaequidens DC. was studied
by capillary gas chromatography—Fourier transform infrared spectroscopy. The
vapour-phase IR spectra of PAs and the advantages and disadvantages of this
combined technique for their structure elucidation in complex mixtures are discussed.
Examples of the distinction between necine bases (retronecine and otonecine) and
geometric isomers (senecionine and integerrimine) are given,

INTRODUCTION

Pyrrolizidine alkaloids (PAs) are well known for their hepatotoxic properties
and, to a lesser extent, as inducers of pulmonary arterial hypertension. PAs are present
in species belonging to plant families throughout the world, in particular Boragi-
naceae, Compositae (Senecioneae and Eupatorieae) and Leguminosae (genus Crota-
laria). Comprehensive reviews and textbooks describing this class of compounds and
their chemotaxonomic significance and toxicity are available!~".

Senecio inaequidens DC. (Compositae) is a species native to South Africa,
naturalized in Italy after the Second World War and now so widely diffused in Eastern
Italy as to be considered potentially dangerous, both as a food contaminant and
directly for cattle. The composition of the PA fraction of S. inaequidens was
investigated by Wiedenfeld et al.®, who identified senecionine and retrorsine, and by
Bicchi and co-workers® !0, In the latter studies, one of the most complex PA fractions
ever studied was isolated during an on-going ontogenic study at the beginning of the
vegetative period. Nineteen PAs were characterized and 16 identified by capillary gas
chromatography (GC) and mass spectrometry (MS) in different ionization modes:
electron impact (EI), positive ion chemical ionization (PICI) with ammonia and
.negative ion chemical ionization (NICI) with ammonia and hydroxyl ions as reagent
species' . The identified PAs were macrocyclic diesters derived from two necine bases
(retronecine and otonecine); in particular senecivernine (1) (M.W. 335), senecionine
(2) (M.W. 335), seneciphylline (3) (M.W. 333), spartioidine (4) (M.W. 333),
integerrimine (5) (M.W. 335), retrorsine (7) (M.W. 351), usaramine (10) (M.W. 351),
senkirkine (6) (M.W. 365), neosenkirkine (9) (M.W. 365), otosenine (11) (M.W. 381),

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.



162 C. BICCHI, P. RUBIOLO, C. FRATTINI

O-acetylsenkirkine (13) (M. W. 407), desacetyldoronine (14) (M.W. 417), florosenine
(16) (M.W. 423), floridanine (17) (M.W. 441), doronine (18) (M.W. 449) and
floricaline (19) (M.W. 483) were identified. Fig. 1 shows the structures of the identified

PAs.
CH,OH

Retronecine

20 18
cH, HO CH,

R=CH, Z Senecionine (2)
E Integerrimine (5)
R=CH,OH Z Retrorsine (7)
E Usaramine (10)

Senecivernine (1)

RO, CH;
Hy
Z Seneciphy”ine (3) R1=H Z Senkirkine (6)
E Spartioidine (4) E neo-Senkirkine {9)

R,="Ac O-ac. Senkirkine (13)

R,*H Otosenine {11) R1: Cl R2=H Desac. doron. (14)
RyzAc Florosenine (16) R,:Cl R,=Ac Doronine (18)

Fig. 1. Structures of PAs identified in S. inaequidens DC.
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The structure elucidation of the components of such a complex mixture through
their isolation is, of course, difficult and time consuming; better results can be obtained
through the combined techniques [i.e., capillary GC-MS and capillary GC-Fourier
transform (FT)-IR].

GC-MS is the most widely used combined technique to identify PAs when a total
plant extract is analysed. Several workers®~'® have applied GC-MS in different
ionization modes to identify PAs both as such and as their trimethylsilyl derivatives.

Even if MS is the pre-eminent technique for identifying a component of
a complex mixture after a chromatographic separation, it sometimes has drawbacks,
such as in the differentiation of structural isomers and in some doubtful or erroneous
identifications produced by a library search. In such cases, FT-IR is at present the most
useful complementary or alternative technique for characterizing a chromatographic
peak. The use of capillary GC-FT-IR can be very helpful in the identification of PAs,
considering the complexity of their structure and the number of structural isomers
present in this class of compounds. IR spectra of PAs were studied by, among others,
Culvenor and co-workers!7*® and Gupta et al.'®, who discussed the IR spectra in the
solid and liquid phase with respect to the absorptions of both the necine ring and the
ester functions.

This paper describes the results obtained by applying capillary GC-FT-IR to the
study of the PA fraction of S. inaequidens.

EXPERIMENTAL

Plant material

Plant material was collected in March 1986 from a roadside on the outskirts of
Padua (Italy).

Reagents

All chemicals were of analytical-reagent grade (E. Merck, Darmstadt, F.R.G.).
PS 264 and PS 122 are commercially available from Petrarch Systems (Bristol, PA,
U.S.A.). Authentic samples of senecionine, seneciphylline, integerrimine and retror-
sine were kindly provided by Dr. C. C. J. Culvenor (Parkville, Australia).

Sample preparation

A 25-g amount of air-dried plant material was extracted in a Soxhlet apparatus
with methanol for 4 h. The extract was evaporated to dryness under vacuum and the
residue suspended in 2.5% hydrochloric acid and washed with diethyl ether and
chloroform. Half of the aqueous phase was basified with 25% ammonia solution and
extracted with dichloromethane. The organic layer was again treated with 2.5%
hydrochloric acid then 25% ammonia solution and again extracted with dichloro-
methane. The resulting solution was dried over anhydrous sodium sulphate and
evaporated to dryness. To investigate the presence of PA N-oxides, the second half of
the solution (resulting after washing with diethyl ether and chloroform) was reduced
with zinc dust overnight, filtered and subsequently treated as described previously. The
dried residues were weighed and dissolved in appropriate amounts of dichloromethane
to produce suitable concentrations for capillary GC and capillary GC-FT-IR analysis.

The sample under investigation contained 69.7 mg of PAs as free bases and 22.6 mg in
the form of N-oxides.
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Capillary GC analysis

Capillary GC analyses were carried out by introducing 1 ul of the PA extract
dissolved in dichloromethane (1:250) into a Carlo Erba Mega 5360 instrument. The
following conditions were used: carrier gas, hydrogen; flow-rate, 3 ml/min; injection
system, split, with a splitting ratio of 1/30; injector temperature, 300°C; detection,
flame ionization (FID); detector temperature, 300°C; column temperature, pro-
grammed from 120°C (1 min) to 280°C (20 min) at 3°C/min.

The column was a 30 m x 0.32 mm I.D. fused-silica capillary coated with 0.3 um
of PS 264 (polydimethylsiloxane, 7% diphenyl, 1% vinyl). To deactivate the column
prior to coating with the stationary phase, the capillary was persilylated at 320°C for
4 h with a solution of polymethylhydrosiloxane (PS 122) in dichloromethane?°.

Capillary GC-FT-IR analysis

A Hewlett-Packard 5965 capillary GC-IR system was used. A 1-ul volume of PA
extract solution in dichloromethane (1:100) was injected in the capillary GC-IR
system. Capillary GC analysis was carried out on the fused-silica open-tubular column
and under the chromatographic conditions given above.

FT-IR spectroscopy was carried out as follows: capillary GC-FT-IR interface,
100-u1 volume light-pipe (10 cm x 1.2 mm [.D.); temperature, 280°C; make-up gas,
helium at a flow-rate of 0.2 ml/min; time resolution (repetition rate), three scans per
second at 8 cm™ resolution; in most instances five interferograms were added in real
time, resulting in an effective time slice of about 2 s; FT-IR detector, HgCdTe of
narrow band width (4000-800 cm™).

RESULTS AND DISCUSSION

Fig. 2 shows the capillary GC-FID pattern of the PA extract of S. inaequidens
and Fig. 3 that section of the capillary GC-FT-IR pattern in which the PAs eluted. As
can be seen, capillary GC-FT-IR, is a very powerful tool for PA structure elucidation,
despite the FT-IR detection sensitivity being lower than that of either FID of (MS)
total ion current detection. The differences between the two chromatographic patterns
can mainly be attributed to the detection limit of the FT-IR HgCdTe detector, which
can be as much as one order of magnitude lower than that of the FID response; the
high IR detector operating temperature (280°C), which involves a decrease in
sensitivity; in the authors’ experience, sensitivity decreases above 220°C; the method
used to reconstruct the IR chromatogram; in fact, the Gram-Schmidt method
employed here reconstructs each chromatographic peak through the contribution of
each absorption band of the IR spectrum and the intensity of each band depends on its
molar absorptivity, which is characteristic of each individual structure; and the
chromatographic resolution, which can be lower when using capillary GC-FT-IR and
it is not always possible to obtain spectra from ali the peaks resolved by capillary GC
analysis. -

Some authors have suggested installing a flame ionization detector in series with
the light-pipe to obtain comparable chromatographic results?.

A short discussion of the absorption bands characterizing the PA vapour-phase
FT-IR spectra present in the S. inaequidens extract is given below. Table I reports the
characteristic IR bands of the significant vapour-phase FT-IR spectra of PAs.
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Fig. 2. Capillary GC-FID pattern of PA extract of S. inaequidens DC.
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Fig. 3. Section of capillary GC-FT-IR pattern in which PAs eluted.




166 C. BICCHI, P. RUBIOLO, C. FRATTINI

TABLE |

CHARACTERISTIC IR BANDS OF THE PA COMPOUNDS IDENTIFIED IN S. INAEQUIDENS
DC.

No. Compound IR band positions (cm™)*
1 Senecivernine 3557,2981(m), 2945 (m), 2910(m), 2876(m), 2849(m), 1736(s), 1631, 1453, 1420,
1376, 1358, 1253(s), 1165(s), 1132(s), 945(m), 820
2 Senecionine 3563, 2982(m), 2941(m), 291 5(m), 2875(m), 2843(m), 1735(s), 1645, 1450, 1373,
1325, 1224(s), 1176(s), 1156(s), 955, 820
3 Seneciphylline 3550, 2981(m), 2942(m), 2918(m), 2873(m), 2838(m), 1736(s), 1640, 1447, 1364,
1229(s), 1145(s), 955, 820
5 Integerrimine 3561, 2981(m), 2941(m), 2915(m), 2875(m), 2840(m), 1735(s), 1654, 1452, 1380,
1268(s), 1211(s), 1178(s), 1163(s), 1110(m), 1084(m), 1025, 950, 822
7 Retrorsine 3630, 3541, 2980(m), 2960(m), 2042(m), 2875(m), 2830(m), 1735(s), 1640, 1450,
1380, 1348, 1221(s), 1154(s), 1079(m), 1004, 948, 821
10 Usaramine 3636, 3543, 2979(m), 2962(m), 2940(m), 2870(m), 2830(m), 1735(s), 1640, 1444,
1375, 1260(s), 1218(s), 1155(s), 1059, 950
11 Otosenine 2988(m), 2961(m), 2940(m), 2870(m), 2840(m), 2814, 1745(s), 1679(m), 1450,

1370(m), 1231(s), 1185(s), 1150(s), 1111(s), 950
14 Desacetyldoronine  3560(m), 2990(m), 2969(m), 2945(m}), 2887(m), 2855(m), 2813, 1747(s), 1674(s),
1454, 1379, 1330, 1210(s), 1178(s), 1150(s), 1090, 941

16  Florosenine 2991(m), 2966(m), 2930(m), 2890(m), 2850(m), 2814, 1766(s), 1678(m), 1454,
1371, 1232(s), 1185(m), 1145(s), 1105(s), 1060, 954
18  Doronine 3557, 2990(m), 2958(m), 2885(m), 2865(m), 2914, 1753(s), 1676(m), 1449,

1371(m), 1231(s), 1188(s), 1147(s), 1105(s), 1015(m), 952

“ m = Medium; s = strong.

The absorption band in the 3630-3540 cm~* range, weak where present, is due to
OH stretching. The lack of hydrogen bonds in the vapour phase produces a lower
intensity band than in the spectra in the solid and liquid phases.

The necine bases are characterized by a group of absorptions in the 3000-2800
cm~! range which correspond to CH, symmetric and asymmetric stretching. In
particular, retronecine derivatives show a series of absorptions near 2950 ¢m™!
(characteristic of all the macrocyclic esters), near 2975 and 2915 cm~1 (CH,
asymmetric stretching), near 2870 and 2850 cm~! (CH, symmetric stretching) and near
2825 cm™' (symmetric stretching of CH, bound to the nitrogen atom in the
heterocyclic ring). These data are in agreement with those reported by Gupta et al.1®.
The otonecine derivatives exhibit absorptions of the same intensity, normally falling at
a slightly higher frequency (ca. 10 cm™), together with a characteristic absorption at
2815 cm™! which can be attributed to the symmetric stretching of CH; on the nitrogen
atom of the heterocyclic ring. The macrocyclic PA ester functions give rise to a medium
to strong absorption band in the 1770-1730 cm™! range corresponding to C=0
stretching. The a,f-unsaturated esters also show a medium to weak absorption in the
1640 cm™! range, due to C=C, which is stronger for the asymmetrically substituted
compounds [i.e., senecivernine (1), seneciphylline (3) and integerrimine (5)]. In this
range of frequency, otonecine derivatives exhibit an important and distinctive
medium-intensity band near 1675 cm™*, attributed to the C = O group of the otonecine
ring. As already reported for the IR spectra in the solid and liquid phases?2, the
unusually low-frequency absorption can be correlated to the strong transanular
interaction between the C =0 group and the nitrogen atom?3-24,

1
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. A great deal of information can be drawn from the absorptions in the 1500-900
cm! range. The medium—weak absorptions near 1450 and 1360 cm™! can be
attributed to the CH, bending and twisting, respectively. The medium-strong
absorpﬁons, in contrast, in the 1265-1245 and 1230-1210 cm™ ranges are related to
C-O stretching of the ester group and to CH, wagging, respectively. All the PAs with
a tertiary hydroxyl group in their structure give rise to a strong absorption near 1150
cm! corresponding to the C-O stretching. Finally, an absorption related to the ring
deformation modes in the 960-940 cm™! range is present for both the retronecine and
otonecine derivatives in all instances.

Fig. 4 reports the vapour-phase FT-IR spectra of senecivernine (1) and
desacetyldoronine (14), which is a member of the PA class identified for the first time in
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Fig. 4. Vapour-phase FT-IR spectra of senecivernine (1) and desacetyldoronine (14).
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Fig. 5. EI mass spectra of senecionine (2) and integerrimine (5).

S. inaequidens®. Fig. 4 clearly demonstrates that vapour-phase FT-IR spectra can be
very helpful in distinguishing the PA necine base through the different absorptions of
a retronecine derivative, senecivernine, at 2981, 2945, 2910, 2876, 2849 and 2820 cm™,
and an otonecine derivative, desacetyldoronine, at 2990, 2969, 2945, 2886, 2855, 2815
and, significantly, 1674 cm~'.

Vapour-phase FT-IR spectra of PAs can also provide an unambiguous
distinction between geometric isomers, which is not always directly possibie through
their mass spectra. The sample of S. inaequidens under analysis is characterized by the
presence of four pairs of geometric isomers: senecionine—integerrimine, seneciphyl-
line-spartioidine, retrorsine-usaramine and senkirkine-neosenkirkine. The EI mass
spectra of senecionine and integerrimine (Fig. 5) clearly demonstrate how difficult it is
to distinguish between them unequivocally, even when standard samples are available.
The small differences in the intensities of the peaks at m/z 220, 246, 248, 291 and 335 are
not sufficiently pronounced as to allow a correct identification, as they could also be
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Fig. 6. Vapour-phase FT-IR spectra of senecionine (2) and integerrimine (5).

influenced by the operating conditions of the mass spectrometer ion source, which can
vary slightly from instrument to instrument. Vapour-phase FT-IR spectra (Fig. 6), in
contrast, afford a clear distinction between the two isomers in the 1300-1100 cm™
range. In fact, whereas integerrimine absorbs at 1268, 1211, 1178 and 1163 em™,
senecionine absorbs at 1247, 1224, 1176 and 1156 cm™!, at different intensities. These
results were also confirmed with the retrorsine~usaramine pair.
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SUMMARY

Isocratic anion-exchange separations have often been found inadequate for
mixtures of carboxylic acids with weakly and strongly retained inorganic anions. In the
coupled column approach, separating performance is improved by the simultaneous
use of two separation modes. After an injection onto an ion-exclusion column all
anions of strong acids elute in a narrow zone close to the dead volume and are easily
diverted to an anion-exchange system for an interference free separation. Carboxylic
and other relatively weak organic or inorganic acids are separated by ion exclusion and
are thus removed as interferences in the separation of anions by anion exchange.
A simple and reliable preconcentration technique has also been developed, allowing
a simultaneous trace enrichment of weak and strong anions prior to their injection on
the coupled system.

INTRODUCTION

In highly purified water as it is used in power plants and in semiconductor
manufacturing, trace concentrations of carboxylic acids and inorganic anions are
usually narrowly specified®, If the acceptable levels are exceeded, different removal
techniques have to be employed for inorganic anions and for organic acids. Since both
types of contamination frequently occur in the same time, it becomes important for the
operating personnel to be able to distinguish between the organic and inorganic
contamination levels. lon chromatography has gained a broad acceptance as a tool for
analyzing low levels of inorganic ions in water samples®™*,

Yet, a simultaneous determination of short-chain carboxylic acids in mixtures
with the monovalent inorganic anions such as fluoride, chloride, carbonate and
bromide still represents a difficult separation problem even with the most recently
introduced high-efficiency anion-exchange columns*.

Such inherent limitations of (mono-dimensional) anion-exchange chromato-
graphy are explainable with the help of a theoretical framework developed by
Giddings®~". This author has derived a fundamental relationship between the
maximum number of peaks that can be resolved (peak capacity n) and the column

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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efficiency as measured by the number of theoretical plates (N):
n =1+ Z[N'"In(V/Vo)] (1)

where V, and V, signify the initial and final volume of an available retention range on
any given chromatographic column. Due to the characteristic peak grouping peculiar
to anion-exchange separations a typical elution range ratio for the seven anions in
question (fluoride, chloride, carbonate, bromide, formate, acetate and propionate) is
Vi Vo = 3. Assuming N = 3000, the corresponding maximum peak capacity can be
calculated by eqn. 1 as n = 16. Theory shows’ that the number of fully resolved,
randomly distributed single component peaks #, never exceedes 18% of n, resulting in
only about three fully resolvable peaks in an area “crowded” by seven or more anionic
species. Under isocratic conditions attempts to extend the elution range lead to an
excessively large or permanent retention for phosphate and sulfate. The resulting loss
of information is considered unacceptable by the analysts in the power and
semiconductor industries®. A promising approach to the problem appears to be
offered by the newly introduced gradient techniques for single column® and suppressed
ion chromatography®. In this report we describe yet another approach —an increase in
resolving power that can be achieved by the coupling of two separation modes (ion
exclusion and anion exchange)— in a single chromatographic system.

EXPERIMENTAL

Instrumentation

The liquid chromatographic system consisted of two Waters (Milford, MA,
U.S.A.) Model 590 programmable pumps and two Model 430 conductivity detectors.
Both chromatographic pumps were equipped with the high sensitivity accessories
(pulse damping) and the event boxes (interfaces between the pumps and controlled
external devices such as switching valves or preconcentration pumps) obtainable from
the same supplier.

Four of Waters automatic column switching valves were used for changing the
configuration of the system and for manual or automatic injection as determined by
the program stored in one of the two programmable pumps. A trace enrichment
module (Waters PN 07448) containing a single piston pump and a holder for
preconcentration cartridges (Guard Pak Assembly ILC, Waters PN 33100) was also
controlled by the same program through the event box interface. The anion-exchange
and ion-exclusion columns were as described in our previous publication'®. IC Pak
anion concentrator cartridges (5 x 8 mm, Waters PN 07358) containing polyacrylate
based anion-exchange resin of approximately same mequiv./g capacity as in the
anion-exchange column were utilized for preconcentration of samples. Data acquisit-
ion was carried out with the help of a Model 840 data station and two SIM interfaces.
Collection of chromatographic data was initiated by a signal connection via the event
box.

Eluent preparation for system one (ion exclusion)
A 10 mM concentrate of 1-octanesulfonic acid was prepared first. An amount of
2.163 g of the sodium salt of octanesulfonic acid (98%, Aldrich 22, 156-2) purified by
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crystallization was placed into a 250-ml beaker and dissolved in 100 ml of Milli-Q
(Millipore, Bedford, MA, U.S.A.) water using a magnetic stirrer. A 100-mi volume of
a precleaned cation-exchange resin was than added to this solution and the resulting
slurry was stirred for ca. 10 min. In the next step the cation-exchange resin was
removed from the solution by filtration through a prewashed (10 ml water) 0.45-um
filter (Type HA, Millipore). Proper care had to be taken that the resin inside the filter
funnel was wet throughout the whole filtration. This ensured that the octanesulfonic
acid was quantitatively transferred into the filtrate. In order to keep the resin covered
with solution and to wash out the sulfonic acid as completely as possible ca. 800 ml of
Milli-Q water had to be added from a clean container and prepared before the actual
filtration began. The resulting ca. 900 ml of filtrate were transferred into a volumetric
flask and filled up to 1000 ml. This 10 mM octanesulfonic acid solution was stable for
up to one month.

The 1| mM ecluent was than prepared freshly by diluting aliquots of the
concentrate and by filtration through a Millipore HA 0.45-um filter. The observed
background conductance of such clean ion-exclusion eluent was in the range of 320 to
330 uS. The pH of the eluent was ca. 3.0 which led to an useful retention behavior for
all acids with pK, values of 3 or greater.

Eluent preparation for system two (anion exchange)

A 0.649-g amount of 1-octanesulfonic acid, sodium salt was dissolved in 11 of
Milli-Q water in a volumetric flask. Filtration and degassing with the help of 0.45-um
Millipore HA filters followed. Resulting solution was 3 mM in sodium octane-
sulfonate. It was found that interferences by chromatographic peaks stemming from
impurities could be kept at a minimum, if both the sodium salt and the prepared
sulfonic acid were from the identical batch and from the same manufacturer.

Sample preparation

Samples were collected in 200-ml polystyrene tissue culture flasks (Corning
Glass Works, Corning, NY, U.S.A.) (PN 25115). These particular flasks were chosen
after a long term evaluation of possible sample containers from several different
manufacturers. It was found that all other containers except the ones recommended
here, contributed traces of anions at concentrations above the detection limits of our
method. Prior to sample collection the tissue culture flasks were rinsed five times to
overflowing with Milli-Q water as well as soaked for 24 h filled with the same ultrapure
water. The samples were drawn into the system through a PTFE tubing immersed in
the flask and connected to a trace enrichment pump (TEP in Fig. 1) at the other end.
Additional steps that are discussed in the Results and Discussion section of this article
were required for highly alkaline samples and for samples with high concentration of
boric acid.

Standard solutions

All standard mixtures were prepared by a dilution of 1000-ppm stock solutions
containing a single anion. Weighed amounts of salts rather than acids were used for the
preparation of stock solutions. Concentrates of 1000 ppm of anions of carboxylic acids
were found stable for at least six weeks. No measurable changes of concentrations of
stock solutions of inorganic acids were found during a time period lasting twelve
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months. The Milli-Q water and polypropylene containers (Nalge, Rochester, NY,
U.S.A)) (PN 4000) were utilized for all standards in the ppm range of concentrations.
The tissue culture flasks were used for standards containing less than 500 ppb* of
a single anion. All standards containing less than 50 ppm of any anion were prepared
freshly for each of the experiments.

System operation

The system schematics illustrated in Fig. 1 could be used for both, manual
injection of mixtures at higher concentrations (ca. 1 ppm and more) and for automatic
preconcentration at sub-ppm levels. Each of the four six-port high-pressure switching
valves (TEV, 1TV, 2TV and MIV in Fig. 1) fulfills a different function within the
coupled system. The trace enrichment valve (TEV) switches the trace enrichment
cartridge (CON) from the sample line to the flow of the eluent coming either from
pump 1 or from pump 2 as determined by the position of the first transfer valve (1TV).
The second transfer valve (2TV) provides the necessary link between the two systems

CON

TEP

NOISNIIXI NOI

JONVHIX3 NOINV

Fig. 1. General configuration of the coupled ion-exclusion—anion-exchange system. Pump 1 and detector
1 (DET 1) are used in conjunction with the ion-exclusion column. Pump 2 and detector 2 are parts of the
anion-exchange system. TEP = Single piston trace enrichment pump; CON = precolumn used for trace
enrichment; TEV = high-pressure switching valve utilized for connecting the precolumn into the sample
stream for a known period of time; 1TV = first transfer valve connecting both pumps to the precolumn;
2TV = second transfer valve which makes it possible to transfer fractions of the ion-exclusion column
eluate to the anion-exchange column; MIV = manual injection valve used for sample introduction in cases
that do not require preconcentration (ppm range).

@ Throughout this article the American billion (10°) is meant.
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TABLE 1

PROGRAM FOR THE FRACTION TRANSFER BETWEEN TWO SYSTEMS (MANUAL INJEC-
TION)

Refer to Fig. 2 for the positions of the second transfer valve (2TV) controlled by the events 5 and 6. Events

1-4 and 7 have been assigned to various functions of the sample preconcentration procedure explained in
Table II and in Fig.3.

Step Time Events Description
No. (min) _
5 6 8
I — N F F Loading the sample into the sample loop of the manual

injection valve. N = on, F = off signifying two different
levels of voltage on one of the eight pairs of contacts (8 events)
in the M590 event box

2 0 N F F Manual injection onto the ion-exclusion column. Data
acquisition by system 1 is activated by a direct signal connec-
tion between the manual injector and the system interface
(SIM)

3 4.5 F N P Transfer of 500 gl from the ion-exclusion separation to the
anion-exchange column. A signal pulse P (event 8) starts the

data acquisition on system 2

4 25.0 N F F 2TV returns to its original position separating the two systems

for the transfer of a fraction of the void volume from the ion-exclusion separation onto
the anion-exchange column. The appropriate time sequence of column switching steps
by valves 1TV, 2TV and TEV is determined by a program written and stored in the
microprocessor of one of the two programmable chromatographic pumps. Detailed
descriptions of such programs are given in Tables I and II. The only column switching
valve that is actuated manually outside the control of an automatic program is the

TABLE II

PROGRAM FOR THE FRACTION TRANSFER BETWEEN TWO SYSTEMS (WITH SAMPLE
PRECONCENTRATION)

Refer to Fig. 3 for the positions of the valves controlled by the events 1-6. TEV, events 1 and 2; [TV, events
3and 4; 2TV, events 5 and 6; TEP, event 7. Data acquisition for both separations, event 8. N = on, F = off.

Step Time Events Description
No. (min)

1

)
w
LN
ta
(=N
~
Co

1 0.0 F N N F N F F F Equilibrate precolumn
2 2.0 N F N F N F N F Load sample

3 12.0 F N F N N F N P Inject part 1

4 12.5 F N N F N F F F Inject part 2

5 13.0 N F N F N F F F End injection

6 16.5 N F N F F N F F Transfer

7 36.5 N F N F N F F F Reset valves
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manual injection valve (MIV). A signal connection between the MIV and the system
interface module (SIM) of the system 1 starts the recording of the ion-exclusion
separation in the same instant as the MIV is turned from the load position to the inject
position (from step 1 to step 2 in Fig. 2). Another signal connection (MIV to M590
event box) starts the timer for the automatic program sequence (steps 2, 3 and 4). The
data acquisition for the anion-exchange separation is then initated simultaneously
with the actuation of the 2TV (step 3 in Table I and in Fig. 2).

The positions of the valves TEV and 1TV remain unchanged during the entire
manual injection procedure (see Fig. 2) and are therefore not listed in Table 1.

CON CON

TEP TEP

NOISN12X3 NO!
NOISN1IX3 NOI

v v
PUMP 2 DET 1 pumMP 2 DET 1
v

3ONVYHOX3 NOINV.

E=H
PUMP 1 Ei PUMP 1

Miv Miv

STEP1 STEP 2

CON CON

TEP TEP

NOISNTOX3 NOI
NOISN12X3 NOI

v

v
PUMP 2 DET 1 PUMP 2 DET 1

2TV

2TV

1
Miv puMP PUMP 1

M
STEP3 STEP 4

Fig. 2. Column coupling at relatively high concentrations (ppm range). Refer to the description presented in
the Experimental section and to the program given in Table 1. step 1 = Manually load sample into loop via
syringe; step 2 = manual injection into system 1; step 3 = transfer void volume from system 1 to system 2;
step 4 = transfer valve returns to the original position, the two systems are separated again.



DETERMINATION OF CARBOXYLIC ACIDS AND INORGANIC ANIONS 177

@ PUMP 1
My PUMP 1

v
STEP 1 STEP 2

STEP 4

/ﬁ
MV

MV
T Stees

%E § PUMP 1
MV

STEP 7

Fig. 3. Simultaneous trace enrichment of the weak and strong anions followed by concurrent ion-exclusion
and anion-exchange separations. Table II describes the details of the column switching program. Additional
description is offered in the Experimental section. Step 1 = Purge sample line/equilibrate concentrator/ TEP
on; step 2 = load sample onto concentrator/TEP on; step 3 = inject sample with eluent 2/TEP off; step
4 = inject sample with eluent 1; step 5 = end of injection; step 6 = transfer void volume to system 2; step
7 = reset valves to the tnitial position.
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During a procedure utilizing trace enrichment on a precolumn mounted on the
TEV it is the position of the MIV that remains unchanged (see Fig. 3). Injection of
a sample is achieved by positioning the precolumn (CON) into the eluent stream. Such
aninjection is then a part of a fully automatic sequence an example of which is given by
Table II. In the automatic procedure the data acquisition is initiated simultaneously
for both chromatographic systems by step 4 in Table I1. The real retention time for the
second system (anion exchange) is than calculated by subtracting the time difference
between steps 7 and 4 in Table IT from the apparent retention time obtained in the
recording. As an alternative, a synchronous program with the one in pump 1 (see Table
II) can be run inside pump 2 containing only one segment providing a pulsed output at
the time of step 7. By connecting SIM 1 to the event box of pump | and with
a connection between SIM 2 and the event box 2, real retention times can be recorded
for both systems.

RESULTS AND DISCUSSION

Limitations of anion-exchange separations

As predicted by theory (see Introduction), the anion-exchange separation mode
is inherently inadequate whenever mixtures of carboxylic acids and early eluting
inorganic anions are to be separated. To illustrate the phenomena we have attempted
a separation of thirteen organic and inorganic anions (Fig. 4). Note that while the
chosen anion-exchange column efficiently separates the six late eluting anions (peaks
8-13in Fig. 4), a lack of selectivity and separation efficiency is observed for the initial
seven peaks of some of the inorganic anions and of all organic acids present in the
sample. Furthermore, the initial peak of the seven coeluting anions could easily be
mistaken for a signal corresponding to a larger concentration of just a single anion (i.e.,
fluoride).

Coupling of ion exclusion and anion exchange
In an earlier work*® we have successfully applied column coupling to simul-
taneous separations of traces of inorganic anions in the presence of large concentra-

1-7

0.5 us 910

I/

] S T1@ TS 20
Minutes

Fig. 4. Attempted anion-exchange separation of a mixture of thirteen organic and inorganic anions.
Conditions: column, Waters IC PAK Anion (5 x 0.46 cm L.D.); eluent, 3 mM sodium octanesulfonate;
flow-rate, 1 mi/min; sample, 100 ul of a mixture of thirteen anions; detection, Waters M430 conductivity
detector. Anions: 1 = fluoride (0.5 ppm); 2 = glycolate (2.0 ppm); 3 = formate (1.0 ppm); 4 = acetate (10.0
ppm); 5 = propionate (20.0 ppm); 6 = butyrate (20.0 ppm); 7 = iodate (50.0 ppm); 8 = chloride (1.0 ppm);
9 = bromide (2.0 ppm); 10 = nitrate (2.0 ppm); 11 = iodide (20.0 ppm); 12 = sulfate (2.0 ppm); 13 =
thiocyanate (5.0 ppm).
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tions of boric acid. Use was made of the fact that on an ion-exclusion column all
strongly acidic anions elute within the dead volume, while only the weak acids, as for
example the boric and carbonic acid, are retained and separated. In order to broaden
the scope of the technique and to make it applicable to a larger variety of weak and
strong acids we have now carried out a more detailed investigation of the dead volume
zone of an ion-exclusion separation.

The mixture of anions for our experiments with fraction transfer from ion
exclusion to anion exchange consisted of two anions of weak acids (fluoride and
phosphate) and of three anions belonging to strong acids (chloride, bromide and
nitrate). The ion-exclusion chromatogram resulting from an injection of such
a mixture is shown in Fig. 5. In this separation four of the chosen anions coelute with
a strongly negative signal caused by water from the injected sample and do not appear
in the form of distinct chromatographic peaks if conductivity is utilized as a detection
mode. The width of the fluoride peak was used to estimate the optimum size of the
fraction cuts from the ion-exclusion separation for the transfer to the anion-exchange
column. To prevent fraction splitting it is recommended’ not to exceed the size of
about 40 of an average peak for any given separation. Based on these considerations
500 ul were chosen for a fraction volume. The perceived end point of the negative
deflection marking the dead volume was chosen as a center with the experimental
fractionation range reaching an equal distance in both directions (see Fig. 5).

As seen from Figs. 6 and 7, anions of strong acids are concentrated in fraction 1.
Their recoveries from that cut after the transfer to the anion-exchange column are in
excess of 90%. On the other hand, the investigated fractionation procedure fails for the
anions of weak acids. The recoveries for fluoride remain low throughout the whole
range between 4 and 6 min. Because of such strong retention, ion exclusion becomes
clearly the preferred separation mode for fluoride in the coupled systems. The bulk of
the phosphate concentration was found to be located at the boundary between
fractions | and 2. The recoveries for phosphate were split almost equally between these
two fractions. To improve the results for this anion fraction cut 1 could be shifted by
about 250 ul toward the larger retention volumes. However, such change would
sharply decrease the recoveries for the other inorganic anions in that fraction. The
indicated location of fraction 1 thus remains the best possible compromise for the
determination of phosphate simultaneously with other anions under the conditions of

fluoride 0.5 ppm
Fracion 0 1 2 3
0.3us
—_—————
3 4 5 6 7
Minutes

Fig. 5. Ion-exclusion chromatogram of six inorganic anions. The scale indicates the intervals during which
the four fractions (0-3, see Fig. 6) were collected. Conditions: columns, two Waters lon Exclusion (15 x 0.78
cm 1.D.) in series; eluent, | mM octanesulfonic acid; flow-rate, 1.2 ml/min; sample, 100 ul of 0.5 ppm
fluoride, 2 ppm chloride, 4 ppm bromide, 4 ppm nitrate, 6 ppm phosphate and 4 ppm sulfate; detection,
Waters M430 conductivity detector.
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120

—o— fluoride
100 R —o—— chloride
bromide
nitrate
phosphate

% RECOVERY

fraction

Fig. 6. Recoveries of selected inorganic anions after their transfer from the ion-exclusion to the
anion-exchange column. Fractions were taken at intervals indicated in Fig. 5. Note: the distribution curves
for chloride and nitrate are overlapped.

coupled dual column system. Since the sulfate was not one of the original components
of the mixture injected onto the ion-exclusion column, the corresponding peak in
anion-exchange separation in Fig. 7 indicates that traces of sulfate are present in the
ion-exclusion eluent and transferred along with the anions from the injected sample.
Such contamination by sulfate makes of course any accurate determination of that
anion impossible on a coupled system. In the subsequent experiments we could prevent
such sulfate contamination by using a higher purity sodium octanesulfonate obtained
from a different source (Millipore Corp.). It should be noted that the percentage
recoveries for chloride and for nitrate in Fig. 6 are somewhat higher than those listed
for the same two anions by direct injection in Table III. These variations of recovery
rates are explainable by the fact that the two sets of recovery resuits were obtained by
two different operators on two non-identical coupled systems assembled from the
scratch. In both cases the delay volume as represented by the length of the tubing
connecting the ion-exclusion and the anion-exchange system were considered to be
negligible.

Having thus determined the most suitable section of the ion-exclusion eluate for
the transfer to the anion-exchange column we have reinjected the mixture from Fig. 4.
The chromatogram in Fig. 8 documenting the resolving power of a coupled system -
(compare Figs. 4 and 8) was obtained with the help of the fully automated transfer
procedure given in Table I and illustrated in Figs. 1 and 2.

0 5 10 15 20
Minutes

Fig. 7. Anion-exchange separation of fraction 1 from the ion-exclusion chromatogram in Fig. 5. Conditions:
flow-rate, 1.2 ml/min. The 3 mM sodium octanesuifonate eluent was adjusted to pH = 6.0 using a 1 mg/l
LiOH solution. Other conditions as in Fig. 4. Anions: 1 = chloride (2 ppm); 2 = bromide (4 ppm);
3 = nitrate (4 ppm); 4 = phosphate (6 ppm); 5 = sulfate.
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TABLE III
RECOVERIES AT ppm AND ppb LEVELS

For acceptable recoveries of weak acids the pH of the preconcentrated samples has to be sufficiently high to
ensure a full dissociation of analytes.

Anion Concentration Injection|preconcentration Recovery
(ppm) volume (ml) (%)
Chloride 2 0.1 74.1
Nitrate 4 0.1 80.3
Fluoride 0.0033 35 84.4
Formate 0.0067 35 91.2
Acetate 0.0167 35 95.4
Propionate  0.0333 35 87.1
Chloride 0.0067 35 59.7
Nitrate 0.0133 35 60.2

13

20 Minutes

Fig. 8. Simultaneous separation of weakly and strongly acidic anions on a coupled system. Conditions:
flow-rate, 1 ml/min for both separation systems; sample, 100 ul of a mixture of strong and weak acid anions.
Other conditions were identical with those in Fig. 4 (anion exchange) and in Fig. 5 (ion exclusion). Peak
identification and concentrations as in Fig. 4.
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Sample preconcentration for the coupled ion-exclusion and anion-exchange separations
Simultaneous preconcentration of weakly and strongly acidic anions is a
problem requiring some consideration. For optimum recoveries of weakly ionized
anions on anion-exchange concentrator columns one has to make sure that such
anions do not have to compete for ion-exchange sites with either more strongly
attracted anions from the same sample or with a much greater mass of other anions of
comparable strength. Under practical conditions one attempts to fulfill these
requirements by providing a sufficiently high anion-exchange capacity on the
concentrator and by conditioning the concentrator precolumn with a solution of the
lowest possible eluting strength. In the coupled system under discussion 1 mM
octanesulfonic acid coming from pump 1 is the weaker anion-exchange eluent of the
two employed mobile phases. For this reason the automatic sequence depicted in Fig.
3 employs an initial step during which a controlled volume of the ion-exclusion eluent
is pumped through the concentrator to condition it for the next sample enrichment (see
step 1 in Fig. 3). Duration of step 1 and of all the other steps of the automatic trace
enrichment and column coupling procedure is given in Table I1. The actual loading of
the anions from the sample onto the concentrator is carried out during step 2. In step
3 the preconcentrated anions are eluted from the concentrator and onto the ion-
exclusion column by a 0.5-ml segment of the anion-exchange eluent. This is followed
by an equal volume of the ion-exclusion eluent from pump 1 (step 4). During step 4 the
remaining interstitially held volume of pure water stemming from the sample is
replaced by the ion-exclusion eluent. The concentrator column is taken out of the
eluent stream in step 5. Fraction one (see Fig. 5) of the ion-exclusion separation is being
transferred to the anion-exchange column during step 6. Both, the ion-exclusion and
anion-exchange separation run simultaneously and are completed within step 7.
Recoveries of several anions with and without the preconcentration procedure just
described are given in Table III. The percentage values for chloride and nitrate at
relatively high concentrations (2 and 4 ppm) were obtained by comparing peak areas
generated using the procedure described in Table I with those measured after a direct
injection on the single-column anion-exchange system. These values reflect the
efficiency of transfer of strong anions from the ion-exclusion to the anion-exchange
system. The remaining data in Table IIT were collected at concentration levels
requiring sample preconcentration. In the case of weak acids (fluoride through
propionate) the listed values relate only to the performance of the preconcentration
procedure (step 2, Table I1) (i.e., at 100% preconcentration efficiency 35 ml of 3.3 ppb
fluoride should generate the same peak area as 100 ul of 1.155 ppm of the same anion,
etc.). The values of recoveries for sub-ppm levels of chloride and nitrate represent the
combined efficiencies of both the sample preconcentration and transfer. With the
known recoveries for the fraction transfer determined at ppm levels (chloride 74.1%
and nitrate 80%) and the sub-ppm values listed in Table III, the preconcentration
efficiencies for chloride and nitrate can now be calculated as 80.5% and 75%
respectively. As can be seen in the next section of this article, the relatively low
recoveries given in Table III for chloride and nitrate, which result from the two steps
just discussed, remain without any negative influence on the reproducibility of the
method. A chromatogram showing simultaneous separation of ppb levels of
carboxylic acids in a mixture with inorganic anions is presented in Fig. 9.
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Fig. 9. Chromatogram of ppb concentrations of carboxylic acids and inorganic anions. Conditions:
anion-exchange eluent, 2.1 mM sodium octanesulfonate; sample, 33 ml of the low-ppb mixture of anions
were preconcentrated on a precolumn (CON, Fig. 1). All other conditions were as given in Fig. 8. It should
be noted that because of the delayed start of data acquisition for the upper chromatogram (ion exclusion) 2.8
min should be added to the retention times for peaks 1—4. Anions: | = fluoride (5 ppb); 2 = formate (5 ppb);
3 = acetate (10 ppb); 4 = propionate (25 ppb); S = chloride (25 ppb); 6 = bromide; 7 = nitrate (25 ppb);
8 = iodide (25 ppb); 9 = sulfate (25 ppb).

Reproducibility of separations on the coupled system

Precision of the results on the investigated coupled column system was evaluated
at two different concentration levels. In the first series of experiments three repetitive
injections were made at five different concentrations not requiring any sample
preconcentration (first concentration level: 1-45 ppm, see Table 1V). The main
purpose of these measurements was to evaluate the reproducibility of the transfer of
strongly acidic anions from the dead volume zone of the ion-exclusion column to the
anion-exchange separation system. The reproducibility of retention times for each of
the peaks of the selected anion standards was calculated from the total of fifteen
injections. In all instances the values of the relative standard deviations (R.S.D.) of
retention times were found to be less than 0.9%. The relative standard deviations of
peak areas were estimated from three analyses performed at each of the five
concentrations and are presented in Table IV. The reproducibility of the chloride
results was found to be acceptable in the entire investigated range from 1 to 45 ppm.
The precision of the results for nitrate and for iodide deteriorated below 15 and 35
ppm, respectively. Given such a kind of concentration dependency of the standard
deviations, the increased imprecision for nitrate and for iodide was attributed to the
relatively high values of detection limits under the chosen experimental conditions. UV
detection is known to provide a better sensitivity for nitrate!’ and amperometry has
been shown to enable a more sensitive detection for iodide!? than the conductivity
detection utilized in our work on the coupled systems. Overall, the data in Table IV
give an indication that the analysis of strongly acidic anions can be achieved with an
acceptable reproducibility with the investigated configuration of the coupled system.
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TABLE 1V

REPRODUCIBILITY OF PEAK AREAS (% R.S.D.) AFTER THE TRANSFER FROM ION
EXCLUSION TO ANION EXCHANGE AT FIVE DIFFERENT CONCENTRATIONS

Concentration 1: 1 ppm chloride, 1 ppm nitrate and 5 ppm iodide; concentration 2: 15 ppm all three anions;
concentration 3: 25 ppm all three anions; concentration 4: 35 ppm all three anions; concentration 5: 45 ppm
all three anions.

Anion Concentration

1 2 3 4 5
Chloride 0.8 0.4 0.3 04 0.2
Nitrate 3.1 0.2 0.4 0.5 0.1
Todide 10.5 24.0 9.8 1.2 0.9

Additional evidence is provided by the data in Table V (second concentration
level 0.5-45 ppb) generated using the automatic preconcentration and fraction transfer
outlined in Table I and illustrated in Fig. 3 (steps 1-7). As in Table IV each value in
Table V represents an estimate of the relative standard deviations of peak areas based
on three independent measurements. Precision of the results was found to be
satisfactory with the exception of that for the peak areas of iodide. As in the previous
case it was concluded that the relative imprecision of the results for this anion was
caused by the relatively lower sensitivity of conductometric detection. The re-
producibility evaluation of retention times was based on twelve data points for each of
the anions in Table V. The precision of the retention times at the second concentration
level was found to be comparable to that determined at the first concentration level. All
corresponding relative standard deviations were equal to or lower than 0.9.

TABLE V

REPRODUCIBILITY OF PEAK AREAS (%R.S.D.) AT FOUR DIFFERENT ppb CONCENTRA-
TIONS (PRECONCENTRATION AND TRANSFER FROM ION EXCLUSION TO ANION
EXCHANGE)

Concentration 1: fluoride 0.5 ppb, all other anions at 15 ppb; concentration 2: fluoride 1.0 ppb, all other
anions at 25 ppb; concentration 3: fluoride 5.0 ppb, all other anions at 35 ppb; concentration 4: fluoride 10.0
ppb, all other anions at 45 ppb.

Anion Concentration

1 2 3 4
Fluoride 6.5 2.2 0.6 1.2
Acetate 2.7 4.2 3.8 6.2
Propionate  13.2 2.6 3.5 1.0
Chloride 33 0.6 1.1 1.0
Nitrate 0.9 0.8 1.6 0.9

Todide 2.0 67 120 100
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Extreme sample matrices

At concentration levels not requiring preconcentration the discussed method of
column coupling offers considerable advantages in dealing with various difficult
matrices without the need for an extensive sample preparation. As has been shown'®
ppm levels of anions are separated without interferences after an injection of samples
containing elevated concentrations of boric acid. In a similar manner coupled systems
represent a convenient approach to the determination of trace anions in concentrated
solutions of for example sodium hydroxide or sodium carbonate!?.

In alkaline solutions the hydroxide molarity is usually two or more orders of
magnitude greater than that of the analyte anions present at low-ppb concentrations.
During the necessary preconcentration step hydroxide would thus elute most of the
other anions from the concentrator column, causing low or near zero recoveries not
only for the carboxylic acids but for the most inorganic anions as well. However, as we
have found, such interference with the trace enrichment step can be prevented by
connecting a column containing a cation-exchange resin in its hydrogen form between
the trace enrichment pump and the concentrator (TEP and CON in Fig. 1). The
required ion-exchange capacity of the cation-exchange resin can be calculated from the
known pH value of the water samples. As long as there are protons available at the
cation-exchange sites, alkaline cations are continuously removed from the sample
stream and the excess of hydroxide anions disappears into the undissociated water
molecules as determined by the ionic product of water. A typical chromatogram
obtained from an alkaline water sample using the procedure just described is presented
in Fig. 10.

Elevated levels of boric acid usually do not cause any decreases of recoveries
during the preconcentration step. As determined by its acidic dissociation constant,
boric acid does not compete for the anion-exchange sites below pH 9. On the other
hand boric acid, employed as a neutron absorber in nuclear power generating stations,

bl
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Fig. 10. Water sample from a pressurized water reactor steam generator at pH 9.5. During the
preconcentration 33 ml of the sample were pretreated by contact with a strong cation exchanger in the
hydrogen form. The cation-exchange resin was packed in a small precolumn connected to the sample line
between the sample container and the preconcentrator cartridge, see text. Conditions: cation-exchange
precolumn, Waters IC PAK Cation Guard (5.00 x 0.46 cm 1.D.); anion-exchange eluent, 1.8 mM sodium
octanesulfonate. Remaining conditions were as in Fig. 8. Anions: 1 = fluoride (5.5 ppb); 2 = formate (3.0
ppb); 3 = acetate (25.0 ppb); 4 = propionate (20.0 ppb); 5 = chloride (14 ppb); 6 = nitrate (1 ppb);
7 = sulfate (5 ppb).
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Fig. 11. Synthetic sample from a primary side of a pressurized water reactor prepared by an addition of 2000
ppm boron (as boric acid) to an aqueous solution containing [ ppb fluoride (1), 2 ppb formate (2), 5 ppb
acetate (3) and 10 ppb propionate (4). (A) Ion-exclusion separation using conditions from Fig. 4. A 33-ml
volume of the sample was preconcentrated using the procedure outlined in Table II and in Fig. 2. (B)
Ion-exclusion separation using water rinsing step for the precolumn. Further details are given in Fig. [2 and
in the text.

frequently exceeds the concentrations of other inorganic and organic species in water
by a factor of 10°> and more. Without any additional precaution a small segment of
a highly concentrated boric acid solution remains inside the concentrator even after the
flow of the sample had been stopped. Under normal conditions (for example in Table
) the preconcentration is immediately followed by an elution step during which the
retained anions are transferred to the chromatographic column. In the case of
excessive boric acid concentrations the resulting ion-exclusion chromatograms then
have the appearance of the one shown in Fig. 11A. Boric acid contained in the
interstitial volume of the concentrator resin transfers to the ion-exclusion column
along with the anionic species, and since it is also retained, causes a prominent negative
conductivity peak disturbing the quantitation of fluoride and formate. Fig. 11B shows
. an improved separation achieved by a modification of the trace enrichment and
fraction transfer procedure. During an additional step inserted between steps 2 and 3 in
Fig. 3, the concentrator column is rinsed with approximately 3.5 ml of deionized water.
In this fashion the interstitially held boric acid is completely removed while the
recoveries of anionic analytes during the subsequent steps remains identical with those
in Table III. Instrumental configuration during such rinsing is given in Fig. 12.

CONCLUSIONS

Using the methods described in this report it is possible to overcome the
limitations of anion-exchange separations. With the help of eqn. 1 the total number of
“resolvable peaks™ on the anion-exchange column is calculated as », = 3 in an obvious
agreement with the experiment represented by the chromatogram in Fig. 4. Estimating
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Fig. 12. Coupled system configuration during the rinsing step. Removal of excess boric acid from the
concentrator column. After completion of step 2 in Table Il the automatic program is interrupted. The trace
enrichment pump is stopped and the sample line is immersed in a precleaned container filled with ultra high
purity water. TEP is turned on again and ca. 6 ml of clean water containing no more than low-ppt
concentrations of anions of interest are pumped through the concentrator (CON). After the successful
removal of boric acid from the concentrator column the automated program continues with step 3.

the available range of retention volumes on the ion-exclusion system as Vi/Vo = 14/4
and the separation efficiency N = 5000 as well as taking into account eqn. 2°

n, = 0.18(ney + nez) 2

where n,; = 16 represents the peak capacity of the anion-exchange separation and
ne.y = 23 the peak capacity of the ion-exclusion separation. The total number of
resolvable peaks is calculated as n, = 7. According to the definition of », and in
agreement with the experimental data, the coupled ion-exclusion and anion-exchange
system is shown to provide sufficient resolving power to be able to separate many of
the known mixtures of early eluting anions and carboxylic acids. The simultaneous
analysis of weak and strong anions using the described instrumental procedure allows
a fast determination of weakly and strongly dissociated anions in a large variety of
water samples. The analysis is largely independent of the typical sample matrices
encountered in the power generating and semiconductor industries.
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SUMMARY

Peptides from phosphorylated and dephosphorylated casein hydrolysates were
fractionated on a TSK G2000SW size-exclusion column. The fractionated peptides
were separated by reversed-phase high-performance liquid chromatography on a C,
column using aqueous trifluoroacetic acid as the mobile phase and acetonitrile as the
mobile phase modifier in the linear gradient elution system. The separation of the
dephosphorylated and phosphorylated hydrolysates gave 213 and 187 peptides,
respectively, of which 116 and 99, respectively, were reported. A study of their
composition and retention times verified that the peptide separation mechanism
includes ionic interactions, hydrogen bonding and peptide characteristics, in addition
to overall peptide hydrophobicity.

INTRODUCTION

Reversed-phase high-performance liquid chromatography (RP-HPLC) is a
method for resolving complex peptide mixtures from protein cleavage reaction,
especially when only small amounts are available for amino acid sequencing studies'.
Unlike size-exclusion and ion-exchange chromatographies, with RP-HPLC there is no
obvious correlation between retention and molecular size and no apparent relation-
ship between retention and acidity®. Retention of peptides on a reversed-phase column
has been shown to be largely dependent on their amino acid composition but not on
their sequence, and to be primarily determined by the ionization state, the location of
charges and the hydrophobicity®. Many authors have predicted the retention times of
different peptides with fewer than 29 amino acid residues, under particular sets of
chromatographic conditions*S.

The work reported here aimed to separate and identify peptides from casein
hydrolysates previously fractionated on a TSK G2000SW size-exclusion column.
Separation was achieved by RP-HPLC and identification by Pico-Tag (Waters) amino
acid analysis. N- and C-terminal amino acid analyses were also performed on a Cy,
Pico-Tag column. The peptide separation is discussed on the basis of their hydro-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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phobicity, conformation, amino acid composition, hydrogen bonding and ionic
interactions with the stationary phase.

EXPERIMENTAL

Materials

Phosphorylated and dephosphorylated casein hydrolysates (CHPS and CHDS)
were kindly provided by Laboratoire Sopharga (France). A controlled hydrolysis of
whole casein by physiological enzymes (chymotrypsin and trypsin) was carried out in
a continuous-flow membrane enzymic reactor, according to the procedure developed
by Maubois and Brulé’, and led to the following molecular weight distribution of
peptides: mol.wt. > 5000 daltons, 3%; 1000 < mol.wt. < 5000 daltons, 28%; mol.wt.
< 1000 daltons, 69% including 8% of free amino acids®. The resultant hydrolysate
was ultrafiltered with a membrane, to retain the enzyme and to obtain a permeate that
contained phosphorylated and dephosphorylated peptides. The permeate was acid-
ified, and a divalent cation salt was added to aggregate the phosphopeptides.
Thereafter, fractionation of the two groups of peptides was performed by ultra-
filtration and diafiltration with water so as to remove the whole dephosphorylated
peptide fraction (CHDS). The diafiltrated concentrate obtained corresponded to the
phosphopeptidic fraction (CHPS). HPLC-grade water and methanol, and monobasic
and dibasic sodium phosphate, were obtained from Fisher Scientific (Quebec,
Canada). Trifluoroacetic acid (TFA) was supplied by Pierce (U.S.A.).

Triethylamine (TEA), sequanal grade, TFA, phenyl isothiocyanate (PITC) and
amino acid standard mixture H were obtained from Pierce. Absolute ethanol, sodium
acetate trihydrate and hydrochloric acid (R. P. Normapur) were supplied by Prolabo
(Paris, France). Acetonitrile “Baker Analyzed” reagent for chromatography was
purchased from J. T. Baker (Deventer, The Netherlands). HPLC-grade acetic acid,
ammonia (Suprapur) and 2-propanol (LiChrosolv) were obtained from Merck
(Socolab, France). Double-distilled water was purified by passing it through a Milli-Q
water purification system (Millipore, Bedford, MA, U.S.A.).

Methods

Size-exclusion chromatography. High-performance size-exclusion chromato-
graphy (HPSEC) was carried out on a TSK G2000SW column (600 x 7.5 mm [.D.)
with a guard column (60 x 7.5 mm 1.D.) (Toyo Soda, Tokyo, Japan) using an LKB
HPLC system equipped with a Model 2150 pump, a Model 2152 controller, a Model
2151 variable-wavelength monitor, a Rheodyne M7010 sample injection valve with
a 20-ul loop, and a Hewlett-Packard 3390 A integrator. The mobile phase was 0.1%
TFA, 0.05 M phosphate buffer (pH 5.0) and 35% methanol. The system was run
isocratically at a flow-rate of 0.75 ml/min under constant temperature. Polypeptides
were monitored at 214 nm with an absorbance scale of 0.05°. The mobile phase was
filtered through a 0.45-um filter (Millipore) and sonicated before use. Hydrolysate
fractions were collected manually and pooled.

Reversed-phase chromatography. Peptides from each fraction obtained by
HPSEC were separated on a Waters uBondapak C, ¢ reversed-phase column (10 um,
300 x 3.9 mm I.D.) with a Waters HPLC system equipped with two F-6000A pumps,
an M720 solvent programmer, a WISP automated sample injector, an M441
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fixed-wavelength detector (214 nm) and an M730 two-channel chart recorder.
A water-bath was used to keep the column at 40°C. After equilibration of the column
with 0.115% TFA (solvent A) at a flow-rate of 2 ml/min, peptides were eluted by
linearly increasing the concentration of solvent B[60% (v/v) acetonitrile in 0.1% TFA]
as follows: 0—24 min, 0-48% B; 24-25 min, 48-100% B; 25-25.5 min, 100-0% B. The
time necessary from one run to the other, including the equilibration time, was 33 min.
Prior to use, the mobile phases were degassed with helium. Peptides were monitored at
214 nm with an absorbance scale of 0.1. Portions of the RP-HPLC column fractions
were evaporated in a Speed-Vac Concentrator (Savant, Hicksville, NY, U.S.A.).

Peptides that coeluted were isolated by utilization of a second solvent system: (A)
25 mM ammonium acetate (pH 6.0) and (B) 60% (v/v) acetonitrile in 50 mM
ammonium acetate (pH 6.0); all other conditions were the same. The absorbance scale
was increased to 0.2 and the flow-rate was decreased to 1 ml/min.

Peptide identification. Peptides were hydrolysed with 5.7 M triple-distilled
hydrochloric acid in evacuated sealed tubes for 24 h at 110°C. The amino acid analyses
were then performed on a Waters Pico-Tag amino acid analysis system according to
the manufacturer’s instructions. Prior to hydrolysis, Pyrex tubes were heated at 500°C
for 16 h to eliminate any contamination.

The identity of each peptide was established by comparison of its amino acid
composition with that of «-, as;-, - and k-caseins according to the Petrilli’s
program'®, using an Apple IIE computer, and confirmed by N-terminal and
C-terminal analysis according to the methods of Tarr'! and Ribadeau-Dumas'?,
respectively. The chromatography of phenylthiohydantoin (PTH) and phenylthio-
carbamyl (PTC) derivatives was then carried out on a Pico-Tag column (Waters) using
the LKB system. For PTC derivatives, 1 mM EDTA (Fisher Scientific) was added to
solvent A, and the gradient was modified by increasing the solvent B concentration as
follows: 0—4 min, 0~30% B; 4-12 min, 30-45% B; 12-12.5min, 45-100% B; 14-15 min,
100-0% B. Injections could be performed every 21 min. The gradient for the
identification of PTH derivatives was modified; solvents A and B were the same, and
concentration of eluent B increased in the following manner: 0-3.5 min, 0-2% B; 3.5-6
min, 2-36% B; 6.0-7.0 min, 36-40% B; 10.5-10.7 min, 40-60% B; 11.0-11.5 min,
60-0% B. Between two injections, the time required for the analysis and equilibration
was 20 min. In each case the flow-rate was kept constant at 1.0 ml/min, and norleucine
was used as internal standard.

The hydrophobicity of peptides (kcal/mol) was calculated according to the
values given by Cheftel et al.'>. The total number of hydrophobic amino acid residues
was determined by the presence of tryptophan, phenylalanine, leucine, isoleucine,
tyrosine, valine, methionine and proline in the peptide.

RESULTS AND DISCUSSION

The elution profiles obtained for CHDS and CHPS on a TSK G2000SW HPSEC
column are given in Fig. 1A and B. The retention times for each fraction collected were
different for the two hydrolysates since the chromatograms showed few distinctive
differences. Ten and eight fractions (as indicated by numbers) were obtained for
CHDS and CHPS, respectively. Fractions 7 and 8 of CHDS were combined for further
studies. HPSEC fractions 4 (550-840 daltons) and 7-8 (210-410 daltons), respectively,
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Fig. 1. Elution profiles of tryptic and chymotryptic digests of casein on a TSK-G2000 SW column: (A)
CHDS, (B) CHPS. Fractions 1-10 were collected manually. Each hydrolysate (2 mg) was dissolved in 1 ml of
mobile phase [0.1% TFA, 0.05 M phosphate buffer (pH 5.0) and 35% methanol]. The injection volume was
20 ul.

from CHPS and CHDS, contained more peptides that were identified in each
hydrolysate. The total numbers of peptides that were isolated and identified in CHDS
and CHPS were 213 and 187, respectively. This difference between the two
hydrolysates could be explained by the irreversible binding of phosphopeptides at low
concentration by the C,g column.

The chromatogram of fraction 5 of a CHPS hydrolysate obtained from HPSEC
and injected on a uBondapak reversed-phase column is shown in Fig. 2 as an example.
The straight line represents the gradient used. The first peak was eluted in the isocratic
mode, as the gradient was effective at 2.5 min; it contained salts from the phosphate
buffer used on the size-exclusion column. Free amino acids, including phenylalanine
and tyrosine and some small peptides with polar amino acids, were present in the peak
juxtaposed to the first peak.

The identified peptides, 116 for CHDS and 99 for CHPS, with their RP elution
times, hydrophobicities (kcal/mol), percentages of eluent B in mobile phase for
a specific elution time, numbers of hydrophobic residues!# over total residues and
sequences are given in Tables I and II. The elution times obtained with the first RP
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Fig. 2. Reversed-phase peptide mapping on a Waters uBondapak C,s column of fraction CHPS-5. Each
fraction from HPSEC was diluted with 500 ul of solvent A, filtered through a VH 0.45 ym (Millipore). The
injection volume was 100 ul. Chromatography was performed as described under Experimental.

system were used for the peptides that were rechromatographed in a second system for
further purification. An example of such a chromatogram is shown on Fig. 3.

Comparison of the results from Tables I and Il indicates that many peptides are
common to both digests and that they elute at the same time, even though one protein
hydrolysate is phosphorylated and the other one is not.

Two or more adjacent fractions obtained by HPSEC had the same peptide but in
different concentrations. This may be due to the low resolution of the HPSEC column.
The molar composition of the peptide could be used to predict in which HPSEC
fraction the purified peptide should elute!®.

Generally peptides in the same HPSEC fraction appeared to separate by RP
chromatography according to their hydrophobicity. However, peptides eluted during
the first part of the gradient were more polar and less strongly adsorbed. Janssen et
al.*® reported that short hydrophilic peptides with basic character are poorly adsorbed
owing to minor interaction with the support, and thus cannot be determined under the
chromatographic conditions used for longer and more hydrophobic peptides.
Addition of an anionic reagent such as TFA to the mobile phase was helpful to increase
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Fig. 3. Elution profile of peak a from Fig. 2 (CHPS-5), obtained as described under Experimental on
a Waters uBondapak C,g reversed-phase column.

the elution time of small peptides such as ag,: 204-205 (Val-Arg), which could be well
separated and identified. The addition of perfluorinated organic acid, TFA, to the
mobile phases has been justified due to its characteristics'”-'®. Elution conditions
using TFA in the RP system had been previously studied with casein digests*®:2® and
found to be suitable for peptide separation.

Changes in selectivity from the first mobile phase to the second could explain the
variations in hydrophobicity between peptides eluted from the second RP chromato-
graphy. Solute-solute interactions in the mobile phase and at the surface of the
stationary phase could be responsible for the elution of peptides with different
hydrophobicities®*.

The elution times of peptides (ag;: 106-119, ago: 126—137, o5: 138-150, and f:
33-48) with one or two phosphorylated or dephosphorylated serines are identical in
both casein digests. This finding does not agree with previous results obtained by
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Grego et al.??, who observed higher retention times for corresponding dephos-
phorylated peptides. This result could be explained by the possible contamination of
CHPS by dephosphorylated peptides??. The elution times of peptides with one or two
dephosphorylated serines were shorter than that of the peptide with four dephos-
phorylated serines («,,: 7-20) and with lower hydrophobicity. Carles®* has also
reported that the retention times of peptides f: 1-25 and f: 2-25, which have four
phosphorylated serines, increased with dephosphorylation.

The fraction CHPS-4 contained three peptides, og;: 106-119, o5q: 105-119 and
og1: 104-119, in the proportion 1.0, 0.25 and 0.10, respectively. The low molar
concentration of these peptides could be explained by the low probability that the
enzyme will hydrolyse the peptide bond of the first amino acid in sequences such as
K-V-P-Q-L and Y-K-V-P-Q-L. Trypsin cleaves mainly peptide bonds on the carboxyl
side of lysine and arginine, whereas chymotrypsin cleaves on the carboxyl side of
aromatic amino acids, such as tyrosine, tryptophan and phenylalanine, and other
peptide bonds more slowly25. Although the hydrophobicity of these three peptides is
different, they eluted together in the first RP-HPLC solvent system and had to be
chromatographed in a second solvent system to be separated for identification.

The peptides (agy: 25-32; oigp: 166-173; 50 92-96, a52: 142-147 and f: 203-209)
with aromatic amino acids, such as tyrosine and phenylalanine, eluted later than
expected. This observation indicates that as well as hydrophobic interactions, which
make the dominant contribution to peptide chromatography, multiple retention
processes could be involved in the binding of peptides to the stationary phase. Wehr
and Correia®® reported that endcapping the free silanols with trichloromethylsilane
did not significantly decrease retention times of peptides. Specific hydrogen-bonding
interactions, due to the low pH of the mobile phase, with silanol groups may therefore
be suspected??. The longer elution time may be explained by bond-breaking at higher
concentrations in acetonitrile. Since it is a weak dipolar base, it is more difficult for
acetonitrile to manipulate the hydrogen-bonding characteristics of the stationary
phase than 2-propanol??.

The percentage of eluent B in the gradient is given in column 5 of Tables I and II;
it was found that the best resolution was obtained between 15% and 40%27 of eluent
B, corresponding to 7.5 and 22.5 min. The amount of acetonitrile [60% (v/v)
acetonitrile in 0.1% TFA] in eluent B was found to be right for casein digests.

Ionic interactions between ionized silanols and cationic solutes (containing
arginine, lysine and histidine residues) were suspected to occur with peptides f:
134-139 and B: 194-202. Hearn and Grego?® reported that the interaction of peptides
with alkylsilica involves both a hydrophobic and a silanophilic component in the
retention mechanism. Peptides can interact with accessible silanol groups at the
surface of the stationary phase if complete ionization of the surface silanols on the
column is not prevented by TFA. Dipeptide (§: 126-127) Thr-Leu eluted at a higher
retention time than expected from its hydrophobicity. The presence of TFA in this
system should not be neglected; being an anionic counter-ion it might pair with
a positively charged peptide to form a complex and thus increase the retention time.
Since TFA has amphiphilic properties, it can also serve as a hydrophilic pairing agent
with hydrophobic residues®®. Some peptides, such as o : 2534, ag5: 162-165, f: 33-52,
B: 49-52, B: 144-163 and fB: 192-202, with one or many basic residues and aromatic
amino acids (tyrosine or phenylalanine), elute later than expected from their
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hydrophobicity. Their binding to the stationary phase may be due to multiple retention
processes, including ionic interactions and hydrogen bonding.

Peptides with a number of aspartic and glutamic acid residues, such as «;: 8-22,
osq: 133-144 and B: 3348, were retained longer in the column. Similarly, peptides such
as og;: 92-98; 011 154-159, a5: 81-89 and f: 33-52 were delayed much longer owing to
the presence of aspartic, glutamic and aromatic amino acid residues in their sequences.
Although aspartic and glutamic acids are very polar and have low hydrophobicity, the
peptides with these amino acids at pH 7.4 had higher retention in the column?°.
Carles®* observed a positive contribution of aspartic and glutamic acids to the peptide
retention of a f-casein trypsin digest with a slightly acidic mobile phase (pH 6.5).

Peptide f: 184-190 was found at two different elution times in the first RP
chromatography; this can be explained by the oxidation of the methionine residue to
the more polar sulphoxide or sulphone®!; the two forms, which represent different
oxidation states of sulphur in methionine, were identified from the PTC-amino acid
analysis chromatograms: methionine sulphoxide was eluted between arginine and
threonine; methionine sulphone was eluted after proline. The presence of an aspartic
acid residue could also contribute to the delay of the peptide.

Addition of one hydrophobic residue, leucine, to the latter peptide (5: 184-191)
made it elute sooner than expected. Other peptides, f: 59-68, f: 100-105, a,,: 200-207,
and a,;: 133-144, were also eluted earlier from the column. The latter had twelve amino
acid residues and the highest hydrophobicity (15.55 kcal/mol); such peptides may have
conformations in which hydrophobic residues are located inside and hydrophilic
residues outside?.

30

20

10

No. of eluted peptides

Fraction No.

Fig. 4. Separation of CHPS peptides on a Waters uBondapak C, ¢ reversed-phase column as described under
Experimental. Peptides eluted according to their hydrophobicity (dotted areas) beside total number of
peptides (black areas) eluted from each fraction obtained by HPSEC for CHPS.
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40 _

No. of eluted peptides

Fraction No.

Fig. S. Separation of CHDS peptides on a Waters uBondapak C,g reversed-phase column as described
under Experimental. Peptides eluted according to their hydrophobicity (dotted areas) beside total number of
peptides (black areas) eluted {from cach fraction obtained by HPSEC for CHDS.

Peptides obtained from CHDS (116) and CHPS (99) were eluted and identified
for their amino acid sequences (Figs. 4 and 5). Out of these, the total numbers of
peptides eluted according to their hydrophobicity were 65 and 62, respectively. This
means that only 60% of the peptides were eluted from the RP-HPLC column
according to their hydrophobicity. The separation of casein peptides was largely
dependent on the overall peptide hydrophobicity, in addition to ionic interactions,
hydrogen bonding and peptide characteristics.

The interactions occurring in RP-HPLC were taken into account in the methods
recently developed for the prediction of retention data; however, some modifications
to the predicted values might be needed?*?, except when an internal peptide standard
is chromatographed along with the peptides under investigation®*. Taneja et al.?®
reported that since the peptides are retained much more tenaciously on a new column,
the age of the column is important.

CONCLUSION

Being the most versatile and most widely used HPLC mode, RP chromato-
graphy has proved to be a reliable method with a high resolving power for the
separation of peptides from casein hydrolysates. Peptides that elute together in the first
mobile phase are easily separated by a second RP chromatography. RP-HPLC is
considered to be a hydrophobic process in which the interaction between the peptide
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and the stationary phase is regarded as being controlled by the net repulsions between
the aqueous eluent and both the bonded phase and the non-polar part of the peptides.
However, besides hydrophobicity, ionic interactions of the peptide side-chain with the
free silanols of the stationary phase, hydrogen bonding with silica, and peptide
characteristics such as the length of the peptide chain and the nature of the individual
amino acid residues®®, might also contribute to peptide chromatography.
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SUMMARY

The retention behaviour in reversed-phase liquid chromatography of all 25
dimethylphenanthrene (DMP) isomers on a polymeric C;g column was investigated
and could be related to their molecular shape (length-to-breadth ratios and distorsion
angles of the aromatic systems). These two descriptors of the aromatic molecular shape
were generated by a molecular mechanics program and will be useful in the prediction
of behaviour when reference standards are not available. An application of this
concept to the identification of DMP isomers in a crude oil sample is presented.

INTRODUCTION

Complex mixtures of alkylated polycyclic aromatic hydrocarbons (PAHS)
present in natural matrices contain numerous isomeric structures. Increasing attention
has been paid to the separation and the quantification of individual alkylated PAHs
both in organic geochemistry (alkylated PAH patterns are typical of the maturation of
the sedimentary organic matter'~>) and in environmental chemistry (isomeric forms
often have different carcinogenic or mutagenic activities).

One of the most commonly used techniques for the separation of PAHs is
high-performance liquid chromatography (HPLC). Particularly reversed-phase liquid

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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chromatography (RPLC) on chemically bonded C,g stationary phases has been
successfully applied to the separation of methyl-substituted PAH isomers*—°. Recent
studies have demonstrated enhanced selectivity of polymeric C,s phases compared
with conventional and widely used monomeric C,5 phases”®1°. Moreover, Wise et
al.® observed a relationship between the molecular shape of a PAH solute, defined as
the length-to-breadth ratio (L/B), and its reversed-phase LC retention. Particularly
when applied to three planar dimethylphenanthrene (DMP) isomers, the relationship
correctly predicted their elution order on a monomeric and a polymeric C; 4 column?.

In this study, the retention behaviour of all 25 DMPs in RPLC on a polymeric
C;s phase was investigated. Special emphasis was placed on the effect or aromatic
non-planarity described by the dihedral angle between the aromatic rings. A molecular
mechanics method applied to each PAH molecule was used for the optimization of the
geometry and the calculation of L/B values.

EXPERIMENTAL

Materials

The DMP and ethylphenanthrene (EtP) isomers listed in Table 1 were
synthesized at the Institute of Petroleum and Organic Geochemistry, Jilich, F.R.G.
The DMP and EtP isomers were prepared from dimethylstilbenes by photocyclization
and dehydrogenation®. Some DMPs obtained as mixtures were separated by HPLC.
Identification of DMP isomers was based on 'H NMR data. The purity of the
standards determined by capillary gas chromatography was generally greater than
97%.

The crude oil sample came from an Indonesian oil field. Sample preparation and
PAH extraction have been described elsewhere?.

Chromatography

Chromatographic separations were performed on columns (25 cm x 4.6 mm
1.D.) containing 5-um particle size Supelcosil LC-PAH polymeric C,g stationary
phase (Supelco, Belfonte, PA, U.S.A.), equipped with guard columns (3cm x 4.6 mm
I.D.). Two LC systems were used. The first operated at room temperature and
consisted of two LDC pumps (Constametric IT and IIT), an LDC computerized solvent
programmer (CCM), a Waters Assoc. injector (Wisp 710B) and an LDC Spectro-
monitor II UV-absorption detector. The second system operated at 35°C and was used
only for the determination of the retention indices, and included a Spectra-Physics
(Darmstadt, F.R.G.) pump, a Beckman (Berkeley, CA, U.S.A.) Model 210 injection
valve, a Knauer (Berlin, F.R.G.) oven and a Knauer variable-wavelength detector.
Acetonitrile-water (50:50, v/v) was used as the mobile phase at a flow-rate of 2 ml
min~!, The UV absorption was monitored at 254 nm.

The LC retention data were reported as log I, where I is the retention index as
described by Popl et al.lt:

log R, — log R,
log R,+1 — log R,

log I, = log I, +

where I, is the retention index of compound x, I, the retention index of the
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9 1

Fig. 1. Numbering of the phenanthrene molecule.

standard compound which elutes just prior to x, R, the retention time of x, R, the
retention time of the standard eluting before x and R, is retention time of the
standard eluting after x. All retention times are corrected retention times (retention
time of the solute minus that of the presumably unretained acetone)!2. The following
values (log /) were assigned to the PAH standards used for calibration: phenanthrene
3, benz|aJanthracene 4 and benzo[b]chrysene 57°*. The log I values listed in Table I are
mean values of two analyses.

Length-to-breadth ratios (L/B) and PAH non-planarity

The calculations were carried out for the DMP isomers with a VAX computer
(installed at the CRPP, University of Bordeaux ) using the MM2MP2 empirical force
field method*3. The calculations yielded the geometry of the molecule at the energy
minimum and also the dihedral angles between aromatic rings A and C (see Fig. 1). The
L/B values were calculated based on the design of a rectangle fitted to the PAH
molecule. Calculations for EtP isomers were carried out roughly without using the
MM2MP?2 program.

RESULTS AND DISCUSSION

A chromatogram of DMP standards used in the determination of retention
indices is shown in Fig. 2.

Phe

Absorbance (au.)
N
/ oi_\
—
-
P
o™
o
%

2,9

| W L |

0 10 20 30 Retention Time (min)
Fig. 2. Partial reversed-phase chromatogram of reference DMP standards used in the determination of LC
retention indices (see text for experimental conditions). Phe = phenanthrene; 9-Et = 9-ethylphenanthrene;
1,3 = 1,3-dimethylphenanthrene, etc.; BA = benz[a]anthracene; benzo[b]chrysene (retention time 270.4
min) not shown.
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TABLE 1

RETENTION INDICES AND SHAPE PARAMETERS FOR DIMETHYL- AND ETHYLPHENAN-
THRENE ISOMERS

Log I values were determined by experiments whereas log /. values were calculated through the correlation
equation (see text).

Compound Log 1 Log I, Deviation L/B Dihedral Length Breadth
(%) angle (°)* (4) . (4)
1,2-DMP 3.80 3.85 +1.3 1.58 0.10 12.60 7.95
1,3-DMP 3.72 3.70 -0.5 1.28 0,05 11.80 9.20
1,4-DMP 3.67 3.73 +1.6 1.32 6.95 11.80 8.95
1,5-DMP 3.67 3.72 +1.3 1.31 6.40 11.80 9.00
1,6-DMP 3.76 3.75 ~0.2 1.37 0.05 11.90 8.65
1,7-DMP 3.91 3.86 —1.2 1.59 0.05 12.60 7.90
1,8-DMP 3.79 3.84 +1.3 1.55 0.00 11.85 7.65
1,9-DMP 3.68 3.71 +0.8 1.28 0.05 11.80 9.20
1,10-DMP 3.65 3.7 +1.6 1.29 0.45 11.90 9.20
2,3-DMP 3.72 3.76 +1.1 1.38 0.00 12.70 9.20
2,4-DMP 3.75 3.76 -0.2 1.38 3.35 12.70 9.25
2,5-DMP 3.76 3.76 0.0 1.38 3.10 12.70 9.20
2,6-DMP 3.83 3.76 —1.6 1.40 0.00 12.45 8.90
2,7-DMP 4.01 391 =25 1.70 0.00 13.45 7.90
2,9-DMP 3.84 3.75 —2.3 1.37 0.00 12.60 9.20
2,10-DMP 3.78 3.74 -0.8 1.37 0.00 12.60 9.20
3,4-DMP 3.63 3.72 +2.5 1.31 11.90 11.95 9.10
3,5-DMP 3.67 3.71 +1.1 1.29 3.90 11.90 9.20
3,6-DMP 3.69 3.73 +1.1 1.33 3.73 11.85 8.90
3,9-DMP 3.75 3.63 —32 1.12 0.00 11.70 10.45
3,10-DMP 37 3.63 -2.1 1.12 0.00 11.70 10.45
4,5-DMP 3.42 3.71 +8.5 1.29 27.20 11.70 9.10
4,9-DMP 3.65 3.63 —0.5 '1.29 5.70 11.80 10.45
4,10-DMP 3.64 3.63 -0.2 1.13 6.50 11.80 11.45
9,10-DMP 3.64 3.70 +1.6 1.28 1.28 11.70 9.15
[-EtP 3.70 n.d.? n.d. 1.59 n.d. 12.64 7.95
2-EtP 3.78 n.d. n.d. 1.77 n.d. 14.06 7.95
3-EtP 3.65 n.d. n.d. 1.09 n.d. 10.69 9.81
4-EtP 3.55 n.d. n.d. 1.09 n.d. 11.60 10.64
9-EtP 3.65 n.d. n.d. 1.09 n.d. 11.60 10.64

“ Angles between rings A and C (see Fig. 1).
® n.d. = Not determined.

The DMP isomers differ significantly in L/B values and also in dihedral angles
(see Table I). DMP molecules with a methyl group in the bay region (position 4 and 5)
exhibit strained molecular structures with large dihedral angles (more than 27° for
4,5-DMP and about 12° for 3,4-DMP). The theoretical calculations are in good
agreement with X-ray crystallographic measurements!#~1¢, The compounds with
large dihedral angles generally elute before the unstrained DMP with low L/B and log
I values. On the other hand, unstrained long or narrow DMP molecules are more
strongly retained than those having a square-like shape. For example, 2,7- and
1,7-DMP exhibit high L/B and log I values.

The “slot model” previously proposed by Sander and Wise* mimics schematic-
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ally the insertion of PAH molecules into the stationary phase. Planar molecules will be
able to fit more easily than non-planar molecules into the slots of the bonded phase.
The latter molecules interact weakly with the stationary phase and will be retained less.
Differences in retention can be attributed to the thicknesses of the non-planar solute
molecules, which are well described by the dihedral angles (D); the interaction of
methyl groups will twist the aromatic molecule in certain cases instances, which would
hinder penetration of the solute into the slots.

Some interesting features could be drawn from Fig. 3, which shows the
correlation between LC retention (log /) and the L/B values for the 25 DMP isomers.
The correlation equation obtained for 24 DMP (4,5-DMP was omitted) is log I, =
0.366L/B + 3.234 with a correlation coefficient » = 0.713. Predicted log I values were
calculated and compared with the measured values. The average deviation was less
than 2%, with high values for highly strained compounds (4,5-DMP and 3,4-DMP).

The correlation coefficient (#) between retention index (log /) and L/B values is
0.67 for the complete set of DMPs, increases to 0.79 with 23 DMPs when 3,4- and
4,5-DMP are neglected and reaches 0.85 with a set of 14 DMPs when all the
compounds with dihedral angles greater than 3° are neglected. A correlation
coefficient of 0.73 is obtained when retention indices are plotted as a function of the
molecular length (L) and 0.46 for molecular breadth (B) (Table I). All this information
indicates that (a) the retention behaviour of DMP isomers is mainly controlled by the
length of the molecules and (b) when plotted against L/B, negative deviations of log
Ifrom the average linear trend are due to non-planarity of the molecules resulting from
steric crowding of the methyl groups.

Most of the non-planar compounds with dihedral angles greater than 3° are
eluted before the planar compounds (Fig. 3). Only 2,4- and the 2,5-DMP, despite
having dihedral angles of 3.35° and 3.10°, respectively, are eluted together with the
others DMP having average log [ values. In this instance, the steric hindrance of the
methyl group in position 4 or 5, which tends to reduce the retention of the molecule, is
compensated for by the effect of the methyl group in position 2. This group has its
greatest extension in the direction of the long axis of the molecule, and thus tends to
increase the retention. Most of the DMP isomers bearing at least one methyl group in

4£.00 2,70
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'§,3.90- 170
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Fig. 3. Plot of LC retention indices versus L/B for all 25 DMP isomers with dihedral angles between 0° and
212°(0 =0-3°, 0 = 3-6% A = 6-10° @ = >10°.
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position 2 or 7 also exhibit high retention indices and high L/B values. The methyl
group in this instance is in the same direction as the long axis of the molecule and tends
to increase the molecular length (L) and consequently the retention on the stationary
phase.

Analytical applications

Fig. 4 shows the partial HPLC trace obtained for the triaromatic fraction of
a crude oil. True identifications of the DMP isomers were achieved by capillary gas
chromatography-mass spectrometry and high-resolution Shpol’skii spectroscopy*”.
Despite the great selectivity of the column, some DMPs, are co-eluted as expected
owing to their similar log I values. A difference of 0.03 log I units between isomeric
compounds allows the separation of DMP isomers in the collected chromatographic
fractions without any significant interferences. The non-planar DMPs and EtPs with
strained structures (methyl groups in position 4 or 5, ethyl group in position 4) were
not present in the natural sample studied, as reported in previous investigations for
other sterically hindered aromatic compounds?3:¢. Such trends demonstrate the
importance of theoretical information obtained by calculations for the prediction of
retention behaviour and the presence of alkylated PAHs in natural samples.

MP lsomers 1,3+310+2,3
1,6 +39

3 2,10 +1,8

2

Y

2 Phe I

g
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C

I+
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<

N ,’\/\/\/\/\/\
1 1 1 1 L
10 20 30 40  Relention Time{(min)

Fig. 4. Reversed-phase chromatogram of a triaromatic fraction from a crude oil. Identification of
individual DMP isomers was done on collected fractions analysed by high-resolution Shpol’skii
spectroscopy (see ref. 3 and text for experimental conditions). Phe = phenanthrene; MP = methyl-
phenanthrenes; 9Et = 9-ethylphenanthrene; 1,9 = 1,9-dimethylphenanthrene, etc.

CONCLUSIONS

This study illustrates that the length-to-breadth ratio and the thickness described
by dihedral angles provide a measure of the shape of aromatic isomers. These
descriptors could well predict the elution order of DMPs on polymeric reversed-phase
C,; stationary phases according to their molecular shape. The natural occurrence of
specific DMP and EtP isomers could also be predicted according to their strained/non-
strained conformation.
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SUMMARY

A simple and reproducible column (Clean Screen-DAU, copolymeric bonded-
phase silica column) extraction procedure has been described for the screening and
confirmation of drugs in horse urine. The recovery of drugs by the column extraction
was better than or comparable to the recovery by the liquid-liquid extraction, which
is commonly used in the equine analytical laboratories. The column extraction pro-
vided broad coverage of drugs, separated extracts into three fractions (acidic/neutral,
steroids, basic), produced a cleaner extract, and eliminated the need for special
liquid-liquid extraction procedures for different drugs. The column extract was clean-
er and did not contain impurities, whereas, the liquid-liquid extract was relatively
impure and the extract required further thin-layer chromatographic cleanup. The
column extraction procedure was used to confirm the presence of several potent
drugs, such as fentanyl, etorphine, and mazindol.

INTRODUCTION

Medication is used in athletes (human and horses) for legitimate treatment as
well as for illegal doping, where the intent is to achieve an artificial and unfair increase
in performance in a competitive event. In order to discourage the illegal doping in
horses, pre- or post-race urine samples from each racing horse is tested for the pres-
ence of drugs!. The methods which are commonly employed for testing the horse
urine involves the extraction of urine by several liquid-liquid extraction procedures,
qualitative screening of the extracted urine by thin-layer chromatography (TLC), and
confirmation of the drug by gas chromatography-mass spectrometry (GC-MS)*-2.
Although the liquid-liquid extraction procedure is commonly employed in urine
analysis, there is a great deal of concern about the accuracy and reliability of the
procedure®*. The extraction procedure is time consuming, expensive, and require
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special procedures for the extraction of several important drugs such as clenbuterol,
methylphenidate, opiates and ethacrynic acid®>~8; and the procedure is not suitable for
the confirmation of parent fentanyl, sufentanyl, and mazindol, which are present in
urine in trace quantities®. Therefore, it is important to develop a sensitive, simple, and
universal extraction procedure for the screening and confirmation of drugs in horse
urine. Leferink et al.? have developed a solid-phase extraction procedure which, al-
though provided a clean extract, gave poor recovery for many important drugs. The
objectives of this investigation were (i) to develop a simple and reproducible extrac-
tion procedure by using a DAU (silica based mixed phase, bonded) chromatography
column, and (ii) to compare the performances of the column and liquid-liquid extrac-
tion procedures for horse urine.

MATERIALS AND METHODS

The Clean Screen DAU chromatography columns (copolymeric bonded-phase
silica columns, CSDAU-505), 2 cm high in a 5-ml disposable syringe, were obtained
from Worldwide Monitoring (Horsham, PA, U.S.A.). The drug standards were ob-
tained from Sigma, Aldrich, and the University of Minnesota Veterinary Hospital.
Part of the drug-treated horses’ urine samples were obtained from the Quality Assur-
ance Program conducted by the Ohio State Racing Laboratories. The radioimmu-
noassay (RIA) kits for fentanyl and etorphine were obtained from the Diagnostic
Products Corporation (DPC) (Los Angeles, CA, U.S.A.). FES spray was prepared by
dissolving 500 mg of ferric chloride in 150 ml of ethanol and 40 ml of sulfuric acid
(exothermic reaction). N-1-Napthylethylenediamine dihydrochloride (NED) spray
was prepared by dissolving 1.0 mg of NED in 10 ml of absolute ethanol. f-p-Glucu-
ronidase (f-p-glucuronide glucuronosohydrolase; E.C. 3.2.1.31) from Limpet (Patel-
la vulgata) was obtained from Sigma.

Column extraction procedure (Fig. 1)

For the extraction of basic and glucuronide conjugated drugs, a 5-ml aliquot of
urine samples containing drugs were mixed with 2 ml of acetate buffer (pH 5.0, 0.1 M)
and | ml of f-p-glucuronidase (7000 units). The mixture was incubated at 60°C for 2
h. For the extraction of acidic and neutral drugs, a 2-4-ml aliquot of urine was mixed
with 1.0 ml of NaOH, (0.1 M) and incubated at 25°C for 10 min. After incubations,
the pH of the urine samples were adjusted to 6.0 with phosphate buffer (0.1 M) (Fig.
1). Both urine aliquots were extracted by using a DAU column as described below.

The DAU column was connected to a vacuum manifold and washed with meth-
anol (5 ml), water (5 ml), and 1.0 M acetic acid (5 ml) as shown in Fig. 1. The two
urine aliquots were poured into the treated column and the samples were pulled
through the column at 2 ml/min. Thereafter, the column was washed with water (5
ml) and acetic acid (5 ml), dried under vacuum, and the drugs were cluted by the
procedure described in Fig. 1. The fractions containing the acidic/neutral, steroid,
and basic drugs were dried separately at 50°C under nitrogen. The dried residue was
redissolved in 50 ul of dichloromethane (DCM) (for acidic drugs) or ethyl acetate
(EA) (for basic or steroid drugs).

TLC screening of the column extract. The acidic/neutral extract was spotted on
three TLC plates and the plates were developed in solvent 1: chloroform—cyclohex-
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Screening by the Silica-Based
Column

Urine 4 mi Acid and Neutral: NaOH Hydrolysis —  Adjust Urine pH 10 6.0
Drugs

s5ml Basic Drugs: Glucuronidase Hydrolysis - Adjust pH to 6.0
Gl ic-Coni
Steroids
Special Procedure Drugs

Pour into the column prewashed with '

methanol —» Hy0 —» Acetic acid (1M)
5 ml of each (fiow 1-2 ml/min)

|

Wash column with Ho0 (5 ml) and acetic acid (5 ml)

|

Dry the column under vacuum for 5 min  ~ | Delete steps if
‘ acidic drugs

are not screened
Wash the column with Hexane (5 ml)

}

TLC Screening «— Elute acidic + neutral drugs
with Dichloromethane (10 ml)

Delete it
TLC Screening «— Elute steroids with Ethyl Acetate (10 ml) steroids are
- not screened

Wash the column with methanol (10 mi)

|

TLC Screening «— Elute the basic drugs, Glucuronide
Conjugates, and the drugs of special
procedure with a mixture of
[(Dichloromethane-Isopropanol (3:1)): NH3 (98:2)]

Fig. 1. Procedure for the extraction of drugs from horse urine by using a DAU column.

ane—acetic acid (4:4:2, v/v); solvent 2: chloroform—ethanol (9:1, v/v); and solvent 3:
EA-methanol-NH,OH (85:10:5, v/v/v)!? respectively. The three plates were sprayed
with Mandelin reagent'® and heated at 60°C for 15 min. The acidic drugs developed a
brown color. The plate developed in solvent 3 was further sprayed with the Dragen-
dorff reagent!® to screen theophylline which appeared as a dark orange spot. The
steroid extract was spotted on one TLC plate and the plate was developed in solvent 4
[chloroform—EA-methanol (50:45:5, v/v/v)] followed by solvent 3. Steroids were de-
tected by spraying the plate with H,SO,4 + ethanol spray and heating it at 60°C until
the standards appeared dark brown. The basic extract was spotted on three plates,
and one plate was developed in solvent 3 and two plates were developed in solvent 5
[chloroform-methanol-propionic acid (72:18:10, v/v/v)]. The plates developed in sol-
vent 3 were sprayed with Dragendorff reagent and sodium nitrite'®. The plates devel-
oped in solvent 5 were sprayed with Dragendorff'® or FES reagents. For detecting

clenbuterol, plates were exposed to NO, gas and then sprayed with NED (Clenbute-
rol appeared as a pink spot).
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Liquid-liquid extraction procedure (Fig. 2)

Acid drugs. A 2-ml aliquot of urine was mixed with 1.0 ml of NaOH (0.1 M) and
the mixture was incubated at 25°C for 10 min (to hydrolyze the drug—-amino acid
conjugate). The pH of the mixture was adjusted to 3.0 with saturated phosphate
buffer (pH 3.0) and the urine was extracted with 5 ml of DCM. The sample was
centrifuged for 5 min at 1500 g and the DCM layer was dried at 50°C under nitrogen.
For the screening of naproxen, flunixin, and indomethacin, part of the DCM extract
was washed with lead acetate (0.1 M). We have observed that lead acetate wash also
removed furosemide. The dried residue was redissolved in DCM (20 ul) for TLC
screening.

Neutral drugs. A 5-ml aliquot of urine was mixed with 3 m! of phosphate buffer
(pH 6.0). The mixture was extracted with 5.0 ml of EA. The EA extract was washed
with 2.0 m] of NaHCO; (0.1 M) to remove the acidic drugs. The EA extract was dried
and the dried residue was redissolved in 30 ul of EA for TLC screening,

Basic drugs. A 9-ml aliquot of urine was mixed with 2 ml of 0.5 M sodium
carbonate buffer (pH 9.0). The mixture was extracted with DCM-isopropanol (3:1,
v/v), and the organic layer was collected after centrifugation at 1500 g for 5 min. The
organic layer was collected after centrifugation at 1500 g for 15 min. The organic
layer was dried and the dried residue was redissolved in 30 ul of EA for TLC screen-
ing.

Steroids. A 9-ml aliquot of urine was mixed with 2 ml of saturated sodium
borate solution and 5 ml of EA. After mixing, the sample was centrifuged for 5 min at

Screening by Liquid-Liquid Extraction

Procedured”
Yolume of Urine
-2mi 4 Acidic Drygs: Base Hydrolysis-Acid Extraction: TLC Screening
-5ml 4 Neutral Drugs: Extr. at pH 6 - NaHC03 Wash: TLC Screening

-9ml < Basic Drugs: Base Extr.: TLC Screening

-5ml 4 Glucuronide:
Conjugates: Glucuronidase Hydrolysis - 2 Back Extractions: TLC
Drugs & Screening
Metabalites
-9ml 4 Steroids: Borate Buffer - Elthylacetate Extr: TLC Screening
-Uptosomi - Spegcial Procedures —
Urine - 18 ml Clenbuterol: Special Base Urine: TLC Screening

-18ml Mazindol: Alkaly Hydrolysis (48 hours): GC/MS Screening

- 9mi Fentanyl: Acid Hydrolysis (under pressure): TLC Screening
- 9ml Methyl Phenidate: Special Base Urine: TLC Screening
- 5ml Ethacrynic Acid: Special Acid Urine: TLC Screening

Fig. 2. Summary of the liquid-liquid extraction procedures which are commonly used for the screening and
confirmation of drugs in horse urine.
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1500 g, the organic layer was collected and washed with 1.0 ml of 15% sodium sulfate
in 1.0 M NaOH. The EA layer was separated and dried with N, at 60°C. The dried
residue was dissolved in 35 ul of EA.

Glucuronide-bound drugs/metabolites. A 5-ml aliquot of urine was mixed with
acetate buffer (pH 5.0) and g-p-glucuronidase (7000 units) and the mixture was in-
cubated at 60°C for 2 h. After incubation, the drugs were extracted from urine by a
procedure described previously'?

Clenbuterol extraction. An 18-ml aliquot of urine was mixed with NaOH (10 M)
to adjust the pH of the urine to 12.0. The sample was extracted with 10 ml light
petroleum (b.p. 34-36°C), the light petroleum layer was collected and dried at 50°C in
N,. The dried residue was redissolved in 20 ul of ethyl acetate for TLC screening.

TLC screening of the liquid-liquid extracts. The TLC screening of the acidic,
neutral and steroid drugs were performed as described for the column extraction.

Comparison of the efficiency of column and liquid-liguid extraction procedures

The qualitative extraction efficiency was determined by extracting either the
urine samples obtained from the drug treated horse or the urine samples mixed with
known amounts of drug as shown in Table I. Each urine sample was extracted by the
column and by the liquid-liquid extraction procedures as described earlier. Equiv-
alent amounts of the dried residue were spotted on TLC plates along with the known
quantity of each standard. The plates were developed in different solvents and
sprayed with different reagents as described previously. The qualitative efficiency was
determined by comparing the standard spot with that of the spot obtained from the
two extraction procedures. The spots were scored from “+ + + + " to “—: when the
spot appearing similar to the standard in intensity it was scored “+ + + + " and the
absence of spot was scored “—

The quantitative recovery of selected drugs was determined by using a GC-MS
procedure. The column extracted or liquid-liquid extracted urine samples containing
various drugs (Table II) were derivatized by N,O-bis(trimethylsilyl)trifluoroaceta-
mide (BSTFA) and injected into the GC-MS system (HP-5990, DB-5 capillary col-
umn) by a procedure described previously'*. The following GC-MS conditions were
used: inlet temperature, 200°C; initial oven temperature 80°C; temperature program
20°C/min to 280°C; run time 35 min. The ion source temperature was 200°C, the
electron energy was 70 eV, and the MS source pressure was 2.5 - 1076 Torr. The
extraction efficiency was determined by comparing the area under the peak for each
drug obtained from urine and from known standards.

The quantitative recovery of etorphine and fentanyl was determined by using a
RIA kit. Urine samples (5 ml) containing these drugs were extracted by the two
extraction procedures. The dried extract was diluted with the RIA buffer (100 pul)
supplied by the manufacturer. Volumes of 50 ul of the buffer standards were mixed
with [*H]etorphine or [*H]fentanyl and the antibodies. The mixture was incubated at
room temperature for 2 h, the free isotope was removed by using dextran coated
charcoal and the bound radeactmty was determined by using the scintillation coun-
ter. The concentration of the drug was determined by using a built-in RIA program in
the counter.



TABLE ]
QUALITATIVE TLC SCREENING OF VARIOUS DRUGS BY THE TWO EXTRACTION PROCEDURES

Abbreviations: BU = base urine extraction; AU = acid urine extraction; EH = glucuronide hydrolysis-base urine
back extraction; Sp.BU = special base urine extraction; SU = steroid urine extraction; B = base urine column
extract, A/N = acid urine column extract; and S = EA column extract. TLC systems; 1 = 4:4:2; 2 = 9:1; 3 = 85:10:5;
4 = 50:45:5; 5 = 72:18:10.

Drug Concentration TLC Liquid-liquid extr. Column extr.
or dose
Extr. Qualitative  Frac- Qualitative

efficiency tion efficiency
Acepromazine 1.0 pg/ml 3 BU ++ B +++
Amphetamine 1.0 pug/ml 3 BU + B ++4++
Apomorphine 1.0 pug/ml S EH ++++ B ++ +
Buprenorphine 0.5 pg/ml 5 EH ++ B ++++
Clenbuterol” 1.0 mg/horse, 4 h 3 Sp.BU + 4+ + B ++++
Chlorpromazine 1.0 pug/ml 3 EH +++ B +++
Diazepam 1.0 pg/ml 5 EH ++ B ++++
Dipyrone 2.0 pg/ml 3 BU ++ B ++ +
Ephedrine 1.0 pug/mi 3 BU ++ B ++++
Ethacrynic Acid 2.0 ug/ml 1,2 AU ++ A/N ++
Etorphine’ 0.1 mg/horse, i.m. 4 h - EH ++ B ++ +
Fentanyi® 1.0 mg/horse, i.v. - EH - B ++++

0,2,4,6,8,24h

Flunixin 2.0 pg/ml 1,2 AU +++ A/N +++
Guaifenesin 2.0 pg/ml 3 BU ++++ B -
Hordenine 1.0 ug/ml 5 EH +++ B +++ +
Hydrocortisone 2.0 pg/ml 34 SU + + S ++
Hydromorphone 10 mg/horse, i.m. 4 h 5 EH + + B ++++
Hydromorphone 1.0 pg/ml 5 EH ++ B ++++
4-Hydroxychlorpromazine 1.0 ug/ml 5 EH + + B ++++
Indomethacin 2.0 pg/ml 1,2 AU +++ A/N ++ +
Furosemide 2.0 pg/ml 1,2 AU ++++ A/N ++
Lidocaine 1.0 pg/ml S EH ++ + B ++++
Mazindol® 20 mg/horse, oral 4h — EH ++ B ++++
Meclizine 1.0 ug/ml 5 EH ++ B +++ 4+
Mefenamic Acid 2.0 pg/ml 1,2 AU +++ A/N ++ +
Meprobamate 1.0 ug/ml 3 BU + + B ++++
Methamphetamine 1.0 pg/ml 3 BU + B ++++
Methadone 2.0 pg/mi 3 BU ++ B ++
Methyl phenidate 1.0 pg/ml 3 BU ++ B ++++
Metolazone 1.0 ug/ml 3 NU ++ A/N ++
Nefopam 1.0 pug/ml 3 BU ++++ B ++++
Nalorphine 1.0 pug/ml 5 EH +++ B +++
Naloxane 2.0 pg/ml 3 BU - B ++++
Naproxen 2.0 pg/ml 1,2 AU ++++ A/N ++ +
Nubain 1.0 pg/mi 5 EH ++ + B +++ 4+
N-N'-Diethyltryptamine 1.0 pg/ml 5 BU + 4+ ++ B ++++
Oxymorphone® 10 mg/horse, im. 4 h 5 EH + + B ++
Pemoline 1.0 pug/ml 3 BU +++ B + 4+
Phenolbutazone 2.0 pg/ml 1,2 AU +++ B ++++
Propionylpromazine® 10 mg/horse i.m. 4 h 3 BU ++ B +++ 4+
Propranolol 2.0 ug/ml 3 EH + 4+ + B +4++ +
Quinine 1.0 ug/ml 3 BU + + B ++++
Xylazine 1.0 ug/ml 5 EH + + B ++++
Strychnine 0.5 pg/ml 3 BU +++ B -
Theophylline 1.0 pg/ml 3 NU + B +++
Trimethoprime 1.0 ug/ml 3 BU +4+++ B ++++
Tetracaine 1.0 pg/ml 5 EH +++ B ++++

¢ Ohio State University Sample. Dose, route and time of urine collection.
® Horse injected with mazindol at the University of Minnesota.



COLUMN EXTRACTION PROCEDURE FOR DRUGS IN HORSE URINE 221

TABLE II

PERCENT RECOVERY OF DRUGS EXTRACTED BY USING THE COLUMN AND LIQUID -
LIQUID EXTRACTION PROCEDURES

Values are mean £ SD, n = 4.

Drug Analytical Recovery (%)
procedures

Liquid - liquid Column
base extraction  extraction

Acepromazine GC—-MS 87 + 10 79 +£8
Amphetamine GC—-MS 15 + 3¢ 87 +£38
Canabinol GC—-MS 5 +£5 03 +02
Cocaine GC-MS g8 + 3¢ 77 £ 10
Diazepam GC—-MS 5 +£2¢ 51 +8
Etorphine RIA 79 £ 10 83 £ I3
Fentanyl RIA 0.5 +£ 0.2¢ 83 £ 8
Lidocaine GC—-MS 20 +6° 63 £S5
Mazindol GC—-MS 50 +5 78 +£5
Methamphetamine GC—MS 5 +£3 88 + 7
Naproxen GC—-MS 60 * 10 61 +£9
Phenylbutazone GC-MS 69 +7 75 + 8
Xylazine GC—-MS 5 £ 3 71 =+ 8

4 P < (.05 when compared with the column-extraction values.

Extraction and confirmation of fentanyl and mazindol in urine samples obtained from
the drug-treated horses

For the confirmation of fentanyl, a horse was injected with fentanyl (1.0 mg,
i.v.) and urine samples were collected at O (pre-injection) 2, 4, 6, 8 and 24 h after the
injection. The 5-ml urine sample from each time interval was subjected to glucuroni-
dase hydrolysis. At the end of hydrolysis, a 50-ul aliquot was removed from each
sample for direct RIA analysis. The remaining samples were extracted by the column
and by liquid-liquid extraction procedures. The direct urine, column extracted urine
and the liquid-liquid extracted urine were screened for fentanyl by using the RIA kit.
The amount of fentanyl present in each sample was calculated from the standard
curve. For the GC-MS confirmation of parent fentanyl in horse urine, 10 ml aliquots
from 0, 2, 4, and 6 h urine samples and a 30-ml aliquot from the 8-h urine sample were
hydrolyzed with glucuronidase and extracted by the column as described previously.
The extract was dried and the dried residue was redissolved in 10 ul of EA. Of the EA,
1 ul was injected into the GC-MS system. The oven temperature was programmed as
follows: initial temperature, 150°C; final temperature, 280°C (rate, 20°C/min); run
time 20 min. The ions monitored for the selected-ion screening were m/z 124, 146, 189
and 245. The 30-ml aliquot from the §-h urine sample was also extracted by the
liquid-liquid extraction procedure and analyzed by the GC-MS.

For the confirmation of Mazindol, a Standard Bred horse was fed with 20 mg
mazindol and an urine sample was collected at 4 h after the drug feeding (by injecting
furosemide, 0.5 mg/kg, i.m.). Duplicate 50-ml aliquots of the urine samples were
hydrolyzed by glucuronidase. One set of urine sample was extracted by using ten
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columns (one for 5 ml of urine). The final extract was pooled and dried. The dried
residue was derivatized with BSTFA (10 pl) and 1 ul was injected into the GC-MS
system. The GC-MS oven temperature was programmed from 150°C to 280°C with
10°C/min increments. The ions monitored for the quantitation of mazindol were at
mfz 245, 267, 327, and 356. A 50-ml volume of urine was also extracted by the
liquid-liquid extraction procedure and analyzed as described above.

RESULTS AND DISCUSSION

Overall performance of the column and liquid-liquid extraction procedures

This study indicated that the column extraction procedure provided a simple
and efficient method for the screening and confirmation of drugs in horse urine. The
column extraction separated extracts into three fractions (acidic/neutral, steroids and
basics) and produced a clean extract which was suitable for direct GC-MS analysis
without further cleanup. The liquid-liquid extraction normally required a TLC clean-
up which significantly reduced the recovery of the drugs. For complete screening, the
DAU column extraction required 10 ml of urine, whereas, the liquid-liquid extrac-
tion required 36-50 ml of urine. By using a vacuum manifold, 30 to 40 samples can be
extracted in less than an hour by one technician.

Extraction and recovery of the acidic and neutral drugs

The acidic drugs commonly used in horses are phenylbutazone, fuorsemide,
naproxen, flunixin, etc.; and the neutral drugs used in horses are theophylline, theo-
bromine, metolazone, etc.'* 2. This study indicated that the DAU column provided a
relatively clean extraction of the acidic and neutral drugs. The qualitative and quanti-
tative screening has shown that the extraction efficiencies of acidic drugs by the two
procedures were similar, except for furosemide which is extracted better by the
liquid-liquid extraction procedure (Tables I and II). Unlike the acidic drugs, theo-
phylline exhibited better recovery by the column extraction procedure (Table I). Since
the acidic and neutral drugs are used in large quantities, extraction by either proce-
dure may be satisfactory for the screening of these drugs.

Extraction and recovery of the basic drugs and the drugs which required special liquid—
liquid extraction procedure

Basic drugs include a broad range of compounds which have different chemical
and pharmacological properties. Previous studies have shown that a single liquid—
liquid extraction method did not cover all the basic drugs, and that special procedures
were necessary to extract certain important drugs such as clenbuterol, methylpheni-
date and opiates®~®. This study indicated that the DAU column extracted a broad
range of drugs and the recovery of drugs by the column extraction was better than or
similar to the recovery of drugs by the liquid-liquid extraction (Tables I and TI).
Amphetamine and methamphetamine exhibited < 25% recovery by the liquid-liquid
extraction, whereas, these drugs exhibited > 85% recovery by the column extraction
(Tables I and II). Also the column extraction for these drugs was cleaner and did not
contain impurities, whereas the liquid-liquid extraction was relatively impure and the
samples required further TLC cleanup (Fig. 3). This study indicated that the column
extraction provided an uniform extraction efficiency for a wide range of drugs in-
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Fig. 3. Confirmation by GC-MS of methamphetamine extracted from horse urine by the column or
liquid-liquid extraction procedure. Urine samples of 5 ml (containing 1.0 ug methamphetamine/ml urine)
were extracted by the two extraction procedures. The extract was dissolved in 100 ul of ethyl acetate and

1.0 ul of the extract was analyzed by the GC-MS. Standard (STD) samples (containing 10.0 ng of the drug)
were also analyzed.

cluding clenbuterol, methylphenidate, diazepam and opiates (Tables I and II). Cone
et al.” have shown that the extraction efficiencies of opiates were significantly different
for different solvents used for the liquid-liquid extraction of urine.

Extraction and recovery of steroids

Steroids were eluted from the column by using EA (Fig. 2). Since EA also eluted
some non-specific compounds, the steroid extract was relatively dirty and appeared
similar to the liquid-liquid extract. The recovery of steroids from the two procedures
appeared similar (Table T).
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Fig. 4. Comparison of the recoveries of etorphine and fentany! by the column and liquid-liquid extraction
procedures. (@) Analysis of fentanyl by RIA in whole urine; (O) analysis of fentanyl by RIA in column
extract; (A) analysis by RIA of liquid-liquid extract. The bar graphs shows the percent recoveries of the
two drugs (hatched), column extraction and (open) liquid-liquid extraction.

Extraction, recovery and confirmation of potent drugs such as fentanyl, etorphine and
mazindol

The potent drugs included in this study are known to stimulate the central
nervous system at lower doses’3~'8. The short duration of action, low urinary con-
centration, and difficulty in detection have made these drugs attractive doping agents
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Fig. 5. Screening of fentanyl in urine obtained from fentanyl-injected horse and extracted by using the
column (0, 2, 4, 6, 8 h urine) or liquid-Jiquid extraction (8 h urine) procedures. Parent fentanyl was
confirmed by using the selected-ion monitoring GC-MS procedure.
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at racetracks'?2°. The identification of fentanyl and mazindol by the liquid-liquid
extraction is particularly difficult because these drugs are first hydrolyzed to despro-
pionyl fentanyl (DPF) and 2-(4-chlorobenzyl)benzoic acid (CBB) respectively®?*,
and then the hydrolyzed product is identified by GC-MS. Since DPF and CBB are
not the natural metabolites of fentanyl or mazindol, confirmation of these drugs by
confirming the presence of DPF or CBB can be easily challenged in court. This study
had indicated that the DAU column selectively extracted etorphine, fentanyl, and
mazindo! with > 80% recovery (Table II, Fig. 4). The liquid-liquid extraction proce-
dure was not suitable for the extraction of fentanyl and mazindol since the recovery
was poor for both drugs (Table II, Fig. 4). Because of the selective and efficient
extraction of fentanyl and mazindol by the column, it was possible to identify and
confirm the unchanged parent drugs in horse urine. As shown in Figs. 4 and 5, the
presence of parent fentanyl was identified by both RIA (Fig. 4) and GC-MS methods
(Fig. 5) for up to 8 h after dosing the horse with fentanyl. Presence of parent mazindol
was also confirmed by GC-MS of urine samples (Fig. 6) obtained from the mazindol
treated horse. Based on these observations it is proposed that (i) the hydrolysis of
fentanyl or mazindol was not necessary for the identification of these drugs when the
column extraction procedure was used, and (ii) the poor recovery of fentanyl and
mazindol by the liquid-liquid extraction procedure may be responsible for the difficul-
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Fig. 6. Screening of mazindol in urine obtained from mazindol-fed horse and extracted by the column
extraction procedure. The parent mazindol was confirmed by using a selected-ion monitoring (SIM) GC-
MS procedure.
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ties previous investigators encountered in the confirmation of parent drugs by GC-
MS.

In conclusion, the silica-based DAU column provided a simple and efficient
extraction of horse urine for the screening and confirmation of drugs. The recovery of
drugs by the column extraction was better than or similar to the recovery by the
liquid-liquid extraction procedure. The column extract was clean and could be sub-
jected to direct GC-MS confirmation. The liquid-liquid extract normally required
TLC cleanup which reduced the recovery to 25-30%. The column extraction also
extracted the potent drugs, such as fentanyl and mazindol which was not possible by
the common liquid-liquid extraction; and eliminated the need for special liquid-
liquid extraction procedures.
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SUMMARY

A 330-fold one-step purification of alkaline phosphatase from a crude calf
intestinal extract has been achieved using specific elution with inorganic phosphate (5
mM) from a purpose designed adsorbent comprising a terminal ring phosphonate
analogue of C.I. Reactive Blue 2 coupled to Sepharose CL-6B-200. The resulting
alkaline phosphatase preparation displayed a specific activity in excess of 1000 U/mg
and was of equivalent purity to commercial “‘high purity” preparations as deduced by
sodium dodecyl sulphate polyacrylamide gel electrophoresis and specific activity
~comparisons.

INTRODUCTION

Highly purified alkaline phosphatase [orthophosphoric monoester phospho-
hydrolase (alkaline optimum), E.C. 3.1.3.1] from calf intestinal mucosa is widely used
in molecular biology and immunodiagnostics. Traditionally, the enzyme has been
purified by a lengthy, multi-step procedure employing conventional chromatographic
techniques-?. However the reported yields are low and the final preparations are
invariably contaminated with co-purifying enzymes such- as phosphodiesterase
(oligonucleate 5'-nucleotidohydrolase, E.C. 3.1.4.1)*. More recently, however, affinity
chromatography has been successfully exploited for the purification of alkaline
phosphatase from calf intestine'** and other sources* using immobilised competitive
inhibitors such as phosphonic and arsanilic acids as affinity ligands. Unfortunately,
these derivatives tend to be difficult and expensive to synthesise, require relatively
hazardous activation conditions to couple to the solid support and yield adsorbents
with ill defined ligand concentrations and which display limited chemical and
biological stability. These problems may well be ameliorated by the introduction of
triazine dyes as affinity ligands®. For example, a number of commerciaily available

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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triazine dyes have been screened for their ability to purify alkaline phosphatase from
crude intestinal preparations®. Most of the immobilised triazine dyes bound the
enzyme to some extent and a similarity between the sulphonated aromatic dyes and
other alkaline phosphatase affinity ligands was noted. The use of selected dyes, when
combined with specific elution, resulted in high purification factors. Immobilised dyes
have also been used as components in a multiple-step calf intestine alkaline
phosphatase purification procedure’ and for the purification of alkaline phosphatases
from other sources®™*°.

Specifically designed biomimetic dyes which display higher affinity for horse
liver alcohol dehydrogenase than conventional commercially available dyes have
recently been synthesised and mark the onset of a new era in the use of triazine dyes for
protein purification'*:!2. This paper reports a similar rational approach to synthesise
anthraquinone dyes based on C.I. Reactive Blue 2 bearing phosphonate and other
terminal ring substituents for the purification of calf intestinal mucosa alkaline
phosphatase.

EXPERIMENTAL

Materials

The commercial triazine dyes (Procion™ H and MX series) and the terminal
ring bases, aniline, p-aminobenzoic acid, m- and p-aminobenzenesulphonic acids,
p-aminobenzyl phosphonic acid and m-aminobenzeneboronic acid were a generous
and much appreciated gift from Dr. C. V. Stead, ICI Organics Division, Manchester,
U.K. The terminal ring analogues of C.1. Reactive Blue 2 (Fig. 1, I-V) were synthesised
according to a previously published procedure!?.

Sepharose CL-6B-200, bovine serum albumin (fraction V powder, 98-99%
albumin), calf intestinal alkaline phosphatase [orthophosphoric-monoester phospho-
hydrolase (alkaline optimum), E.C. 3.1.3.1; Type I, 1-3 U/mg solid] and all other crude
alkaline phosphatase preparations, phosphodiesterase I (oligonucleate 5'-nucleotide
hydrolase, E.C. 3.1.4.1, bovine intestinal mucosa, 0.5-1 U/mg protein), bis(p-nitro-
phenyl) phosphate, a-naphthyl phosphate and 4-phenyl phosphate were all obtained
from Sigma (London), Poole, U.K. High-purity alkaline phosphatase (enzyme label

TERMINAL RING ANALOGUE R
i aniline -H
It p-aminobenzoic acid -COOH
[ NH, 1l m/p-aminobenzenesulphonic acid -503H
S0z N p-aminobenzy! phosphonic acid 'CHZPOBHZ
cl vV m-aminobenzeneboronic acid -B(OH)2
o /N !
NH NH_< N
N=<
W
L]

Fig. 1. Structures of the terminal ring analogues of C.1. Reactive Blue 2.
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for enzyme immunoassay-grade I) was obtained from Boehringer Mannheim, Lewes,
U.K. and from Biozyme Labs., Gwent, U.K. (ALP I-10 G). All other chemicals were
of Analar grade.

Assay of enzyme activities and protein

Alkaline phosphatase and phophodiesterase activities were assayed by following
the production of p-nitrophenolate anion at 405 nm. For alkaline phosphatase the
total assay volume of 1 ml contained: glycine-NaOH buffer, pH 10.4 (0.1 mmol),
p-nitrophenyl phosphate (6 umol), MgCl, (1 ymol) and ZnCl; (1 umol). The assay
mixture for the phosphodiesterase contained, in a total volume of 1 ml: Tricine-NaOH
buffer, pH 8.8 (60 umol) and bis(p-nitrophenyl) phosphate (6 umol). The molar
extinction coefficient of the p-nitrophenolate anion was taken as 18 500 Imol ™! cm ™!
at 405 nm. One unit of enzyme activity is defined as that amount of enzyme which
catalyses the formation of 1 umol p-nitrophenolate anion per min at 37°C.

Protein concentrations were determined by measurement of the absorbance at
280 nm using a mass extinction coefficient of 1.0 absorbance unit per mg ml™! of
protein for alkaline phosphatase“.

Immobilisation of triazine dyes

Sepharose CL-6B-200 was exhaustively washed with distilled water, sucked
moist on a sintered funnel and divided into 5-g portions. The commercial dye powders
were washed with diethyl ether and samples (100 mg) dissolved in water (22.5 ml) and
added to the moist gel (5 g). The suspension was incubated for 5 min at 20°C prior to
the addition of 20% (w/v) NaCl solution (2.5 ml). The suspension was gently agitated
for 30 min at 55°C whence solid Na,CO; (250 mg) was added to a final concentration
of 1% (w/v). Dichlorotriazinyl dyes (Procion MX series) and monochlorotriazinyl
dyes (Procion H series and C.I. Reactive Blue 2 analogues) were incubated for 3 h and
10-50 h respectively in a rotary incubator at 55°C. The dyed gels were thoroughly
washed with distilled water with the dichlorotriazinyl dyed gels further tumbled for 2-3
hwith 1 M NH,Cl(pH 8.7) in order to aminate unreacted chlorines. All dyed gels were
finally washed with I M NaCl-25% (v/v) ethanol (100 ml), distilled water (200 ml) and
equilibration buffer (200 ml). The dyed Sepharose adsorbents were stored as moist gels
in distilled water containing 0.01% (w/v) thimerosal at 4°C.

Determination of immobilised ligand concentration

The immobilised dye concentrations were determined by hydrolysis of moist get
(0.2 g) in a known volume of 50% (v/v) glacial acetic acid at 95-100°C for 30 min. The
absorbance of the resulting solution was measured at the A,,,, of each dye tested and
the concentration calculated as umol dye/g moist weight gel. All dyes were immobilised
at a ligand concentration of 1-3 umol dye/g moist weight Sepharose.

Preparation of crude enzyme solutions

All crude phosphatase-containing solutions (ca. 6000 U, 5 g solid, 25 ml) were
dialysed overnight at 4°C against equilibration buffer (2.5 1) before use.
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Screening procedure for immobilised dye adsorbents for alkaline phosphatase and protein
binding

Enzyme and protein binding was assessed using immobilised dye adsorbents (0.5
g moist weight gel) suspended in a small test tube containing crude enzyme preparation
(25 U alkaline phosphatase) in 20 mM HEPES-NaOH buffer pH 7.5 (2 ml). After
thorough mixing, the tubes were incubated for 30 min at 25°C whence after gravity
sedimentation of the gels, the supernatants were assayed for protein and enzyme
activity.

The gel phase was washed with equilibration buffer (2 x 4 ml), bound protein
desorbed with 0.75 M KCl and the supernatant fraction assayed again for protein and
alkaline phosphatase activity. Unmodified Sepharose CL-6B-200 was used as
a control.

Screening of the C.1I. Reactive Blue 2 analogues for their ability to bind alkaline
phosphatase and bovine serum albumin was performed as the above using “Good”
buffers (10 mM) at their respective pK, values in the pH range 6.1-10.4.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed according to the method of Laemmli'® using
a Bio-Rad Mini-Protean IT dual slab cell. Gels were stained for 30 min with 0.1% (w/v)
Coomassie Blue R-250 in methanol-glacial acetic acid—water (40:10:50, v/v/v) then
destained for ! h in the same solvent.

RESULTS

Preliminary screen for alkaline phosphatase binding to immobilised triazine dyes

The results of screening a number of commercially available Procion H and MX
dyes immobilised to agarose for their ability to bind and purify calf intestinal alkaline
phosphatase are summarised in Table I. The screen was designed to encompass the
principal categories of dye chromophore (anthraquinone, azo, phthalocyanine and
metal complex) exploited in reactive dyes® to determine if any one dye category
favoured binding of the enzyme. In agreement with the general finding of our other
workers®, all of the immobilised dye adsorbents bound the enzyme from a crude calf
intestinal mucosa preparation at pH 7.5. However, in this study the dyes were
immobilised at comparable ligand concentrations (1-3 ymol dye/g moist weight gel)
thus allowing more precise comparisons of enzyme binding capacities on a U/umol dye
basis. Immobilisation of dyes at similar substitution levels is often overlooked in such
studies but is important since high ligand concentrations may increase non-specific
interactions®. Highest capacities for enzyme binding were displayed by those dyes
bearing a significant number of anionic groups, such as immobilised Procion Green
H-4G, Procion Green HE-4BD, Procion Turquoise H-A and Procion Blue MX-4GD.
However, the most effective for enzyme purification was the azo dye, Procion Red
P-3BN as it consistently achieved the highest purification factor, was easily coupled to
the matrix and, unlike the large phthalocyanine dyes, was not prone to ligand leakage
from the matrix. Interestingly, this dye was unique amongst those tested in possessing
both amino phenyl sulphonic and amino benzoic acid groups. Subsequent studies
using the Procion Red P-3BN adsorbent in conjunction with 20 mM orthophosphate
as specific eluent resulted in an alkaline phosphatase preparation of specific activity
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TABLE I

PRELIMINARY SCREEN FOR CALF INTESTINE ALKALINE PHOSPHATASE BINDING TO
COMMERCIAL TRIAZINE DYES

Dialysed crude alkaline phosphatase preparation (25 U in 2 ml of 20 mM HEPES-NaOH, pH 7.5) was
added to a small test tube containing immobilised dye adsorbent (0.5 g moist weight gel). After thorough
mixing the tubes were incubated for 30 min at 25°C whence after gravity sedimentation of the gels, the
supernatants were assayed for protein and enzyme activity. After removal of the supernatant, the gel phase
was washed with equilibration buffer (2 x 4 ml), bound protein desorbed by the addition of 0.75 M KC1 (2
ml) and the supernatant fraction reassayed for protein and enzyme activity. Unmodified Sepharose was used
asa control, protein and enzyme recoveries were. >90% and the experiment was performed in duplicate. The
specific activity of the crude preparation was 3 U/mg protein.

Immobilised dye Immobilised ligand Binding capacity Specific activity
( Procion) concentration (Ulumole dye) (Ulmg protein)
(umollg moist gel)

Control 0.0 - -
Reactive Blue 2 2.2 6.2 22.6
Blue MX-4GD 2.6 9.8 394
Blue HE-RD 2.6 9.6 259
Red H8-BN 2.3 5.2 25.6
Red H-3B 2.0 0.7 15.2
Red HE-3B 2.7 6.8 294
Red P-3BN 3.0 8.3 513
Red HE-7B 3.0 9.7 33.2
Yellow MX-R 3.0 0.6 8.5
Yetlow H-A 1.8 1.0 8.2
Green HE-4BD 1.2 233 33.2
Green H-4G 1.0 423 338
Brown H-2G 3.0 34 29.7
Brown MX-5BR 2.5 2.0 27.9
Turquoise H-A 1.0 10.8 24.0
Orange MX-G 1.2 0.9 6.2
Scarlet MX-G 2.7 14 14.6

180 U/mg and representing a 60-fold purification. Since commercial “high-purity”
alkaline phosphatase preparations have specific activities in the range 850-1250 U/mg
under these conditions, the preparation reported here was only partially purified and
comparable to that obtained by other workers using other commercial dyes for
alkaline phosphatase purification®.

Design, immobilisation and application of specific dyes targeted at alkaline phosphatase

The relative lack of specificity of commercial dyes in their interaction with
alkaline phosphatase and the apparent relationship with the number of anionic groups
substituted on the dye chromophore suggest that these groups may act as phosphate
analogues. Thus, since carboxylate!®, phosphonate® and borate!® are known to be
potent competitive inhibitors of alkaline phosphatase and the enzyme generally
favours aromatic rather than aliphatic phosphate esters, substitution of these groups
onto aromatic dye chromophores would be expected to yield more effective
adsorbents. Fig. 1 shows the structure of a series of terminal ring analogues of the
anthraquinone dye, C.I. Reactive Blue 2, which were synthesised, immobilised and
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TABLE 11

PURIFICATION OF CALF INTESTINAL ALKALINE PHOSPHATASE ON IMMOBILISED
TERMINAL RING ANALOGUES OF C.I. REACTIVE BLUE 2

Enzyme and protein binding was assessed over the pH range 6.1-10.4 using immobilised dye adsorbents (0.5
g moist weight gel) suspended in a small test tube containing crude enzyme (25 U alkaline phosphatase) in 20
mM “Goods” buffer (2 ml). After thorough mixing, the tubes were incubated for 30 min at 25°C, the gels
allowed to sediment under gravity and the supernatants assayed for protein and enzyme activity. The gels
were washed with equilibration buffer (2 x 4 ml), bound protein desorbed with 0.75 M KCIl and the
supernatants assayed for protein and enzyme activity. Total protein and enzyme recoveries were > 90% and
the experiment was performed in duplicate.

pH Terminal ring analogue®
1 1 I v vV
6.1 5.6° (14)° 6.1 (19) 6.2(17) 6.2 (17) 2.1 (11
7.2 2.9 (30) 58 (72) 4.5(52) 5.9 (83) 1.6 (36)
8.1 1.0 (20) 4.2 (105) 2.4 (62) 4.2 (124) 1.1 (44)
9.3 0.09 4) 0.13 (5) 0.14 (19) 3.4 (200) 0.3(33)
10.4 0 0 0 0 0

“ See Fig. 1 for structures.
b Alkaline phosphate bound (U/umol dye).
¢ Specific activity of eluted enzyme (U/mg protein).

tested for their ability to bind alkaline phosphatase from a crude calf intestinal mucosa
extract over the pH range 6.1-10.4 (Table II). These analogues bear terminal rings
comprising aniline (I), p-aminobenzoic acid (IT), m-, p-aminobenzenesulphonic acid
(C.I. Reactive Blue 2) (III), p-aminobenzyl phosphonic acid (IV) and m-amino-
benzeneboronic acid (V). In each case, the capacity of the adsorbents (U enzyme
bound/umol immobilised dye) decreased with increasing pH, whilst the specific
activity of the protein eluted with 0.75 M KCl increased with increasing pH up to
a critical value after which the binding ability sharply declined. This critical value was
about a pH unit higher for the phosphonate ligand. As anticipated, the phosphonate
ligand was the most effective in yielding enzyme of high specific activity, with
the carboxylate, sulphonate, borate and aniline derivatives decreasingly effective.
Identification of the phosphonate analogue as an effective affinity ligand was probably
attributable to the fact that the methyl phosphonate moiety has approximately the
same overall dimensions and charge as the phosphate ester!’”. The excellent
performance of the carboxylic acid analogue as an alkaline phosphatase ligand may
account for dye Procion Red P-3BN being the most effective of the commercial dyes.

The terminal ring analogues of C.I. Reactive Blue 2 were also screened for their
ability to bind bovine serum albumin, a major contaminant of the crude calf intestinal
preparation (Table HI). Bovine serum albumin bound most effectively to the aniline
terminal ring analogue (I) and the monovalent sulphonate (IIT) and carboxylate (IT)
species. In sharp contrast to alkaline phosphatase binding, the phosphonate analogue
(IV) displayed the lowest affinity for bovine serum albumin, thus, making it an ideal
candidate ligand for the purification of calf intestinal alkaline phosphatase.

For these enzyme and protein binding studies, the Good buffers were used at
their respective pK, values in order to maintain a constant ionic environment over the
pH range investigated as the buffers would be equally dissociated.
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TABLE III

THE BINDING OF BOVINE SERUM ALBUMIN TO IMMOBILISED TERMINAL RING ANA-
LOGUES OF C.I. REACTIVE BLUE 2

Bovine serum albumin binding was assessed over the pH range 6.1-10.4 using immobilised dye adsorbents
(0.5 g moist weight gel) suspended in a small test tube containing protein solution (2 mg bovine serum
albumin in 2 ml of 20 mM Goods buffer). After thorough mixing the tubes were incubated for 30 min at
25°C, the gels allowed to sediment under gravity and the supernatants assayed for protein. The gels were
washed with equilibration buffer 2 x 4 ml), bound protein desorbed with 0.75 M KCl and the supernatants
reassayed for protein. The experiment was performed in duplicate and protein recoveries were in the range
95-110%.

pH Terminal ring analogue®
I n I 114 14
6.1 1.9 1.2 1.2 0.8 1.1
7.2 1.4 1.0 1.1 0.7 0.9
1.5 1.2 0.8 1.0 0.6 0.7
8.1 0.5 0.3 0.4 0.2 0.3
9.3 0 0 0 0 0
10.4 0 0 0 0 0

¢ See Fig. | for structures.
b Bovine serum albumin bound (mg BSA/umol dye).

Determination of the capacity of the immobilised phosphonate analogue (IV) of C.I.
Reactive Blue 2 for alkaline phosphatase

The interaction between alkaline phosphatase and the agarose-immobilised
phosphonate analogue (IV) was strongly dependent on buffer concentration. For
example, at a fixed pH value of 8.5 using Tricine-NaOH buffer, 85% of the total
activity (140 U; 4 ml) bound when applied to a small column (1 g moist weight gel) of
immobilised phosphonate ligand in 10 mM buffer, 70% bound in 40 mM buffer and
only 35% bound when 100 mM buffer was used. A pH of 8.5 was chosen as optimum
since at this value the phosphonate ligand is very selective for alkaline phosphatase
whilst retaining a high binding capacity for the enzyme (Table I). Frontal analysis (Fig.
2) showed binding to be a complex process!®; in the early phase, the majority of the
total protein, but only 50% of the total enzyme activity is adsorbed. In the latter phase,
a small amount of additional protein binds, representing the remaining enzyme
activity. Alkaline phosphatase represents only 0.3% of the total protein in the crude
preparation and the first phase is thought to reflect rapid saturation of potential
binding sites on the adsorbent with alkaline phosphatase and contaminating protzins.
The second phase may represent a slower time-dependent displacement by alkaline
phosphatase of proteins possessing a lower affinity for the immobilised dye.

The volume of crude enzyme preparation necessary to achieve adsorbent
saturation was highly dependent on column flow-rate. For example, at a flow-rate of
10 ml/h the volume required for saturation with alkaline phosphatase activity was 18
ml while at 20 ml/h the volume was almost doubled to 35 ml. This finding suggests that
a competitive displacement effect may account for the complex binding process
discussed above.
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Fig. 2. Determination of maximum binding capacity of the terminal ring phosphonate analogue of C.I.
Reactive Blue 2 (1V) when bound to Sepharose CL-6B-200 for alkaline phosphatase by frontal analysis.
A crude calf intestinal alkaline phosphatase preparation (30 U/ml in 10 mM Tricine-NaOH buffer, pH 8.5)
was applied to a glass column (10 cm x 0.5 cm 1.D.) packed with phosphonate gel (0.1 g moist weight; 2.6
umol dye/g moist weight gel) equilibrated with 10 mM Tricine-NaOH buffer pH 8.5 at 4°C at a flow-rate of
10 ml/h. Application was continued until outlet and inlet streams contained identical concentrations of
enzyme and protein. The column was washed with the irrigating buffer and bound protein etuted with 0.75
M KCI. Fractions (1 ml) were assayed for alkaline phosphatase activity (O) and protein (E,g0, ®).

A similar frontal chromatogram was observed for adsorption of alkaline
phosphatase to immobilised Procion Red P-3BN, although at comparable dye
substitution levels (2.6 umol dye/g moist weight gel) the binding capacity for the
immobilised Procion Red P-3BN (751 U/g moist weight gel; 289 U/umol dye) was
markedly lower than that for the immobilised phosphonate analogue (1147 U/g moist
weight gel; 441 U/umol dye). Only 5% of the bound protein appeared to be alkaline
phosphatase in the case of immobilised Procion Red P-3BN, compared to 22% in the
case of the phosphonate analogue; consequently, the specific activity of the enzyme
eluted with 0.75 M KCl was 55 U/mg and 195 U/mg respectively. This demonstrates
the increased selectivity of the phosphonate ligand over the commercial dyes.
SDS-PAGE showed that the contaminating proteins included bovine serum albumin
and phosphodiesterase.

Specific elution techniques

Desorption of alkaline phosphatase from the immobilised phosphonate anal-
ogue with steps (0.75 M) or linear (0-1- M) gradients of salt (KCl) resulted in co-elution
of contaminating proteins with the enzyme activity. Table IV shows that the use of
specific eluents such as phenyl phosphate, a-naphthyl phosphate and inorganic
phosphate greatly improved the specific activity of the eluted protein. Specific elution
with organic phosphates resulted in sharper elution of alkaline phosphatase although
the degree of purification was consistently lower than that obtained with inorganic
phosphate. Furthermore, SDS-PAGE showed that preparations eluted with organic
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TABLE IV

SPECIFIC ELUTION OF ALKALINE PHOSPHATASE FROM IMMOBILISED PHOSPHONATE
ANALOGUE OF C.I. REACTIVE BLUE 2

Total protein and enzyme recoveries were >90%.

Eluent Specific activity of eluted enzyme Purification
(U/mg protein) (fold)*

0.75 M KCl 195 65

5 mM a-naphthyl phosphate 487 162

5 mM phenylphosphate 520 173

5 mM KH,PO, 716 238

* Crude alkaline phosphatase has a specific activity of 3.0 U/mg protein.

phosphates were highly contaminated with phosphodiesterase, whilst preparations
eluted with inorganic phosphate were essentially free of this contaminant. Triazine
dyes are competitive inhibitors of bovine phosphodiesterase and have been exploited
for its purification!®2°, Thus, binding of this protein to the phosphonate ligand is to be
expected.

Purification of alkaline phosphatases from other sources

To determine the effectiveness of the C.I. Reactive Blue 2 phosphonate
derivative as a general alkaline phosphatase affinity ligand, purification from a wide
variety of sources was attempted. Table V shows that the ligand is effective for both
calf and bovine intestinal alkaline phosphatase even though SDS-PAGE revealed the

TABLE V

PURIFICATION OF ALKALINE PHOSPHATASES FROM A WIDE VARIETY OF SOURCES
USING THE C.I. REACTIVE BLUE 2 PHOSPHONATE ANALOGUE AS THE AFFINITY LIGAND

Dialysed crude alkaline phosphatase preparation (1200 U in 4 ml 10 mM Tricine-NaOH buffer, pH 8.5) was
applied to a small column containing 1.2 g of pre-equilibrated immobilised dye gel (2.6 umol dye/g gel). The
column was washed with 45 ml of buffer, then a 3-ml pulse of 5 mM KH,PO, in 10 mM Tricine-NaOH
buffer, pH 8.5 was applied. Finally any remaining protein was eluted using a 5-ml wash of 1 M NaCl.

Alkaline phosphatase Specific activity — Applied alkaline  Total enzyme  Specific activity .

source and type of crude phosphatase recovery of final
preparation bound (%) (%) preparation
(Ulmg protein) (U/mg protein)

Calf intestine Type I 3.0 76 103 9407

Bovine intestine Type I-S 8.8 44 98 8507

Chicken intestine Type V 8.7 6 93 3507

Pig intestine Type IV 1.0 18 90 107

Sheep intestine Type XII 1.6 17 96 183°

Human placental Type XVII 8.6 I 82 40°

E. coli Type 1II-S 4.0 2 71 KRid

“ Bound alkaline phosphatase eluted using a 5 mM inorganic phosphate pulse.

* Bound alkaline phosphatase not eluted using inorganic phosphate pulse but would elute using
1 M NaCl.
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contaminating proteins present in each crude preparation to be quite different.
However, in all other cases both the binding ability of the alkaline phosphatase and the
purification factor achieved were disappointingly low. In the case of the pig, sheep,
human and Escherichia coliisoenzymes the alkaline phosphatase which bound was not
eluted using a 5 mM inorganic phosphate pulse but was eluted using 1 M NaCl
suggesting non-specific binding. The lower recoveries of the E. coli and human
placental enzymes may be attributable to hydrophobic binding.

Affinity chromatography of alkaline phosphatase

A crude alkaline phosphatase preparation (2 g lyophilised powder dissolved in
10 ml of 10 mM Tricine-NaOH buffer, pH 8.5; approx. 2000 U) was applied at
a flow-rate of 10 ml/h to a column (5 g moist weight gel) of agarose-immobilised C.I.
Reactive Blue 2 phosphonate analogue (IV, 2.6 umol dye/g moist weight gel).
Approximately 80% of the applied activity bound to the adsorbent, with loosely
bound protein being desorbed by consecutive washes with 60 mM Tricine—-NaOH
buffer pH 8.5 and 10 mAM Tricine-NaOH buffer pH 8.5 respectively until the
background absorbance at 280 nm was negligible. Elution with a linear gradient (0-5
mM) of inorganic phosphate (KH,PO,) resulted in a broad peak of alkaline
phosphatase activity comprising 72% of the bound activity with an overall specific
activity of 760 U/mg and representing a 250-fold purification. Subsequent application
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Fig. 3. Chromatography of a crude calf intestinal extract on Sepharose CL-6B-200 immobilised C.I.
Reactive Blue 2 phosphonate analogue. A crude alkaline phosphatase preparation [2 g lyophilised
powder/10 mM Tricine-NaOH buffer pH 8.5 (10 ml); approx. 2000 U] was applied at a flow-rate of 10 ml/h
to a column (30cm x 1 cm LD.; 5 g moist weight gel) of Sepharose CL-6B-200 immobilised phosphonate
analogue (2.6 pumol/g moist weight gel) equilibrated with 10 mM Tricine-NaOH buffer pH 8.5 at 4°C. The
column was washed at the points indicated as follows: (1) 60 mM Tricine-NaOH buffer pH 8.5; (2) 10 mM
Tricine~NaOH buffer pH 8.5; (3) 5 mM KH,PO, (20 ml); (4) 20 mM KH,PO, (15 ml); (5) 0.75 M KCI.
Fractions (2 ml) were analysed for alkaline phosphatase activity (O), phosphodiesterase activity ((1) and
protein (Eygp, ©).
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of a pulse (15 ml) of inorganic phosphate (20 mM) released the adsorbed phospho-
diesterase. Finally, the column was flushed with 0.75 M KCl to desorb all remaining
protein and then re-equilibrated with 10 mM Tricine-NaOH buffer pH 8.5 prior to
reuse.

Fig. 3 shows that repetition of the chromatographic run with a pulse (20 ml) of
inorganic phosphate (5 mM) in place of the gradient elution, resulted in the appearance
of alkaline phosphatase activity in a sharp peak containing 89% of the bound enzyme
with an overall specific activity of 870 U/mg (290-old purification). Over 60% of the
eluted activity was contained in a single fraction (2 ml) with a specific activity in excess
of 1000 U/mg and representing a 330-fold purification of the enzyme from the crude
preparation in a single step. SDS-PAGE (Fig. 4) and determination of the specific
activity revealed that alkaline phosphatase purified using affinity chromatography on
the immobilised phosphonate analogue of C.I. Reactive Blue 2 was of equivalent
purity to commercially available “high-purity” preparations which had specific
activities of 850-1250 U/mg under the assay conditions used in this work. In addition,
Fig. 3 shows that specific elution using inorganic phosphate (5 mM) separated the
alkaline phosphatase activity from the phosphodiesterase activity, which was eluted
using higher inorganic phosphate concentrations (20 mM). The final alkaline
phosphatase preparation contained <0.05 U phosphodiesterase/mg protein. The

Fig. 4. Comparison of the C.I. Reactive Blue 2 phosphonate purified enzyme with commercial “high
purity” preparations by SDS-PAGE. For the comparison equivalent amounts of dye-purified and
commercial enzyme were applied to the gel. Tracks A and F, bovine phosphodiesterase I standard; tracks
B and C, commercial “high-purity” alkaline phosphatase preparations; track D alkaline phosphatase
purified by affinity chromatography on the immobilised phosphonate adsorbent with a specific eluent of
inorganic phosphate (5 mM; Fig. 3); track E, profile of the total protein binding to the immobilised
phosphonate adsorbent from the crude calf intestinal alkaline phosphatase preparation obtained by elution
with 0.75 M KCl. Electrophoresis of crude calf intestine alkaline phosphatase preparation is not shown since
it results in a single, heavily stained band corresponding to bovine serum albumin which accounts for ca.
30% of the total protein in the crude extract.
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adsorbent could be re-used many times with no apparent reduction in capacity or
purification performance being observed over a 12-month period of regular usage. It
should also be noted that the alkaline phosphatase loadings used in this process (1000
U/5 ml) are far higher than those reported in other studies. This factor, together with
the stability and ease of synthesis and immobilisation makes this process particularly
suitable for large scale commercial application.

DISCUSSION

Immobilised triazine dyes have been successfully exploited for the purification of
a host of complementary proteins®, although only in a few cases is the dye—protein
interaction well understood?!+22. The present study indicates that the affinity of calf
intestinal alkaline phosphatase for terminal ring analogues of C.I. Reactive Blue
2 (Fig. 1) is governed largely by the anionic substituent on the terminal ring.
Substitution of anionic functions such as carboxylate and phosphonate for the
ubiquitous sulphonate in commercially available dyes, dramatically enhances the
specificity of the dye—protein interaction, presumably because both are competitive
inhibitors and bind to the active site of the enzyme®'6. It is probable that under the
binding conditions used in this study the ligand interacts directly at the active site since
the enzyme is specifically eluted with low concentrations of substrates and inhibitors.
However, the lack of detailed knowledge of the calf intestinal alkaline phosphatase
active site, such as X-ray crystallography data, makes absolute conclusions regarding
the dye—protein interaction very difficult. In addition, further rational design of the
ligand in order to maximise presentation of the phosphonate or to determine the
contribution of the other components of the dye moieties to the dye-protein interaction
will be dependent on the availability of such data.

Binding of alkaline phosphatase to the immobilised C.I. Reactive Blue
2 phosphonate ligand appears to be highly ionic in nature since the interaction is
greatly affected by pH and ionic strength, the enzyme is easily desorbed using low salt
concentrations and is not eluted using 50% (v/v) glycerol. In addition, the uncharged
aniline derivative shows very low affinity for the enzyme. Kirchberger et al.?® also
found that the binding of calf intestinal alkaline phosphatase to Procion Red HE-3B
was mainly stabilised by electrostatic and not hydrophobic interactions.

Phosphonate® and arsonate' derivatives have been used previously for the
purification of alkaline phosphatase. In both cases, presentation of the anionic
competitive inhibitors attached to a bulky aromatic/hydrophobic moiety proved the
most effective ligands. Similar conclusions have been drawn for the purification of acid
phosphatase?*. Phosphonate derivatives proved superior to arsonate presumably
because benzyl phosphonate is iso-spatial to the very high affinity substrate, phenyl
phosphate!”.

The use of the Sepharose-immobilised phosphonate analogue of C.I. Reactive
Blue 2 in conjunction with specific elution with inorganic phosphate resulted in a calf
intestinal alkaline phosphatase preparation purified 330-fold in a single step from
a crude extract. Absolute comparisons with results reported by other workers are
difficult since quoted specific activities depend on the enzyme assay used and the
method of protein determination. For example, use of a phenyl arsonate adsorbent
and specific elution with inorganic phosphate probably achieved a homogeneous
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preparation of calf intestinal alkaline phosphatase'. However, the starting material
was a partially purified extract and phenyl arsonates are more labile than phospho-
nates?. Other workers have exploited an immobilised phosphonate derivative to effect .
an l1-fold purification of calf intestinal alkaline phosphatase® and a 400-fold
purification of human liver alkaline phosphatase* respectively. Commercial dye
adsorbents have been exploited by a number of workers for alkaline phosphatase
purification. Bouriotis and Dean® obtained a 295-fold purification of calf intestinal
alkaline phosphatase using a-naphthyl phosphate as specific eluent. In this case,
hydrolysis of the organic phosphate eluent led to contamination of the resulting
enzyme preparation with a-naphthol which was removed by dialysis. Also, the use of
sequential affinity chromatography on immobilised Cibacron Blue F3G-A and
Procion Red HE-3B as components in a multi-step purification procedure resulted in
apparent homogeneity of calf intestinal alkaline phosphatase’ and a single step
380-fold purification of human intestinal alkaline phosphatase was achieved using
affinity chromatography on immobilised Remazol Yellow GGLS.

Although these affinity purification techniques are extremely effective in some
cases, they cannot be considered generally applicable to alkaline phosphatase
purification since this and other studies has shown that alkaline phosphatase
isoenzymes differ markedly in their affinity for such ligands?3. For example, the
human placental enzyme shows very low affinity for the C.I. Reactive Blue
2 phosphonate ligand and other immobilised triazine dyes. However, Yasmin and
Qadri® did obtain a 46-fold purification by precipitating the enzyme onto a column of
Cibacron Blue 3G-A-Sepharose 4B using a 50% (w/v) saturated ammonium sulphate
solution. Elution was then achieved by lowering the salt concentration. Similarly,
Smith and Peters® achieved a 244-fold purification of the human polymorphonuclear
leukocyte enzyme using solubilisation with Triton X-100 and chromatography on
immobilised Cibacron Red F. The bound enzyme was not eluted using high salt
concentrations or specific eluents. In these two examples the exact nature of the
dye—protein interaction is unknown but is likely to involve mainly hydrophobic rather
than ionic interactions. Hydrophobic binding by the human placental and the E. coli
alkaline phosphatases may account for their low recoveries when screened for their
ability to bind the Reactive Blue 2 phosphonate ligand. The inability of isoenzymes,
such as the human placental, to bind to triazine dyes under low salt conditions may be
due to their high sialic acid content which would increase their overall negative charge
and possibly prevent binding to anionic ligands?®.

CONCLUSIONS

The phosphonate terminal ring analogue of C.I. Reactive Blue 2 represents only
the second example of the use of specifically designed biomimetic dyes for protein
purification®!. Frontal analysis experiments showed the phosphonate dye adsorbent
to be more selective for alkaline phosphatase binding and have a higher binding
capacity than the most effective of the commercial dyes tested. Its use in conjunction
with specific elution with inorganic phosphate resulted in a single step 330-fold
purification of the calf intestinal enzyme from a crude preparation. The dye purified
enzyme was of equivalent purity to commercial high purity preparations by
SDS-PAGE and specific activity comparisons and contained <0.05 U phospho-
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diesterase/mg protein. It is believed that this is the first study in which affinity purified
calf intestinal enzyme has been compared directly with commercial “high-purity”
preparations.

The phosphonate ligand retains the advantages of commercial dyes in terms of
cost, stability, reusability, sterilizability and ease of immobilisation whilst displaying
greatly improved specificity for the target protein. It is anticipated that as more
information concerning the detailed architecture of enzyme active sites and the nature
of enzyme ligand interactions becomes available, the flexibility of dye design and
synthesis, particularly using computer aided molecular graphics will accelerate the
development of this new approach to affinity chromatography.
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SUMMARY

The enantiometric resolution of amino acids, amino acid derivatives, peptides
and hydroxycarboxylic acids was investigated using a chiral column of the ligand-
exchange type. It was found that this column separated all of these compounds satis-
factorily. Columns containing either a D- or L-ligand gave almost identical chroma-
tograms, except that the retention order for a pair of chiral isomers was reversed.
These columns could be applied to resolve simultaneously ten different types of DL-
amino acids. Optically active impurities present in D and L-amino acids could be
determined at concentrations down to about 100 ppm.

INTRODUCTION

In recent years, increasing attention has been paid to the development of easier
ways of resolving enantiomers, especially using high-performance liquid chroma-
tographic (HPLC) methods. Some of the more important techniques are the use of a
stationary phase carrying an optically active compound!~>, the preparation of a
derivative of a diastereomer before resolution5—® and the use of a mobile phase con-
taining an optically active compound®!2,

Each of these approaches has problems, but recently Shinbo et al.’ developed a
high-performance resolution column for pL-amino acids. In this column, a crown
compound is adsorbed on an octadecylsilyl (ODS)-silica. Although it is silica-based,
this column must depend on a strongly acidic eluent, such as perchloric acid. Also, it
is ineffective for many DL-amino acids unless it is operated at low temperatures, such
as 0°C. In addition, it is unsuitable for simultaneous resolution, because of the similar
retention times of these amino acids. Nimura and co-workers®~® attempted simulta-
neous resolution using an ODS column. This approach follows a pre-column method,
in which a compound such as 2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl isothiocya-
nate (GITC) is used. It is suitable for simultaneous resolution, but has several disad-
vantages: some amino acids do not react to form derivatives, and it requires a time-
consuming pretreatment process. Methods in which an optically active compound is

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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used are unsuitable for routine analyses and preparations, because the compound is
expensive for these purposes.

Using an MCI GEL CRS10W column (N,N-dioctyl-L-alanine-coated, ODS-
silica), effective enantiometric resolution of DL-amino acids was obtained under mild
operating conditions, and this column does not suffer from the above problems. One
of its noteworthy features is that it eliminates pretreatment steps. In this study, we
prepared a CRS10WD column, which was the same as the CRS10W column except
that the ligand was N,N-dioctyl-D-alanine. We assessed its performance in detail.
Optical impurities present in L- and D-amino acids were determined using both the
CRS10W and CRS10WD columns. The enantiometric resolution of compounds oth-
er than amino acids, such as peptides, amino acid derivatives and hydroxycarboxylic
acids, was also investigated. It was shown that the new column can resolve
enantiomeric compounds other than amino acids.

EXPERIMENTAL

DL-Amino acids, D-amino acids, L-amino acids, amino acid derivatives, pep-
tides and hydroxycarboxylic acids were supplied by Sigma (St. Louis, MO, U.S.A))
and Tokyo Kasei (Tokyo, Japan). All the other reagents were of special grade, sup-
plied by Wako (Osaka, Japan).

The packed columns used were MCI GEL CRS10W and CRS10WD (a provi-
sional name), both 50 mm x 4.6 mm I.D., supplied by Mitsubishi Kasei (Tokyo,
Japan). CRS10WD is a newly developed column, differing from the former in its
optical characteristics. The active ligand, N,N-dioctyl-p-alanine, is coated on ODS-
silica (pore diameter 100 A, particle size 3 um).

The apparatus consists of a pump (Model LC-6A; Shimadzu, Kyoto, Japan), a
sample injector (Model 7125; Rheodyne, Cotati, CA, U.S.A.) and a detector (Model
SPD-6A; Shimadzu). Fluorimetric trace analysis was based on the post-column meth-
od using o-phthalaldehyde (OPA). A Model RF530 instrument (by Shimadzu) was
used to detect fluorescence.

RESULTS AND DISCUSSION

Basic properties

The enantiometric resolution of pL-amino acids on MCI GEL CRS10W is
based on the ligand-exchange reactions of a copper complex of an optically active
ligand adsorbed on the column matrix with the amino acid to be separated. The
resolution, therefore, is affected by various parameters, including eluent pH, copper
(II) ion concentration and column temperature. The effects of these parameters have
been described elsewhere!?. Different copper (I1) salts were screened as eluents with
respect to the effects of the various anions on the resolution of amino acids. Fig. 1
shows the relationship among the anion species, retention time and resolution. Differ-
ent amino acids were affected differently according to the anion species used. The
retention time changed markedly with acidic amino acids, such as glutamic acid,
whereas it changed little with neutral amino acids, such as valine. The resolution was
also greatly affected by the anion species, which indicates the possibility of controlling
the resolution by varying the anion.
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Fig. 1. Effect of salts on retention time and resolution. Column, MCI GEL CRS10W (50 mm X 4.6 mm
1.D.); eluent, 2 mM aqueous Cu salt solution; flow-rate, 1 ml/min; pressure, 110 kg/cm?; temperature,
room temperature; detection, UV (254 nm); injection volume, 20 ul. (1) L-Glu; (2) L-Leu; (3) L-Asp; (4)
L-Val; (5) pi-Leu; (6) pL-Val; (7) pL-Glu; (8) DL-Asp.

Of the copper (I) salts screened, copper sulphate had the shortest retention
time and was not deliquescent. Therefore, an aqueous solution of copper sulphate
was used as the eluent in the measurements after the screening study. Fig. 2 shows the
relationship between load and resolution for pL-valine, having a resolution, R, of
about 6. Resolution was achieved, but without a considerable decrease in resolution,
R,, as long as the amount separated was 10 ug or less. For an amount of 0.1 mg
separated, R, was still fairly high (2.7). It is therefore possible to use the 50 mm X 4.6
mm [.D. column for preparative purposes.

MCI GEL CRS10W works effectively with an aqueous solution contained an
organic solvent as the eluent. Acetonitrile and ethanol gave better chromatograms
than methanol (Fig. 3). Fig. 4 shows the relationships among acetonitrile concentra-
tion, k" and R, values for the resolution of pL-phenylalanine. An increase in aceto-
nitrile concentration accelerated elution, sharpened the signals and reduced gradually

Resolution, Rs

0.1 1 10 100
Sample loading , ug
Fig. 2. Effect of sample throughput on resolution. Column, MCI GEL CRS10W (50 mm x 4.6 mm 1.D.);

eluent, 2 mM CuSO, aqueous solution; flow-rate, I ml/min; pressure, 100 kg/cm?; temperature, room
temperature; detection, UV (254 nm); injection volume, 20 pl; sample, DL-valine.
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Fig. 3. Effect of addition of organic solvent to the eluent on glycyl-piL-leucine resolution. Column, MCI
GEL CRSI10W (50 mm x 4.6 mm 1.D.); eluent, 2 mM CuSO, in (A) 10% acetonitrile solution, (B) 10%
ethanol solution and (C) 10% methanol solution; flow-rate, 1 ml/min; temperature, room temperature;
detection, UV (254 nm); injection volume, 20 ul; sample, glycyl-pDL-leucine (1 mg/ml).

R;. Similar results were observed with other compounds. Adding an organic solvent,
such as acetonitrile, greatly shortened the retention time of hydrophobic compounds,
as discussed above, but its concentration should be limited to 15 vol.-%, because the
optically active ligand may be eluted out in the presence of excessive amounts of
organic solvent.

Determination of impurities in enantiomers

The analysis of a trace component that elutes after the main component is
difficult4, and a column of reversed activity that reverses the elution order is used to
solve this problem. For pr-amino acids with low R, it is possible to determine a

20 ¢ 6

Capacity factor k'
n
Resolution, Rs

o 5 10 15
% Acetonitrile in eiuent
Fig. 4. Effect of acetonitrile content on capacity factor and resolution of bL-phenylalanine. Column, MCI
GEL CRS10W (50 mm x 4.6 mm 1.D.); eluent, 2 mM CuSO,-acetonitrile solution; flow-rate, 1 ml/min;
pressure, 95 kg/cm?; temperature, room temperature; detection, UV (254 nm); injection volume, 20 ul;
sample, DL-phenylalanine (1 mg/ml).
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TABLE I
OPERATING CONDITIONS FOR MCI GEL CRS10WD AND RESOLUTION OF AMINO ACIDS

Column temperature: room temperature.

Amino Eluent Flow-rate Retention time Separation Resolution,
acid CuSO, (ml/min) (min) factor, R,
concentration o
(mM) L-isomer D-isomer
Lys 0.1 0.5 3.0 35 1.17 1.0
His 0.5 0.5 4.1 5.4 1.31 1.4
Ser 0.5 0.5 5.7 7.0 1.22 0.9
Thr 0.5 0.5 59 7.6 1.29 1.2
Ala 1.0 0.5 43 5.5 1.29 1.2
Cit 1.0 0.5 7.0 10.4 1.49 29
Pro 2.0 1.0 3.5 6.7 1.91 S.0
Val 2.0 1.0 4.3 8.0 1.85 5.8
Nval 2.0 1.0 53 10.2 1.92 5.7
Asp 2.0 1.0 7.0 8.4 1.20 1.7
Glu 2.0 1.0 15.0 22.7 1.55 4.6
lleu 2.0 1.0 10.8 229 2,13 7.7
Ileu (allo) 2.0 1.0 8.4 16.4 1.95 6.6
Leu 2.0 1.0 10.0 19.1 1.91 7.1
Nleu 2.0 1.0 15.2 22.0 1.45 3.0
Met 2.0 1.0 8.7 13.9 1.59 5.0
Tyr 2.0 1.0 16.5 29.8 1.80 6.5
Eth 2.0 1.0 20.8 34,5 1.65 5.4
Phe 2.0 1.0 28.8 52.0 1.81 5.0

D-amino acid impurity present in L-amino acids using CRSI0W, but the reverse is
difficult using same column. Recently, the determination of D-isomer/L-isomer ratios
and trace enantiomers has attracted attention because of their potential for dating!?
and analysis of food production processes. The authors have developed and assessed
a packed column that uses an optically active ligand with the reverse optical activity
for these purposes.

Table I shows the analytical conditions under which the CRS10WD column

TABLE II
DETERMINATION OF IMPURITIES IN OPTICAL ENANTIOMERS

Amino acid Column Manufacturer Concentration of optical
impurity (ppm)

L-Alanine CRS10W A 160
L-Alanine CRS10W B 80
L-Alanine CRS10W C 350
p-Alanine CRS10WD C 910
L-Aspartic acid CRS10W C 5700
D-Aspartic acid CRS10WD C 4750
L-Phenylalanine CRS10W C 650
p-Phenylalanine CRSI10WD C 800
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was operated and the resolution results for each amino acid. These columns were used
to determine enantiomer impurities present in some L- and D-amino acids. The mea-
surements were based on OPA fluorimetry (post-column method).

The impurities were determined by the standard addition method. The results
are given in Table II. The L-alanine samples from different suppliers contained differ-
ent amounts of impurities. Further, different amino acids had widely varying impuri-
ties. Because of this, great care must be taken when these amino acid products are
used for analysis. The detection limit will correspond to that of OPA fluorimetry for a
compound having a high resolution, and will reach about 100 ppm for a pL-amino
acid having a resolution of 1.5-2.

Resolution of DL-amino acid mixtures

CRS10WD gives widely varying retention times, depending on the type of ami-
no acid being separated, as shown in Table 1. Hence it is possible to effect the resolu-
tion of a number of amino acids simultaneously using a single CRS10WD column.
Figs. 5 and 6 illustrate examples of simultaneous resolution, in each instance ten
different DL-amino acids being separated with a single 50-mm column by isocratic

10
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0 20 40 80 80 ain

Fig. 5. Resolution of ten amino acid racemates using an MCI GEL CRS10WD column. Column, MCI
GEL CRS10WD (50 mm x 4.6 mm LD.); eluent, 1 mM CuSO, aqueous solution; flow-rate, 1 ml/min;
pressure, 110 kg/cm?; temperature, room temperature; detection, UV (254 nm); injection volume, 20 pl.
Sample: 1, L-Ser; 2, D-Ser; 3, L-Cit; 4, p-Cit; 5, L-Val; 6, L-Nval; 7, L-Asp; 8, D-Asp; 9, D-Val; 10, L-Met; 11,
D-Nval; 12, L-Glu; 13, D-Met; 14, L-Tyr; 15, p-Glu; 16, L-Eth; 17, L-Phe; 18, p-Tyr; 19, p-Eth; 20, p-Phe.
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Fig. 6. Resolution of ten amino acid racemates using an MCI GEL CRS10W column. Column: MCI GEL
CRSI10W (50 mm x 4.6 mm LD.); eluent, | mM CuSO, aqueous solution; flow-rate, 1 ml/min; pressure,
113 kg/cm?; temperature, room temperature; detection, UV (254 nm); injection volume, 20 ul. Sample: 1,
D-Ser; 2, L-Ser, 3, D-Cit; 4, L-Cit; 5, D-Val; 6, D-Nval; 7, D-Asp; 8, L-Asp; 9, L-Val; 10, p-Met; 11, L-Nval; 12, -
D-Glu; 13, L-Met; 14, D-Tyr; 15, L-Glu; 16, p-Eth; 17, p-Phe; 18, L-Tyr; 19, L-Eth, 20, L-Phe.

elution. CRS10W gave similar chromatograms except that the elution order of the D-
and L-isomers was reversed.

Applicability of CRS10W to enantiomers other than amino acids

The applicability of CRSI0W to enantiomers other than amino acids was also
investigated. The results are shown in Table III. Of amino acid derivatives, N-acetyl
derivatives, such as N-acetyl-DL-alanine, DL-leucine,-DL-tryptophan and DL-valine
were well separated (Fig. 7). N-carbobenzoxy (CBZ) derivatives, on the other hand,
were difficult to elute, even with the aid of an eluent to which an organic solvent had
been added. This may have resulted from strong interactions between the CBZ group
and hydrophobic groups of the matrix.

Dipeptides, such as glycyl-DL-leucine and DL-leucyl-DL-phenylalanine, were
separated well when an organic solvent was added to the eluent, as shown in Fig. 8.
Similar results were obtained for tri-peptides, such as Dr-alanylglycylglycine and
DL-leucylglycyl-DL-phenylalanine. Hence it can be concluded that CRS10W provides
a good method for resolving peptide enantiomers.



248 H. KATOH et al.

TABLE III

RESOLUTION OF AMINO ACIDS DERIVATIVES, PEPTIDES AND HYDROXY CARBOXYLIC
ACIDS ON MCI GEL CRS10W

Column temperature: room temperature.

Compound Optimum conditions Capacity factor Resolution,
RS

Eluent Flow-rate kp ky

CuSO, (mlimin)

coficentration

(mM)
N-Acetyl-pL-alanine 2.0 1.0 7.0 8.4 1.71
N-Acetyl-DL-leucine 2.0° 1.0 38.0 54.1 2.90
pL-Ala-Gly-Gly 0.5 0.5 2.3 3.0 0.58
pL-Leu-Gly-Gly 2.0 1.0 10.3 16.4 2.99
Gly-pL~Leu 2.0¢ 1.0 20.9 11.7 2.93
pL-Leu—-Tyr 2.0° 1.0 12.5 15.6 0.96
DL-Leu-DL-Phe 2.0° 1.0 16.7 20.6 1.21
Glyceric acid 0.5 1.0 11.0 18.9 2.68
Malic acid 0.5¢ 1.3 442 36.4 1.13
Lactic acid 2.0 1.0 12.5 159 2.44
Pantothenic acid 2.0 1.0 40.0 45.2 0.41
Mandelic acid 2.0° 1.0 52.5 723 3.98
2-Hydroxy-n-butyric acid 2.0° 1.0 9.8 14.2 3.40
Tartaric acid 2.0¢ 1.0 49.5 32.5 0.90
DL-a-Amino-¢-caprolactam 1.0 0.5 1.7 2.4 1.36

? In 10% aqueous acetonitrile solution.
q

Of hydroxycarboxylic acids, pL-mandelic acid, pL-lactic acid, bL-malic acid
and DL-tartaric acid were separated well. However, the resolution for DL-pantothenic
acid was insufficient, as shown in Fig. 9. For bL-malic acid and pL-tartaric acid, the
elution order was reversed.

_

0 s min O 10 20 30 min

Fig. 7. Resolution of amino acid derivatives. Column, MCI GEL CRS10W (50 mm x 4.6 mm 1.D.);
flow-rate, 1 ml/min; temperature, room temperature; detector, UV (254 nm). (A) Eluent, 2 mM CuSO,
aqueous solution; sample, N-acetyl-DL-alanine (2 mg/ml); injection volume, 15 ul. (B) Eluent, 2 mM
CuS0,~10% acetonitrile aqueous solution; sample, N-acetyl-pL-leucine (0.2 mg/ml); injection volume, 20
ul.
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Fig. 8. Resolution of peptides. Column, MCI GEL CRS10W (50 mm X 4.6 mm [.D.); temperature, room
temperature; detection, UV (254 nm). (A) Eluent, 2 mM CuSO,-10% acetonitrile aqueous solution; flow-
rate, 0.3 ml/min; sample, DL-leucyl-L-tyrosine (2 mg/mi); injection volume, 5 pl. (B) Eluent, 2 mM CuSO,—
10% acetonitrile aqueous solution; flow-rate, 1 ml/min; sample, pL-leucyl-DL-phenylalanine (1 mg/ml);
injection volume, 20 ul. (C) Eluent, 2 M CuSO, aqueous solution; flow-rate, 1 ml/min; sample, DL-leu-
cylglycylglycine (1 mg/ml); injection volume, 10 ul, (D) Eluent, 0.1 mAf CuSO, aqueous solution; flow-
rate, 0.3 ml/min; sample, DL-alanylglycylglycine (2 mg/ml); injection volume, 5 ul.
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Fig. 9. Resolution of hydroxycarboxylic acids. Column: MCI GEL CRSI10W (50 mm x 4.6 mm 1.D.);
temperature, room temperature; detection, UV (254 nm). (A) Eluent, 0.5 mM CuSO, aqueous solution;
flow-rate, 1 ml/min; sample, DL-glyceric acid, Ca salt (4 mg/ml); injection volume, 20 pl. (B) Eluent, 2 mM
CuSO, aqueous solution; flow-rate, 1 ml/min; sample, pL-pantothenic acid, Ca salt (4 mg/ml); injection
volume, 20 pl. (C) Eluent, 0.5 mM CuSO,-10% acetonitrile aqueous solution; flow-rate, 1.3 ml/min;
sample, pL-malic acid (2 mg/ml); injection volume, 2 pl. (D) Eluent, 2 mM CuSO,-10% acetonitrile
aqueous solution; flow-rate, 1 ml/min; sample, DL-2-hydroxy-n-butyric acid, Li salt (2 mg/ml); injection
volume, 5 ul.
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Of amines, DL-x-amino--caprolactam was separated well, but 1-phenylethyl-
amine was eluted without interacting with the column.

CONCLUSION

When the elution conditions are carefully controlled, MCI GEL CRS10W and
CRS10WD can resolve most DL-amino acids. They retain other compounds, includ-
ing amino acid derivatives, peptides and hydroxycarboxylic acids.
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BIOLOGICAL SAMPLES AS THE DICHLOROANILIDE DERIVATIVE
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SUMMARY

A method is described for the determination of trace amounts of sodium
monofluoroacetate (MFA-Na) in soil and biological samples. Soil samples were
sonicated with distilled water in the presence of basic magnesium carbonate. Biological
samiples were extracted with distilled water by sonication and the extracts were
coagulated by addition of equal volumes of alcohol and centrifuged. MFA-Na in each
sample solution was adsorbed on Dowex 1-X8 anion-exchange resin and eluted with
2% (w/v) sodium chloride. The eluate was acidified with hydrochloric acid and treated
with 2.,4-dichloroaniline and N,N'-dicyclohexylcarbodiimide. The dichloroanilide
derivative of MFA-Na was extracted with ethyl acetate and quantified by gas
chromatography with electron-capture detection and gas chromatography-mass
spectrometry. The detection limits were 0.0015 and 0.003 pg/g in 20 g of soil and 10 g of
biological sample, respectively.

INTRODUCTION

Sodium monofluoroacetate (MFA-Na), a highly toxic compound inhibiting
a certain step in the tricarboxylic acid cycle, is used for the control of field mice. The
potassium salt of monofluoroacetic acid (MFA) is known as a toxic constituent of the
South African poisonous plant Dichapetalum cymosum (“Gifblaar”)!. The LDsq of
MFA-Na is variable in different species and, for example, is 0.06-0.1 mg/kg in
canines?. The potential toxicity of MFA-Na to non-target animals and the possibility
of secondary poisoning require a sensitive method for determining MFA-Na in
biological samples.

For chromatographic analysis, MFA-Na is often converted into various ester
derivatives with appropriate chromatographic properties®>'2. However, the con-
comitant water generally interferes with esterification of MFA-Na. Recently, we have
developed a method for determining trace amounts of MFA-Na in water samples by
gas chromatography, where MFA-Na in an aqueous solution acidified with hydro-
chloric acid is converted to the dichloroanilide derivative (MFA-DCA) by reaction
with 2,4-dichloroaniline (DCA) and N,N'’-dicyclohexylcarbodiimide (DCC)!3. We
have applied this method to the determination of trace amounts of MFA-Na in various

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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environmental water samples. We expected this method to be applicable to the
determination of MFA-Na in environmental samples such as soil and biological
samples. However, the aqueous extracts of these samples contain large amounts of
various impurities, which made the direct application of this method difficult.

In this paper, we report a practical method for the determination of MFA-Na in
soil and biological samples. The new method involves extraction of the sample with
water, ion-exchange pretreatment of the extract, the anilide derivatization of MFA-Na
in aqueous solution and quantification of the anilide derivative by gas chromato-
graphy with electron-capture detection (GC-ECD). Gas chromatographic—mass
spectrometric (GC-MS) analysis of the anilide derivative by using a capillary column
for a better separation from impurities and more specific detection is also described.

EXPERIMENTAL

Apparatus

A Model UT-20 ultrasonic cleaner (300 W, 26 kHz; Kokusai Electric, Tokyo,
Japan) was used for sample extraction. A Shimadzu Model GC-3BE gas chromato-
graph equipped with a ®*Ni electron-capture detector and a JMS-D-300 mass
spectrometer (JEOL, Tokyo, Japan) were used for analyses.

Reagents and materials,

MFA-Na was obtained from Wako (Osaka, Japan), DCA from Tokyo Kasei
Kogyo (Tokyo, Japan), DCC from Kanto Chemical (Tokyo, Japan) and Wako-gel S-1
silica gel from Wako. Organic solvents and other reagents used were the same as used
previously*3. Basic magnesium carbonate, ammonium sulphate and sodium hydrox-
ide were of analytical-reagent grade. GS25 glass-fibre filter-paper (Toyo Roshi,
Tokyo, Japan) was used. Dowex-1-X8 strongly basic anion-exchange resin (50-100
mesh) was treated prior to use as follows. The resin was immersed in distilled water and
packed into a glass column. The packed resin was successively washed with 10-fold
volumes of 2 M sodium hydroxide, 1 M ammonium sulphate, 1 M hydrochloric acid
and distilled water until neutral. A glass column (10 mm I.D.) packed with 10 ml of the
resin was used for each experiment.

Ion-exchange pretreatment

MFA-Na was separated from aqueous samples with a 13 cm x 1 cm ID.
ion-exchange column packed with 10 ml of the activated resin, Dowex 1-X8. A 20-ug
amount of MFA-Na were loaded on the ion-exchange column and elution of MFA
from the resin was investigated in order to choose the eluent. :

The influence of the flow-rate of MFA-Na solution through the column on
adsorption was examined. A solution of 20 ug of MFA-Na in 100 ml of water was
passed through the column at flow-rates in the range 2-18 ml/min. The influence of the
pH of MFA-Na solution on adsorption was also examined. The pH of an aqueous
solution containing 20 ug of MFA-Na in 100 ml of water was adjusted in the range
2.6-11, and the solution was passed through the column.

Procedure for soil
A mixture of a 20 g of sample, 1 g of basic magnesium carbonate and 50 ml of
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distilled water in a 200-ml beaker was sonicated for 20 min. The mixture was allowed to
stand for about 15 min, the supernatant was decanted and the residue was extracted
with 50 ml of distilled water in the same way. The combined extracts were centrifuged
for 15 min at 3000 rpm and filtered by suction through a glass-fibre filter-paper. The
filtrate and the washings were combined and passed through the ion-exchange column.
The resin was washed with 50 ml of distilled water. MFA was eluted from the column
with 50 mi of 2% (w/v) sodium chloride solution. The eluate was subjected to
derivatization and instrumental analysis.

Procedure for biological samples

A mixture of 10 g of homogenized animal tissue or plant material or a 2-ml blood
sample and 30 ml of distilled water in a centrifuge tube was sonicated for 20 min. After
being allowed to stand for a while, the mixture except for the blood sample was
centrifuged for 15 min at 2000 g and the upper suspension was decanted. The residue
was again extracted with 30 ml of distilled water in the same way.

To the combined extract or diluted blood after sonication, an equal volume of
ethanol was added. The mixture was stirred slowly, allowed to stand for about 30 min
and centrifuged for 15 min at 3000 rpm. The supernatant was filtered by suction
through a glass-fibre filter-paper and the filtrate was passed through the ion-exchange
column. The resin was washed with 50 ml of distilled water. MFA was eluted from the
column with 50 ml of 2% (w/v) sodium chloride solution.

Derivatization'?

The eluate from the ion-exchange column as mentioned above was transferred
into a 100-ml separating funnel. To the eluate 0.25 ml of 10 M hydrochloric acid, 2 ml
of 0.5 M DCA in ethanol, 0.8 ml of | M DCC inethanol and 15 m! of ethyl acetate were
added. The mixture was shaken vigorously for 1 h on a reciprocating shaker. The
aqueous layer was separated after the addition of 5 g of sodium chloride and extracted
again with 5 ml of ethyl acetate. The combined organic layer was washed with 5 ml of
3 M hydrochloric acid, saturated sodium hydrogencarbonate solution and saturated
sodium chloride solution, dried over anhydrous sodium sulphate and evaporated to
dryness. The residue was dissolved in 2 ml of benzene, loaded on to a silica gel (3 g)
column slurry-packed with benzene and washed with 50 ml of benzene. The
MFA-DCA derivative was eluted with 100 ml of n-hexane-diethyl ether (95:5). The
eluate was concentrated and subjected to instrumental analysis.

Gas chromatographic and gas chromatographic-mass spectrometric analysis

GC-ECD analysis of the dichloroanilide derivative was performed on a 2.1
m x 3 mm [.D. glass column packed with equal lengths of 5% DEGS-1% H;3;PO, on
Chromosorb W (60-80 mesh) and 5% Apiezone L grease-2% H3PO, on Chromosorb
W (60-80 mesh)!?. The column and detector temperatures were 175°C and the injector
temperature was 195°C. The flow-rate of the carrier gas (nitrogen) was 20 ml/min.

For calibration, amounts of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 and 1.0 ug of MFA-Na
were dissolved in 50 ml of distilled water and 1 g of sodium chloride was added to each
solution. The solution containing sodium chloride was subjected to the derivatization
reaction described above.

GC-MS analysis was performed ona 15m x 0.53 mm I.D. OV-1701 wide-bore
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capillary column (Gasukuro Kogyo, Tokyo, Japan). The injector temperature was
250°C, the column oven temperature was 200°C, the ion source temperature was 250°C
and the separator temperature was 250°C. Helium was used as the carrier gas at
a flow-rate of 15 ml/min. The ionization voltage was 27.5 eV, the ionization current
was 300 uA and the ion multiplier voltage was 2.0 kV. The fragment ion peak at m/z
186 was monitored for analysis. Aliquots of 2 ul were injected directly. Amounts of 0.1,
0.2,0.4, 0.6 and 0.8 ug of MFA-Na were used for calibration.

RESULTS AND DISCUSSION

Pretreatment of sample extract

When MFA-Na was extracted from soil or biological samples with water, soil
components such as humic substances or tissue constituents such as protein were also
extracted in large amounts into the aqueous solution. If the extract is directly subjected
to derivatization with DCA and DCC, no successful result is obtained. Purification of
MFA-Na in the water extract is essential prior to the derivatization.

Richard and co-workers have successfully used an anion-exchange resin
prepared from XAD to separate and concentrate organic acids from aqueous
solution!#, and also reported good recoveries of C,—C; ¢ aliphatic carboxylic acids at
the ppm level from oil shale process water!>. Peterson® has separated MFA-Na from
aqueous solution with Amberlite IR-45 in a batch process. McGary and Meloan!®
used a Bio-Rad AG1-X8 strongly basic resin for the same purpose.

We investigated the separation of MFA-Na from water samples with the
strongly basic anion-exchange resin Dowex 1-X8. MFA was adsorbed quantitatively
on the resin at flow-rates through the column in the range 2-18 ml/min. Even MFA-Na
solution containing 500 mg/1 of sodium chloride gave the same result and no influence
on the adsorption of MFA-Na was observed. The pH of MFA-Na solution in the
range 2.6-11 was also observed to have no influence on adsorption.

Elution of MFA from the resin with various eluents is shown in Table 1. Dilute
sodium hydroxide solution eluted MFA from the resin, but a large volume of the eluent
was required, which is unsuitable for concentration of MFA-Na; for the subsequent
derivatization step, an elution volume of less than 50 ml is desirable.

TABLE 1
ELUTION OF MFA-Na FROM ANION-EXCHANGE COLUMN

MFA-Na (20 ug) was adsorbed on a Dowex 1-X8 (C17) (50-100 mesh) column (13 cm x 1 ¢m 1.D.) and
eluted.

Eluent Concentration ( M )7 a keibbér}i (%)~

~ 50 ml® (Ist fraction) ~ 100 ml® (2nd fraction)

NaOH 0.t 2 10
0.2 13 45
NacCl 0.1 46 54
0.25 97 3
0.5 98 2

“ The eluate was fractionated into 50-m! volumes.
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Sodium chloride solution at concentrations of more than 0.25 M is satisfactory
for the quantitative elution of MFA from the resin within an elution volume of 50 ml.
In derivatizing with DCA and DCC, sodium chloride concentrations in the range ca.
1-4% (w/v) gave constant recoveries'* and higher concentrations of sodium chloride
reduced the recovery. Therefore, the eluent for stripping MFA-Na from the
ion-exchange resin was selected as 2% (w/v) sodium chloride solution. A 50-ml volume
of the eluent could recover MFA-Na quantitatively from the column and the eluate
could be subjected to the derivatization procedure without initial addition of sodium
chloride.

Extraction from soil sample

The aqueous extract of soil is muddy and contains various inorganic and organic
substances such as humic substances. Direct application of this extract to the
ion-exchange column, even after filtration, often choked the column owing to
precipitation of brown materials.

Calcium hydroxide and magnesium carbonate have been used as reagents to
coagulate such materials and precipitate water-soluble organic substances and
ions!”18. Aqueous extraction of soil by sonication in the presence of the reagents
afforded an extract which contained little coloured and supended substances, and this
was suitable for subsequent loading on to the ion-exchange column. Basic magnesium
carbonate posseses a low water solubility and the extract obtained was weakly basic.
The extract obtained by using calcium hydroxide absorbed ambient carbon dioxide,
forming a film of calcium carbonate on the surface. This was disadvantageous for the
subsequent loading on the ion-exchange column.

Soil with a relatively low ignition loss has a low content of organic substances.
Addition of an organic solvent such as an alcohol to the aqueous extract obtained by
sonication of such a soil sample caused brown material to precipitate to a certain
extent. The extract obtained in this way could be loaded on the column. However, this
method was not applicable to soil with a high ignition loss.

Extraction from biological samples

Extraction of MFA-Na from biological samples such as animal tissues, stomach
contents, plants and baits has been performed with water or hydrophilic solvents under
wet conditions®21® Subsequently efforts have often been made to separate MFA
from water. In this work, MFA-Na was subjected to derivatization in aqueous solution
and no separation from water was required. However, aqueous extracts of animal
tissue, blood, and plant samples contained large amounts of protein, etc., and was
incapable of being loaded on to the ion-exchange column. Addition of an organic
solvent is generally suitable for deproteinization. In this work, ethanol was chosen as
a non-ionic protein coagulating agent.

To the aqueous extract of biological samples an equal volume of ethanol was
added and the mixture was allowed to stand for about 30 min. Subsequently,
precipitates were removed by centrifugation and filtration. The filtrate was applied to
the ion-exchange column, and MFA was adsorbed on the resin. Inadequate
deproteinization in this step caused the ion-exchange column to choke and gave a low
final recovery of MFA-Na.
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TABLE 11
RECOVERY DATA FOR MFA-Na ADDED TO SOIL SAMPLES

Sample  Ignition loss® Amount added Recovery Average recovery Relative
No. (%) (pg) (ug) (%) standard deviation
(%)
1 3.5 0.40 0.40, 0.40, 99 3.8
0.41, 0.37,
0.40
2 8.4 0.50 0.38, 0.39, 77 2.5
0.39, 0.37
¢ 600°C, 2 h.

Recovery test

A recovery test on MFA-Na was carried out on several samples according to the
analytical procedure. Portions of 20 g of soil were spiked with MFA-Na and analysed.
The results are given in Table II. For soil that contained relatively large amounts of
organic substances, more than 70% of MFA-Na was recovered. Fig. 1 shows
a chromatogram obtained from soil spiked with MFA-Na. The peak of MFA-DCA
derivative was well separated from others and successfully determined. However,
additional peaks appeared at retention times longer than 10 min, some of which were
considered to correspond to short-chain aliphatic carboxylic acids. The relative
retention times for the acetic, propionic, formic, and butyric acid derivatives were
about 1.4, 1.8, 1.8 and 2.3, respectively, on the column used!?. The appearance of later
peaks required 60-90 min for one GC-ECD analysis.

Portions of 10 g of homogenized biological samples were spiked with MFA-Na
and analysed by GC-ECD. The resuits are given in Table II1. Typical chromatograms
obtained from these samples are shown in Figs. 2 and 3, which indicate a good

<— MFA-DCA

Response

0 10 20 3.0
Time {min)

Fig. 1. Gas chromatogram for soil spiked with 0.02 ug/g of MFA-Na.
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TABLE III

RECOVERY DATA FOR MFA-Na ADDED TO BIOLOGICAL SAMPLES

257

Sample Amount added ~ Recovery Average recovery Relative standard
(ng) (ug) (%) deviation (%)
Fish meat 0.50 0.40,0.37,045 81 10
Fish internal organs® 0.50 0.50, 0.48, 0.47 97 3.2
Liver (pig) 0.50 042,042,041, 82 34
0.39
Bovine blood® 0.10 0.090, 0.086, 89 3.0
0.091

* Without gall.
* Lyophilized, 2 ml.

separation of the MFA-DCA derivative. MFA-Na was successfully recovered from
these biological samples. However, as observed with soil samples, additional peaks
appeared later than the objective peak and about 90 min were required for one

analysis.

A recovery test on bovine blood was conducted with a lyophilized sample.
Portions of 2 ml of the blood were spiked with MFA-Na and analysed. In this instance,
almost the same results were obtained.

The detection limits of this GC-ECD method were about 0.0015 and 0.003 ug/g
with 20 g of soil and 10 g of biological sample, respectively.

g
4 g
[*}
a
; l
o
1 ] 1
o} 10 20 30
Time ( min)

“— MFA-DCA

Response

1

0 10

Time

Fig. 2. Gas chromatogram for fish meat spiked with 0.05 ug/g of MFA-Na.

20 30

{(min}

Fig. 3. Gas chromatogram for fish internal organs (without gall) spiked with 0.05 ug/g of MFA-Na.
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Fig. 4. Selected ion monitoring profiles for (a) soil and (b) pig liver spiked with 0.025 ug/g of MFA-Na. The
mass monitored is the fragment ion peak at mj/z 186.

GC-MS analysis

From the electron-impact mass spectrum of the MFA-DCA derivative'?, the
molecular ion peak at m/z 221 and the fragment ion peak at m/z 186 were selectively
monitored. The former was inferior to the latter with respect to quantification and
contamination. Quantification was therefore effected by measurement of the area of
the fragment ion peak at m/z 186. The calibration graph prepared with amounts of
0.1-0.8 ug of MFA-Na was linear.

Soil and pig liver were spiked with MFA-Na, treated according to the analytical
procedure and analysed by GC-MS (selected ion monitoring mode). Fig. 4 shows
typical chromatograms obtained, and demonstrates the usefulness of monitoring the
ion peak at m/z 186. The time taken to analyse a sample was substantially reduced.

The recovery test was performed as in the analysis by GC-ECD, and the results
are given in Table IV together with data obtained by GC-ECD. MFA-Na quantified
by GC-MS was recovered satisfactorily with a lower precision compared with
GC-ECD. The detection limit of the GC-MS method was similar to that of the
GC-ECD method.

TABLE 1V
RECOVERY OF MFA-Na BY GC-MS AND COMPARISON WITH GC-ECD

Sample* Amount added  GC-MS GC-ECD
(ug)
Recovery Relative standard Recovery Relative standard
(%) deviation (% ) (%) deviation (%)
Soil® 0.50 88 6.6 86 43
Liver (pig)  0.25 91 12 89 5.6

4 Replicates (n = 4).
® Ignition loss (600°C, 2 h) = 4.1%.
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Note

Computation of band shape for strong injection solvent and weak mo-
bile phase combinations in liquid chromatography

NORMAN E. HOFFMAN* and ASTRUR RAHMAN
Todd Wehr Chemistry Building, Marquette University, Milwaukee, WI 53233 (U.S.A.)
(First received February 1st, 1989; revised manuscript received April 4th, 1989)

Many workers'~!? have observed the production of distorted and multiple
peaks from the injection of a single eluite dissolved in a solvent stronger than the
mobile phase in reversed-phase high-performance liquid chromatography (HPLC).
Microcomputer simulation of this production has been attempted’!. Recently, a sys-
tematic study of this phenomenon showed some general patterns of peak develop-
ment %, We have computed, using equilibrium distribution theory, band patterns
that develop when a strong injection solvent is used. Although a non-equilibrium
process is operative in HPLC, we hoped to find general features in band patterns that
were similar to those observed in the above systematic study. Our computer approach
was based on that used to examine band development when the injection solvent was
the mobile phase!?.

METHOD

The chromatography was viewed as having two contiguous mobile phases. (1)
The small volume of strong injection solvent which introduced the eluite into the first
few column plates followed by (2) the main weaker mobile phase. Plates had equal
volumes, and the total injection volume was an integral multiple of the plate volume.
The multiples used varied from 1 to 10. The computation was the same as previously
used’? except that initially two capacity factors (k') were used, one of small value
representing the injection solvent plug as mobile phase and one of larger value repre-
senting the weaker main mobile phase. Later more than two capacity factors were
used to represent a partially diluted injection solvent plug.

An AT&T PC 6300 microcomputer with 640 Kbytes RAM was used. A Lotus
1-2-3 spreadsheet program computed the eluite distribution. Cells were reserved for
the fraction of eluite in the stationary phase, k'/(k" + 1), for each &k’ value used in a
given equilibrium distribution. Distributions were extended up to 100 plates. Distri-
butions were displayed with a Hewlett-Packard 7475A plotter.

Table I represents the initial part of a spreadsheet distribution where 100 wt.
units were injected into a column whose individual plate volume accepted 10 wt.
units. The capacity factors were 0.100 for the injection solvent, giving a stationary
phase fraction (rounded to one place beyond the decimal for display purposes) shown

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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TABLE 1
SPREADSHEET GENERATED FOR INJECTION INTO THE FIRST TEN PLATES®

A B C D E F G H I J K L

1 100 038 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
2 10.9 9.1

3 1.0 107 8.3

4 11.0 110 105 7.5

5 110 110 109 102 6.8

6 i1.0 11.0 11.0 109 9.9 6.2

7 1.0 110 110 110 108 9.6 5.6

8 1.0 1.0 110 110 11.0 107 9.2 5.1

9 11.0 110 11.0 110 110 109 10.5 8.9 4.7

10 11.0 1.0 11.0 110 (1.0 11.0 109 1[04 8.5 42

11 9.2 28 110 110 (10 110 1L0 108 102 8.1 3.8
12 7.6 3.9 1.5 110 110 10 110 11.0 108 10.0 7.1 3.5

“k' = 5and0.1.

in cells C1 to K1 and 5.00 for the mobile phase, giving a stationary phase fraction
shown in B1. All other cells were used for distribution. Increasing numerical values of
the rows gives increasing extent of distribution.

The distributions computed and displayed in this paper are column band distri-
butions. They are not chromatogram simulations because the computation never
simulated moving the eluite out of the column. To obtain well developed bands all of
the spreadsheet memory was used in computation, and, thus, it was not possible to
continue “moving” the plate contents through a “detector”.

When simulation of moving a partially developed distribution band through a
detector was done the following shape effects occurred and should occur in well
developed distributions. The solvent front peak found in Figs. 1-8 retained its height
and shape. Other peaks broadened and were somewhat lower. Valleys between peaks
were somewhat higher.

RESULTS AND DISCUSSION

Equilibrium distribution predicted that band distortion occurs when the in-
jection solvent strength as measured by the capacity factor was greater than the
mobile phase strength. Fig. 1 illustrates the eluite distribution using a weak mobile
phase, kK’ = 10. As the strength of the injection solvent increases, k' from 1 to 0.1, the
distribution changes from a reasonably symmetric band to a band with a leading
edge, and finally to the development of a sharp band near the mobile phase front.
Experimentally, chromatographic bands developed a leading edge and a sharp peak
at the mobile phase front appeared as the injection solvent strength increased!?.

Fig. 2 shows the distribution of an eluite injected in a strong solvent, &' = 0.1.
The mobile phase strength is decreased from &' = 1 to k' = 10. This eluite’s main
band develops a leading edge that produces more asymmetry as the mobile phase
strength decreases. In all three cases a sharp band of similar height and identical
location is formed near the mobile phase front. The appearance of this sharp band
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Fig. 1. Distribution of 100 wt. units of eluite after the mobile phase (k' = 10) traverses 100 plates. The

eluite injection volume was five plate volumes. Injection solvent strength, expressed as capacity factor, was
Ak =1, B)k’ =02, (C) k' = 0.1.

Fig. 2. Distribution of 100 wt. units of eluite after the mobile phase [(A) k" = 10; (B) k' = 5; (C) k' = 1]
traverses 100 plates. The eluite was introduced in an injection solvent of k' = 0.1 and a volume of five plate
volumes.

indicates that the strong injection solvent will carry the eluite with it whether the
mobile phase is moderately weak or very weak, that is, this peak’s appearance is
largely dependent on the strength of the injection solvent and not that of the mobile
phase.

Fig. 3 attempts to simulate the case of the distribution of three eluites when
injected into the same weak mobile phase from the same injection solvent. The eluites
have different &’ values in the mobile phase, and, as a first approximation, the eluites
have proportionally different k' values in the injection solvent giving a constant &’
ratio for each eluite of 50. The eluite that is retained the most, has the most symmetric
distribution although even here a leading edge appears. Furthermore, the peak near
the solvent front is highest for the case of the eluite that has the smallest k' for the
injection solvent. This effect is in agreement with the constant appearance of such a
peak discussed for Fig.-2. The distributions shown in Fig. 3 are in agreement with the
chromatographic peaks observed experimentally’?, -

Experimental peak distortion was found to increase with increasing injection
volume for HPLC with injection solvents stronger than the mobile phase!?. Fig. 4
shows the distribution of eluite when 100 wt. units were injected three ways. Distribu-
tion A resulted from a small injection volume, one plate volume. The peak had a
leading edge. When the injection volume was five plate volumes, the 100 wt. units
gave distribution B. In this case the leading edge produced more asymmetry, and the
sharp peak at the mobile phase front, illustrated previously in Figs. 1, 2 and 3,
appeared. If the injection volume was increased further to nine plate volumes, the
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Fig. 3. Distribution of three eluites [(A) k" = 10 and 0.2; (B) &' = 5 and 0.1; (C) £’ = 2.5 and 0.05 for
mobile phase and injection solvent, respectively] after the mobile phase traverses 100 plates. The eluite
injection volume was five plate volumes.

Fig. 4. Distribution of 100 wt. units of eluite (¢’ = 5 and 0.1 for mobile phase and injection solvent
respectively) after the mobile phase traverses 100 plates. Injection in a volume of (A) one plate volume, (B)
five plate volumes and (C) nine plate volumes.
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Fig. 5. Distribution of 100 wt. units of eluite (¢’ = 5 and 0.1 for mobile phase and injection solvent
respectively) after the mobile phase traverses 100 plates. The volume of the injection solvent plug was five
plate volumes. In A the last four fifths of the plughad a k" = 5. In B k' = 5 was used for the last three
fifths, in C the last two fifths and in D the last fifth.

Fig. 6. Distribution of 100 wt. units of eluite (¢’ = 10 and 0.1 for mobile phase and injection solvent
respectively) after traversing (A) 50, (B) 75 and (C) 100 plates. The volume of the injection solvent plug was
five plate volumes. The last fifth of the plug had a k¥’ = 10.
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peak was severely distorted and the peak at the mobile phase front was markedly
taller.

The general features of these column band patterns were similar to experi-
mentally observed chromatographic peaks. The computed distribution results suggest
that, if the volume of strong solvent is large enough, the solvent is capable of carrying
part of the eluite with it practically to the end of the column while the remainder of
the eluite follows as a peak with a leading edge.

What has been observed experimentally was the development of one or more
additional chromatographic peaks between the main peak and the peak near the
mobile phase front. It was suggested that one additional peak should develop as the
injection solvent volume and strength increased and that more than one additional
peak resulted from dilution of the solvent plug*2. The production of a single addition-
al peak between the two peaks shown in Figs. 1-4 was not supported by distribution
theory. However, computation assuming dilution of the plug did give rise to a peak
located between the two shown in previous figures.

The consequence of diluting the rear end of the injection solvent plug is il-
lustrated in Fig. 5. When the rear four-fifths of the plug is diluted, the peak develops a
slight teading edge. This edge becomes a bulge when only the last fifth of the plug is
diluted. A peak near the mobile phase front is present at less dilution.

Fig. 6 shows the effect of traversing an increasing number of plates when the
rear fifth of the plug is diluted. The bulge or development of a middle peak is pro-
nounced when only 50 plates have been traversed. The peak near the mobile phase
front is very tall early in the distribution development. When 100 plates are traversed,
the bulge is smoother and the peak at the mobile phase front is small.

Fig. 7 shows distributions formed when 100 wt. units of eluite are injected into a
column whose plate volume is 10% of the injection volume. Both ends of the injection
plug were diluted as shown in Table I1. These band peaks are very similar to chroma-
tographic peaks observed experimentally by many workers. They illustrate that distri-
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Fig. 7. Distribution of 100 wt. units of eluite after the mobile phase traverses 100 plates. The eluite injection
volume was ten plate volumes. Mobile phase k' = 10 and injection solvent &’ distribution is shown in Table
IL
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TABLE I1
k' DISTRIBUTION IN THE INJECTION PLUG AFTER DILUTION

Plates Fig.

1 2 3 4 5 6 7 8 9 10

10.0 10.0 0.15 0.15 0.15 0.15 0.15 10.0 10.0 10.0 Ta
5.0 2.0 1.2 0.5 0.2 0.1 0.1 0.2 0.4 0.5 7b
10.0 10.0 0.1 0.1 0.1 0.1 0.5 0.5 0.5 0.5 Tc

butions can have three peaks, and their general features can be altered by the dis-
symmetric dilution of the ends of the strong injection solvent plug.

Finally, Fig. 8 attempts to simulate an experiment in which peak distortion was
produced by injecting a strong solvent shortly after the eluite had been injected dis-
solved in the mobile phase. Experimentally a chromatographic peak with a leading
edge was produced'?. A leading edge in the distribution was produced by computa-
tion, and the consequent asymmetry was always present as the volume of strong
solvent was varied.

*—w
0
Yo

0 T T T T Y

0 20 40 60 80 100
Number of Plates

Fig. 8. Distribution of eluite (k" = 10 and 0.1 for mobile phase and injection solvent, respectivel;. The

eluite, {00 wt. units, was introduced into the first plate. For A, B, C and D the injection solvent volumes

were one, two, three and four plate volumes, respectively.

CONCLUSION

The general features of the distributions obtained by computation are very
similar to the chromatographic peaks obtained experimentally. The similarity sug-
gests the cause of peak distortion and multiplicity is changing partitioning that results
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from the short lived movement of a strong mobile phase through the column followed
by normal movement of a weak mobile phase. More than two mobile phases are
needed, however, to produce more than two peaks. Computation results are consis-
tent with the idea that dilution of the solvent plug gives rise to more than two peaks.
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Note

Membership values as indicators of complications in chromatography

J. F. WALLING

Atmospheric Research and Exposure Assessment Laboratory, U.S. Environmental Protection Agency,
Research Triangle Park, NC 27711 (U.S.A.)

(First received December 6th, 1988; revised manuscript received April 6th, 1989)

Chromatograms from environmental samples, including those from ambient air,
are usually complex. The common presence of coeluting species in such chromato-
grams and the interpretive problems they pose even when using mass spectral detection
with non-interactive computer based data processing are recognized and have been
discussed' 3. Additional factors which can frustrate the straightforward use of
analytical results from adsorbent sampling have also been presented®.

In such situations data sets in which parameters are distributed can be useful;
e.g., chromatograms of one sample from two columns which produce poorly
correlated retention times, or multiple adsorbed samples collected simultaneously but
with a distribution of air volumes®. Practical limits on the number of multiple analyses
are understandably severe especially in large-scale applications; but even if such data
are available, their usual handling based on statistics can result in the reporting of
severely censored databases. An alternative to that, to totally uncensored databases or
to those with mixed or unspecified censoring is desirable, especially when those who
produce and those who use the data are not the same.

Assuming competent and competently performed procedures, the difficulty
becomes one of assigning any datum to a class of essentially uncomplicated results or
to others containing data affected by complicating processes. Assignments based on
identification of any specific complication with or without a correction for its effect on
the observations are generally impractical. Statistically based assignments are not only
weak when sets contain few samples, probably only two, but they are binary
(membership values in a class can be only zero or one). Severe censoring can result. If
multiple grades of membership to the class of uncomplicated results could be obtained
from the data themselves, those grades might be part of a report of the uncensored data
and make an explicit statement about the conformance of each data pair to
expectations for complication free results.

Fuzzy set theory was suggested as an approach for situations such as this where
uncertainty about the criteria for class membership exists®. Although published
chemical applications are not presently numerous, a relevant summary of the fuzzy
perspective with some chemical applications can be found elsewhere”. Here in this very
simple application, a fuzzy relationship is defined to express the “nearness” of pairs of
relevant measurements by a membership value in the interval zero to one. A value of
one indicates equality and implies a complication free result. Decreasing values imply

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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increasing inequality and, therefore, increasing effects of some complications. Two
illustrations of this approach follow; one using sets of atmospheric samples adsorbed
on Tenax and the other using a synthetic mixture analyzed on serially coupled columns
under two different sets of conditions.

EXPERIMENTAL*

Data

The data from sets of atmospheric samples adsorbed on Tenax and analyzed by
gas chromatography-mass spectrometry have been reported previously (see Table I in
ref. 5). Only data from the front tubes are used here.

Synthetic gaseous mixtures for the chromatographic experiments were prepared
by neat liquid injection and subsequent volatilization into a suitable vessel®. Expected
retention times and flame ionization detector responses were determined for a calibra-
tion mixture of hydrocarbons and halogenated hydrocarbons of some environmental
interest. The test mixture of 75 species contained in addition to those, a hydrocarbon
mixture not characterized but containing gasoline components.

Separations were done using a Perkin-Elmer Model 8500 gas chromatograph
with serially coupled 30 m x 0.32 mm [.D. fused-silica columns; 0.2-um DB-1
followed by 0.2-um DB-210. Control of helium pressures at the inlet and column
coupling points determined relative residence times of the carrier in each column. Two
sets of pressure settings were chosen arbitrarily. Calibration and test mixtures were
analyzed at each setting. In all cases temperatures were programmed at 4°C/min
starting at 40°C at the time of injection.

Peak areas and locations were determined by the chromatograph’s data system
and identified with a substance in a conventional way. The ratios of detector outputs
from the test mixture to those from calibrations are shown in Tables II and III as
normalized areas.

Fuzzy approach

Expectations were modeled as fuzzy relations. Assuming no complications, all
Tenax samples in a set should yield nearly equal concentrations for any given
substance. Similarly, in these chromatographic experiments, each substance should
appear near its expected retention times and the quantities found should be nearly
equal as well.

Membership values (MV) for pairs of observations in the Tenax sets were
calculated using a one-dimensional Gaussian function:

MV, = exp — [(x;; — xik)z/zsiz]

where x;; and x;, are the pairs of concentrations for substances i and s; is a scale factor.
Chromatographic data were described by a membership function of the same form but
in three or in some cases four dimensions; two or three retention time differences and
one difference in areas. Computations are straightforward manipulations of data as
shown in the argument of the one-dimensional function or a sum of such terms to

“ Mention of trade names does not constitute endorsement or recommendation for use.
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comprise the argument of the multidimensional function. They were done here on
a Compagq Deskpro 286 using PC-Matlab; however, any spreadsheet or other program
capable of such manipulations would suffice.

RESULTS AND DISCUSSION

Substantial latitude exists in the choice of the membership function and its
parameters’ values. Different choices will yield somewhat different membership
values. Choice of the Gaussian was for convenience both in computations and
selecting the scale factors, s;. Those used were 0.15 min for retention time terms and

TABLE [

MEMBERSHIP VALUES (MV) AND NET APPARENT ATMOSPHERIC CONCENTRATIONS
(ug/m*) FROM THREE DISTRIBUTED AIR VOLUME SETS

MV MV Air volume sampled (1)
Mx Mn 6&27
6 114 26.9 54
Benzene 0.00 0.00 7.0 49 39 2.1
Methylbenzene 0.00 0.92 57.0 50.4 53.6 20.7
1,2-Dimethylbenzene 0.00 0.01 38 3.8 2.4 1.9
Ethylbenzene 0.00 0.00 34 2.7 2.0 1.6
Trichloroethene 0.00 0.00 0.65 0.44 0.39 0.22
1,1,1-Trichloroethane 0.00 0.00 5.5 2.9 2.1 1.0
Tetrachioroethene 0.1t 0.95 22 2.0 2.1 1.6
Benzaldehyde 0.00 0.00 324 20.0 1.1 5.6
[-Phenylethanone 0.00 0.00 324 293 10.4 9.1
Benzonitrile 0.00 0.00 29 1.7 1.0 0.0
Benzene 0.27 0.83 17.1 15.9 15.6 13.4
Methylbenzene 0.00 0.00 122 126 22,6 10.4
1,2-Dimethylbenzene 0.63 0.72 9.6 9.3 8.5 8.3
Ethylbenzene 0.98 099 6.3 6.1 6.2 6.1
Ethenylbenzene 0.28 0.85 1.2 1.2 1.1 14
Trichloroethene 0.71 0.98 34 3.3 3.3 3.0
1,1,1-Trichloroethane 0.00 0.18 8.6 8.8 6.5 4.2
Tetrachloroethene 0.82 0.82 38.4 35.8 349 35.1
1,2-Dichloropropane 0.70 0.77 18.5 19.2 20.6 21.0
Benzaldehyde 0.00 0.00 1.3 10.7 5.6 4.6
i-Phenylethanone 0.00 0.00 0.39 0.14 0.00 3.2
Benzene 0.00 0.01 4.6 37 2.8 2.5
Methylbenzene 0.08 0.89 7.9 9.4 8.5 6.7
1,2-Dimethylbenzene 0.00 0.01 2.6 24 1.6 1.3
Ethylbenzene 0.41 1.00 1.0 [.1 1.0 0.90
Ethenylbenzene 0.00 0.00 0.75 0.85 0.41 0.23
Trichloroethene 0.00 0.03 0.39 0.37 0.26 0.17
1,1,1-Trichloroethane 0.00 0.92 1.7 1.9 1.6 0.80
Tetrachloroethene 0.77 097 2.8 29 2.7 2.6
1,2-Dichloropropane 0.27 0.36 29 32 3.6 3.7
Benzaldehyde 0.00 0.00 27.7 16.3 6.1 4.0
1-Phenylethanone 0.00 0.00 34.4 0.00 6.8 6.0

Benzonitrile 0.00 0.00 23 1.4 0.00 0.00
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15% of the average concentration (Table T) or average normalized area (Tables 11 and
ITT) taken as reasonable standard deviations of these differences. Although the
considerations which shaped these choices are chemically plausible and statistically
based, the membership values are not statistical results.

If distributed air volume samples are taken at all, sets of two are more likely to be
collected than the sets of four shown in Table I. Therefore, a treatment using only two
of the four samples was done. Two different membership values are shown; one using
the extreme values for each substance at whatever sampling volume they appear
(perhaps the easiest way to assign the whole set of four to a class) and the other using
just the results from the 6- and 26.9-1 samples as a more usual application.

Although the values reflect the behavior of the relevant observations, inspection
will reveal some striking differences as well as similarities resulting from these choices.
This underscores that each membership value describes only the fuzzy relationship of
the data pair. Clearly, any indicator of the importance of complications discernable
from the data (here, only factors with a strong non-linear dependence on air volume)

must depend critically on the data used.

TABLE 11

MEMBERSHIP VALUES (MV) AND OBSERVATIONS FOR 24 ANALYTES FROM PAIRS OF CHROMATO-
GRAMS OF A 75-COMPONENT MIXTURE

MV Chromatogram A Chromatogram B

Expected  Observed  Normalized Expected  Observed  Normalized

retention retention area retention retention area

time (min) time (min) time (min) time (min)
2-Bromo-1-propene 0.00  3.89 3.92 2.04 6.00 6.03 0.90
1-Bromopropane 0.00 4.89 4.88 1.94 7.44 7.48 1.15
Bromodichloromethane 000 635 6.40 4.83 9.66 9.76 8.26
2,2-Dichlorobutane 0.00 7.52 7.49 1.05 11.00 11.04 2.54
Methylbenzene-dg 0.80  8.51 8.48 1.03 12.34 12.40 1.11
2,2-Dibromopropane 0.72  8.70 8.67 1.04 12.56 12.64 1.13
1,3-Dichlorobutane 0.78 11.12 11.10 1.00 14.98 15.05 1.08
1,1,2-Trichloropropane 0.82 11.29 11.27 1.00 15.52 15.59 0.94
1,1,1,2-Tetrachloroethane 0.69 11.40 11.37 0.98 15.89 15.96 1.08
1,4-Dichlorobutane 0.00 14.31 14.28 0.99 18.30 18.36 4.74
1,2,3-Trichloropropane 0.00 14.45 14.42 0.97 18.82 18.88 27
(1-Methylethyl)benzene 0.86 14.70 14.68 0.99 19.75 19.83 1.00
1,1,1,2-Tetrachloropropane 0.87 15.06 15.04 1.00 20.06 20.13 0.97
'1,3-Dibromopropane - - - - __0.83_ 15.58 15.54 1.01 20.20 20.27 0.97
1-Methyl-2-chlorobenzene 0.81 1598 1595 - ---1.01--- ... 21.05 _21.12 1.08
1-Methyl-4-chlorobenzene 0.87 16.31 16.28 1.02 21.31 2138 77 0.99
1,3-Dibromobutane 0.00 17.59 17.49 3.38 2243 22.50 0.96
1,4-Dichlorobenzene 0.69 18.52 18.49 0.98 23.76 23.84 0.89
Benzonitrile 0.73 19.28 19.23 098 22.61 22.67 0.90
1,2-Dichlorobenzene 0.79 19.62 19.60 0.96 24.90 24.97 0.89
Butylbenzene 0.16 20.37 20.36 1.01 25.61 25.68 0.76
1,4-Dibromobutane 035 21.20 21.18 1.07 26.18 26.25 0.87
1-Ethenyl-4-chlorobenzene 0.72 21.28 21.28 0.92 26.66 26.73 0.83
1-Phenylethanone 0.60 22.30 22.26 0.83 26.40 26.46 0.73
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TABLE III

MEMBERSHIP VALUES (MV) AND OBSERVATIONS FOR ANALYTES COELUTING IN ONE OF A PAIR
OF CHROMATOGRAMS

Chromatogram A Chromatogram B

Expected  Observed  Normalized Expected  Observed  Normalized

retention retention area retention retention area
time (min) time (min) time (min) time (min)
[-Bromo-2-chloroethane 0.01 7.17 7.12 3.40 10.45 10.55 [.76
1-Chloro-2,3-epoxypropane 7.92 7.88 1.07
Dibromochloromethane 090 896 8.94 1.06 13.17 13.23 1.13
3,4-Dichloro-1-butene 9.38 9.35 1.20
Tribromomethane 0.83 1229 12.26 1.00 17.18 17.26 1.00
1,4-Dimethylbenzene 12.48 12.45 1.02
1,1,2,2-Tetrachloroethane 0.00 13.64 13.61 3.39 18.08 18.15 0.98
1,4-Dichloro-2-butene 13.87 13.84 1.05
1,3,5-Trimethylbenzene 087 16.62 16.60 1.05 21.84 21.91 0.99
1,2,2,3-Tetrachloropropane 16.75 16.72 0.92

Illustrative data for some of the analytes in the two chromatograms of the
gaseous test mixture are shown in Tables [T and III. Table IT contains results for those
analytes which, during calibration, eluted singly under both sets of conditions. These
are describable by the three-dimensional membership function. Normalized areas
differing greatly from one indicate coeluents from the hydrocarbons and are reflected
appropriately in the membership values. Even though mixtures were chosen to cause
clear effects from coelution, a membership value range is exhibited. Even more subtle
gradations are to be expected from environmental samples with a greater range of
causes.

Optimization of the two sets of conditions was deliberately avoided to insure
that some potential analytes coeluted. Table III displays some that separated under
just one set of conditions and can be described by a membership function of four
dimensions. (Because of the way the normalization was done here, in a complication
free case, the sum of individual areas should equal twice the area when they coeluted.)
In these instances, all of the results from the separated species could be reported
accompanied by the membership value for the pair. These values reflect conformance
to the expectation that all observations are free of further complications. Clearly, the
same idea can be applied if larger numbers coelute under one set of conditions.

CONCLUSIONS

Membership values calculated quite simply using a fuzzy approach can reflect
the relative importance of some common complications in analyses of complex
mixtures. The membership value depends on the choice of membership function,
values of its parameters and the data pairs. In this application, the function and its
parameters’ values must be made explicit. Any inadequacies in the pairs of experiments
which fail to test the relationships (e.g., nearly equal air volumes or columns too
similar in separation characteristics) would not be apparent; however, in an
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application to chromatogram pairs, the adequacy of the retention time observations
(sometimes overlooked by data users) are included. Within these limits, each value can
be a useful index of complications eliminating the need for the sometimes severe
censoring of data.
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Current research in this laboratory is directed toward the investigation of vari-
ous possible means to increase performance in electrophoresis and chromatography.
These methods are studied in parallel because the separation mechanisms are analo-
gous'™3, which means that solutions of methodological problems in electrophoresis
are often applicable to analogous problems in chromatography and vice versa. In the
chromatographic field we give an high priority to practical solutions (with the aid of
theoretical considerations) of the following fundamental questions:

(1) Is it possible to design chromatographic beds such that the resolution is
independent of or even increases with an increase in the flow-rate and bead size?
Classical chromatographic theory says no. However, the experiments described in
refs. 4-6 and forthcoming papers show that compressed beds of non-porous agarose
beads have the desired unique relationship between the resolution, flow-rate and
bead-size.

(2) Is it possible to design a chromatographic bed by bulk polymerization di-
rectly in the chromatographic tube? It has been taken for granted that a chroma-
tographic bed must be built up of granulated particles, preferably in spherical form.
Even when the spheres are monodisperse the packing is never perfect. The theoretical
maximum resolution can therefore never be attained. Further disadvantages of
packed beds are the time-consuming and expensive steps required for preparation of
the beads, the sieving of the beads to select the desired size (if not monodisperse in the
preparation) and the packing of the column with the beads.

A continuous gel plug with channels sufficiently large to permit an hydrody-
namic flow might be the ideal chromatographic column. One could then expect the
zones to be almost as sharp as those obtained in agarose or polyacrylamide gel
electrophoresis. Unfortunately, the latter continuous gels cannot be used for chroma-
tography, since they collapse when pressure is applied, i.e., water cannot be pressed
through them. However, more than 20 years ago we prepared a polyacrylamide gel
(cross-linked in a special way) directly in a glass tube and on this gel plug separated
monomers and dimers of albumin by molecular-sieve chromatography. The flow-rate
was relatively low, which limited its usefulness. We have now resumed these expeti-
ments and at the same time have tried to improve the mechanical properties of the gel
plug so that it will withstand higher pressures and thereby permit higher flow-rates.
The polymerization technique is still under development and will be published else-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Fig. 1. High-performance éation‘exchange chromatography of model proteins on a compressed contin-
uous gel at the flow-rates indicated.

where. However, since the experiments are promising we present some preliminary
results in order to focus interest on columns of continuous polymers.

EXPERIMENTAL AND RESULTS

The amphiphilic, macroporous gel plug consisted of a copolymer of acrylic acid
and N,N’-methylenebisacrylamide. The gel plug was strongly compressed to a bed
height of 3 ¢cm (the importance of compressing a bed to increase its resolution is
discussed in ref. 7). The diameter of the gel plug was 0.6 cm. This gel column was
utilized for a cation-exchange chromatography experiment performed in the follow-
ing way.

After equilibration with 0.01 M sodium phosphate, pH 6.4, a 40-ul sample
[about 10-15 ug of each of the proteins alcohol dehydrogenase (1), horse skeletal
muscle myoblobin (2), whale myoglobin (3), ribonuclease A (4) and cytochrome ¢ (5)]
was applied. Elution was performed with a linear gradient formed from the equili-
bration buffer and 0.01 M sodium phosphate, pH 6.4, containing 0.25 M sodium
chloride. The flow-rates were 0.50, 0.25, 0.12 and 0.05 mi/min. The gradient volume
was constant at 5.0 ml. The chromatograms are shown in Fig. 1. The relationship
between the pressure and flow-rate is presented in Fig. 2.

Pressure (bar)
©

0 1 i e - L 1 —
o] 0.1 0.2 03 04 05
Flow-rate (ml/min)

Fig. 2. The relationship between the flow-rate and pressure for the gel column used in the experiment
shown in Fig. 1.
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DISCUSSION

From Figs. 1 and 2 one can draw several conclusions:

(1) It is possible to prepare by bulk polymerization a continuous get with chan-
nels large enough to permit passage of buffer when a pressure is applied to the bed.

(2) The bed is sufficiently rigid to give high flow-rates at moderate pressures.

(3) It is possible to prepare directly in the chromatographic tube a gel bed useful
for ion-exchange chromatography. No subsequent step is required for attachment of
ligands.

(4) The resolution on the continuous gel is roughly independent of the flow-
rate, which is in sharp contrast to what is observed on columns of macroporous
beads®. The reasons are probably that a gel plug has a more homogeneous structure
than a packed bed of beads and that the gel plug was compressed, which, analogously
to a compressed bed of agarose beads’, has a favourable effect on the resolution. It is
also likely that the gel plug is non-porous, i.e., the “walls” of the channels in the gel
are impermeable to proteins, which in combination with compression of the bed gives
a resolution with the attractive flow-rate dependence mentioned above*°,

We are working on the preparation of continuous polymer beds for both hydro-
phobic-interaction and anion-exchange chromatography as well as for other kinds of
chromatography.
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The analysis of aliphatic and aromatic sulphonic acids by gas chromatography
(GC) has been carried out after their conversion into the volatile derivatives by de-
sulphonation with acids'~3, alkali fusion*~¢, sulphonyl chlorination’® or fluorina-
tion!®, sulphonyl esterification’*!~*%, trimethylsilylation!®, and reduction to the
thiol!7-*8. However, the usefulness of these methods may be limited by the time-
consuming derivatization process. Further, the sulphonyl halides and the esters of
sulphonic acids are generally unstable and are apt to undergo thermal decomposition
during the GC analysis.

It appeared to us that dibutylamide derivatives of sulphonic acids would be
potentially useful for GC, especially as we had already succeeded in the GC analysis
of taurine (2-aminoethanesulphonic acid) as its N-acyldibutylamide derivatives!?-2°,
The sulphonic acid function of N-acyltaurine was converted into the corresponding
dibutylamide derivative in nearly quantitative yield by a convenient procedure in-
volving ion-pair extraction, followed by chlorination and amidation. We have there-
fore studied the GC analysis of a variety of sulphonic acid compounds as their di-
butylamide derivatives and report the results in this paper.

EXPERIMENTAL

Reagents

Methane-(C,) and 2,4,6-trimethylbenzenesulphonic acids as the free acids and
1-propane-(Cs), 1-pentane-(Cs), 1-heptane-(C), 1-nonane-(Co), 1-tridecane-(C;3), 1-
octadecane-(C;3), benzene-, p-toluene-, 2,4-dimethylbenzene- and a-naphthalenesul-
phonic acids as the sodium salts were purchased from Tokyo Kasei Kogyo (Tokyo,
Japan). C;—Cy and aromatic sulphonic acids were dissolved in water and C, ;3 and C,
sulphonic acids were dissolved in 30% ethanol. These standard solutions were pre-
pared so as to contain 0.1 mg/ml of each acid. Anthracene (Nakarai Chemicals,
Kyoto, Japan) was dissolved in methylene chloride at a concentration of 0.05 mg/ml
and used as an internal standard (I.S.). Tetraalkylammonium salts were purchased
from Nakarai Chemicals and used as 10% methanolic solutions. Tetraalkylammoni-
um hydroxide solutions were prepared from their salts with silver oxide as described
earlier'®. Thionyl chloride (Nakarai Chemicals) was used after distillation. Dibutyl-
amine (DBA) (Nakarai Chemicals) was used as a 2 M solution in acetonitrile. All
other chemicals were of analytical-reagent grade.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Gas chromatography

GC analysis was performed using a Shimadzu Type 4CM-PF gas chroma-
tograph equipped with a 1.5 m X 3 mm L.D. glass column packed with 1.0% silicon
SE-54 on Uniport HP (100-120 mesh) and with flame ionization detection (FID). The
packed column was conditioned at 290°C for 24 h with nitrogen at a flow-rate of 30
ml/min. The operating conditions are given in the caption of Fig. 3. Peak heights for
sulphonic acids and the I.S. were measured and the peak-height ratios were calculated
for the construction of a calibration graph.

Gas chromatography-mass spectrometry

A Shimadzu-LKB 9000 gas chromatograph—mass spectrometer with the same
type of column as used for GC-FID was employed under the following conditions:
trap current, 60 pA; ionizing voltage, 70 eV; accelerating voltage, 3.5 kV; ion-source
temperature, 250°C; separation temperature, 240°C; and helium flow-rate, 40 ml/min.

Analytical derivatization procedure

An aliquot of the sample solution (containing 2-50 ug of each sulphonic acid)
was pipetted into a 10-ml Pyrex glass tube with a PTFE-lined screw-cap. After the
total reaction volume had been made up to 1 ml with distilled water, 0.05 ml of 10%
tetrahexylammonium chloride® or tetrabutylammonium bromide® and 2 ml of methy-
lene chloride were added and the tube was shaken with a shaker set at 300 rpm (up
and down) for 3 min at room temperature. After centrifugation for 1 min, the organic
layer was transferred to another tube and the solvent was evaporated to dryness
under a stream of nitrogen. To the residue was added 0.2 ml of thionylchloride, and
the tube was tightly capped and heated at 80°C for 10 min. The excess of thionyl
chloride was removed at 50°C under a stream of nitrogen. To the residue was added
0.2 ml of 2 M DBA solution, and the mixture was incubated at 80°C for 5 min after
tightly capping. The reaction mixture was acidified with 1 ml of 20% orthophosphor-
ic acid and then extracted twice with 3 ml of diethyl ether. To the ether extracts was
added 0.4 ml of anthracene (I.S.) solution and the solvent was evaporated to dryness
at 50°C. After the residue had been dissolved in 0.2 ml of ethyl acetate, the solvent was

R-S05H

““RQN*’%%‘%ZEE Ion-pair extraction

v
R-S0, ¢+ =N*R],

SOC1. Chlorination
R-50.C1
CuHs
NH( Amidation
CHo
CAH9
R-50,-N(
CuHo

Fig. 1. Derivatization of sulphonic acids. R, R” = alkyl or aryl.

¢ Tetrahexylammonium chloride and tetrabutylammonium bromide were used for the hydrophilic
sulphonic acids (C,~C,) and the lipophilic sulphonic acids (C, ,, C,, and aromatic), respectively.
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dried over anhydrous sodium sulphate and 2 ul of this solution were injected into the
GC-FID system. The derivatization process is summarized in Fig. 1.

RESULTS AND DISCUSSION

In the first step of the derivatization, sulphonic acids are extracted from the
aqueous phase into methylene chloride by an ion-pair extraction technique?! using
tetraalkylammonium as counter ion. The influence of the nature of the counter ion on
this extraction was investigated. Table I shows that tetrahexylammonium and tetra-
butylammonium are the most satisfactory counter ions for the hydrophilic sulphonic
acids (C,—Cy aliphatic) and the lipophilic sulphonic acids (higher aliphatic and aro-
matic), respectively, although the optimum counter ion varies with the class and type
of sulphonic acid. On the other hand, it was found that the C1™ and Br~ forms of the
tetraalkylammonium salts were as effective here as the OH ™ form, whereas the I and
ClO,~ forms were not useful. Chlorination of the sulphonic acid function with thio-
nyl chloride was accomplished within 10 min at 80°C. The reaction of sulphonyl
chlorides with DBA proceeded rapidly at 80°C and gave the corresponding sulphon-
amide derivatives. The total derivatization process could be performed within 30 min.

The structures of the derivatives were confirmed by GC-MS. The mass spec-
trum of the dibutylamide derivative of p-toluenesulphonic acid is shown in Fig. 2. The
molecular ion peak (M*) with the postulated m/z 283 and the prominent fragment
ion peaks, m/z 240 M * — C3H,), 155 [M " — N(C,Hjs),] and 91 [M* — SO,N(C,Hy),]
were observed and were useful for structure elucidation.

The derivatives were found to be very stable under normal laboratory condi-
tions and no thermal decomposition was observed during the GC analysis. Typical
chromatograms are shown in Fig. 3.

In order to test the linearity of the calibration graph, various amounts of sul-
phonic acids ranging from 2 to 50 ug were derivatized in a mixture and aliquots
representing 40-1000 ng of the acids were injected into the GC system. In each in-

TABLE 1

INFLUENCE OF THE NATURE OF THE ALKYLAMMONIUM AS COUNTER ION ON THE ION-PAIR
EXTRACTION OF ALIPHATIC AND AROMATIC SULPHONIC ACIDS

Alkylammonium Peak-height ratio® for sulphonic acids®
hydroxide

¢ ¢ ¢ ¢ C C, Cs B T X M N

Tetraethylammonium 0 0 0 0.030 0217 0.990 0.720 -0.020 0.019 0.019 0.022 0.039.
Tetrapropylammonium 0 0 0.014 0.275 0.841 0985 0.720 0.057 0.150 0.253 0.388 0.441
Tetrabutylammonium  0.017 0.083 0.587 0.828 0.957 0.954 0.682 0.909 1.068 0.991 0.882 0.700
Tetrapentylammonium  0.387 0.618 0.904 0.946 1.030 0953 0.682 1.048 1.123 1.021 0921 0.663
Tetrahexylammonium  0.850 0.935 1.056 0.963 0.981 0.832 0.595 0.530 0.679 0.586 0.697 0.366
Tetraheptylammonium 0932 0.978 0.973 0.663 0490 0.624 0.446 0.332 0314 0.218 0.331 0.129
Tetraoctylammonium  0.780 0.650 0.656 0.417 0.281 0.352 0.321 0.308 0.304 0.221 0.328 0.113

“Peak-height ratios are given relative to the internal standard (anthracene). ’
® C,-C, ;= aliphatic; B=benzene-; T = toluene-; X = 2,4-dimethylbenzene-; M = 2,4,6-trimethylbenzene-; N = g-
naphthalenesulphonic acids. :
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Fig. 2. Mass spectrum of dibutylamide derivative of p-toluenesulphonic acid.
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Fig. 3. Gas chromatography of mixtures of sulphonic acids as the corresponding dibutylamide derivatives.
GC conditions: column, 1.0% silicone SE-54 on Uniport HP (100-120 mesh), 1.5 m x 3 mm L.D., glass;
column temperature, (A) programmed at 15°C/min from 100 to 250°C and (B) programmed at 15°C/min
from 140 to 285°C; injection and detector temperatures, 290°C; nitrogen flow-rate, 45 ml/min. Peaks:
1 =methane-; 2= 1-propane-; 3= 1-pentane-; 4= 1-heptane-; 5= l-nonane-; 6 = benzene-; 7= p-toluene-;
8=12,4-dimethylbenzene-; 9=2,4,6-trimethylbenzene-; 10=w-naphthalene-; 11 = 1-tridecane; 12= l-octa-
decanesulphonic acid; I.S. = anthracene. Each peak represents 400 ng of the acid.
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TABLE 11
LINEAR REGRESSION DATA FOR SOME SULPHONIC ACIDS

Sulphonic acid No. of data Regression line* Correlation coefficient (r)
C, 15 y=43.09x—-6.95 0.9963
C, 15 y=48.30x-3.90 0.9977
Cis 15 y=4693x+547 0.9995
p-Toluene- 15 y=153.80x—5385 0.9996
a-Naphthalene- I8 y=34.63x~-6.17 0.9973

¢ y=Peak-height ratio; x=amount of each sulphonic acid.

stance, a linear relationship was obtained and the reproducibility was found to be
satisfactory (Table II).

These experiments have concluswely demonstrated that aliphatic and aromatic
sulphonic acids can be succesfully analysed at the microgram level by GC of their
sulphonamide derivatives. :
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The elucidation of an enzyme mechanism implies the identification and tempo-
ral resolution of the reaction intermediates. Many systems can be studied by conve-
nient optical methods (e.g., stopped-flow), but not all give a signal and even if there is
one it may be difficult to assign it to a given chemical species.

High-performance liquid chromatography (HPLC) is a powerful analytical
technique which has been much used to identify chemically the components of en-
zyme reaction mixtures. In such studies the investigator is faced with three problems.
First, the conditions must be found under which the reaction mixture can be stopped
(““quenched”, e.g., by acid) without introducing artifacts. Second, the enzyme must
not be reactivated during the subsequent treatment (e.g., pH adjustment) often neces-
sary for HPLC. These problems have been discussed’. Finally, the chemical species of
interest must be cleanly separated by the HPLC method used.

It was our aim to extend previous studies®® on bovine pancreatic ribonuclease
(RNase) with cytidine 2:3'-cyclic phosphate (C>p) as the substrate to a detailed
chemical analysis of the two reactions of this system: synthesis to cytidylyl-3":5'-
cytidine 2":3'-cyclic phosphate (CpC > p) and hydrolysis to 3'-CMP. In particular, we
wished to study the transient kinetics of the RNase-C >p systems with the aim of
detecting any relationship between the synthetic and hydrolytic pathways. Such a
study necessitates the sampling of reaction mixtures milliseconds old, which can be
carried out by the rapid flow quench method*>.

Here we report an HPLC procedure for the rapid separation and determination
of the two products of RNase in the presence of very high concentrations of the
substrate C> p. The success of this analysis depends on an effective way of immedi-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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ately stopping the reaction and destroying the enzyme without decomposing the la-
bile substrate and product CpC>p. With RNase this was a problem. Thus, by de-
creasing the pH to 2 the reaction is stopped but on increasing it for the subsequent
HPLC analysis the enzyme is reactivated. It is not possible to use a stronger acid as
this decomposes C> p and CpC > p. Finally, it was found that the RNase is destroyed
by adding pepsin to the reaction mixture at pH 2. The pH could now be increased and
the mixture then analysed by HPLC. By this procedure, which we term proteolytic
quenching, we were able to obtain progress curves for the formation of CpC>p and
3'-CMP at high substrate concentrations. We propose that proteolytic quenching
could be of use with other systems involving robust enzymes.

EXPERIMENTAL

Materials

Bovine pancreatic ribonuclease (twice crystallized) was purchased from Bio-
zyme (Blaenavon, U.K.). The RNase A component was obtained as described previ-
ously®. The enzyme concentration was calculated by using £,75 =9800 1mol™ ! cm ™!
(ref. 7).

C>p was synthesized from the isomeric mixture of cytidine 2'- and 3'-phos-
phates (Sigma) according to the method of Szer and Shugar® and its purity checked as
described®. Concentrations of C>p were calculated by using £,65=6850 1 mol~*
cm ! (ref. 10).

Pepsin from porcine stomach mucosa was purchased from Sigma. Ammonia
and acetic acid (HPLC grade) were obtained from Scharlau (FEROSA, Barcelona,
Spain). All other reagents were of analytical-reagent grade.

A Noucleosil 10 SB anion-exchange column (300 mm X 8 mm O.D. X 4 mm
I.D.) and Vydac-310SB precolumn stationary phase were purchased from Macherey,
Nagel & Co. (Diiren, F.R.G.).

Apparatus

All the HPLC experiments were carried out with a modular HPLC apparatus
(LKB, Bromma, Sweden) consisting of a pump (Model 2150) controlled by an auto-
mated gradient controller (Model 2152) and a sample injector with a 20-ul sample
loop (Model 7125; Rheodyne, Cotati, CA, U.S.A.). Nucleotides were detected by
- monitoring the effluent at 254 nm with an absorbance detector (Uvicord SD, 2158)
and an integrator-recorder unit (Chromatopac C-R3A; Shimadzu, Kyoto, Japan).

31P NMR measurements were carried out on a Bruker AM 500 NMR spec-
trometer with a resonance frequency of 202.46 MHz for the phosphorus nucleus.

Reaction conditions

All reactions were carried out at constant temperature (25°C), pH (5.5) and
ionic strength (0.2). Both the enzyme and substrate were dissolved in 0.2 M acetic
acid-sodium acetate buffer (pH 5.5). Typically, the reaction mixture contained 25 ul
of substrate dissolved in the buffer to which 5 ul of RNase solution was added.

Identification of nucleotides by means of ** P NMR
The samples to be assayed were obtained by HPLC separation. Both samples
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and standards were dissolved in 0.1 M Tris—acetic acid (pH 7.0). Phosphoric acid was
used as an external standard and was assigned a chemical shift value of 0 ppm.

RESULTS AND DISCUSSION

Proteolytic quenching

The RNase reactions are readily stopped by the addition of acid but even with
acids of relatively low strenght, such as 4% trichloroacetic acid or 0.2 M HCI, the
2":3"-cyclic phosphodiester bond is cleaved to the 2'- and 3'-phosphomonoesters. Fi-
nally, it was found that 0.2 M H;PO, in 0.1 M HC! (pH 1.8) added to an equal
volume of the reaction mixture (0.2 M acetic acid—sodium acetate, pH 5.5) gave a
solution with a final pH of 2. At this pH the acid hydrolysis of the substrate and the
product CpC=> p is low and the reactions are stopped.

Separate studies showed that the substrate and reaction products of the
RNase-C >p system could be separated by ion-exchange HPLC. This requires the
adjustment of the pH of the mixture to that of the original reaction mixture (5.5),
which almost completely reactivated the enzyme, making the analysis of reaction
mixtures a few minutes old impossible.

Furthermore, active enzyme is adsorbed on the HPLC precolumn, where its
accumulation causes problems with succeeding samples. Means of irreversibly de-
stroying the acid-quenched reaction mixture were therefore sought.

The irreversible inactivation of RNase at pH 2 was finally achieved by in-
cubating it with pepsin. This protease cleaves the Phe 120-Asp 121 bond in RNase,
giving a derivative which is known as “pepsin-inactivated RNase”. This material is
inactive'.

The quenching procedure finally adopted was as follows. RNase reaction mix-
ture (30 ul; see Figs 1 and 2 for details) were incubated for the desired times and
quenched by the addition of 25 ul of 0.2 M H3PO, in 0.1 M HCI. The final pH was 2.
This was followed by the immediate addition of 5 ul of a pepsin solution (3.6 mg/ml)
and the mixture was left for 15 min at 25°C. Under these conditions, complete and
irreversible inactivation of the RNase was obtained. The mixture was either analysed
immediately or kept at —20°C. Immediately before injecting the sample on to the
HPLC column, the pH was increased to 5.5 by the addition of 4 ul of 2 M NaOH.
Storage of the samples for several months at —20°C did not affect the reproducibility
of the results provided that adequate blanks were carried out.

HPLC analysis

The assay method is based on the fast chromatographic separation of nucleo-
tides by an anion-exchange HPLC column at pH 5.5. The conditions were as follows:
20 ul of the sample at pH 5.5 were injected on to the column, previously equilibrated
with 0.1 M ammonium acetate solution (pH 5.5). Elution was carried out immediate-
ly at a flow-rate of 1 ml/min with a linear salt gradient from 0.1 to 0.6 M ammonium
acetate solution (pH 5.5). To prevent clogging of the HPLC column with pepsin and
digested RNase, a precolumn was used which was reconditioned after approximately
20 runs. Fig. 1 shows a typical chromatogram. Although the hydrolytic action of
RNase A on C>p produces only 3'-CMP?, a small amount of 2'-CMP appeared in

the:chromatograms. Both monophosphates are produced by the hydrolysis of C>p
in the acid quench.
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Fig. 1. Chromatography of the components of a reaction mixture (C>p = 40 mM, RNase A = 0.6 uM)
incubated for 5 min. The reaction was stopped by addition of H;PO,-HCI and then pepsin and the
products were separated on an anion-exchange HPLC column. Ac= Acetate.

The peaks C>p, 2'-CMP and 3'-CMP in the chromatogram were identified
with the use of respective standards. The identity of CpC> p (retention time 34 min),
the product of the synthetic activity of RNase, was ascertained in two ways: by
digestion with RNase and by *!P NMR. The material with a retention time of 34 min
was incubated with RNase and subjected to HPLC analysis. After incubation for 2
min only a peak corresponding to C>p was observed. Longer incubation times

TABLE ] _
REPRODUCIBILITY OF THE ANALYSIS OF RNase REACTION MIXTURES BY HPLC

Reaction mixtures with initial C> p concentrations of (A) 40 mM or (B) 10 mAM and 0.6 uM RNase were
incubated for the times shown, quenched by acid proteolysis and analysed by HPLC. Each point is the
average of three determinations. For further details, see the text and Fig. 1.

Nucleotide Reaction time (min)
0 1 5 10 15
A C>p (mM) 36.7+1 35.1+1 346+1 33.1+1 32.8%1
2'-CMP (uM) 11 £15 114+18 115420 102+ 14 106 £17
3-CMP (uM) 161 +16 243+19 374+ 19 462+21 582420
CpC>p (uM) 0 121 +12 301+ 14 31212 29615
B C>p (mM) 10.5+£0.4 9.80:0.4 9.65+040  9.55+0.45 9.03+0.35
2'-CMP (uM) 291 2744 2442 27+2 23+4
3'-CMP (uM) 2742 6945 138£5 19242 24447

CpC>p(uM) . 0 1443 1442 1345 15+3
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Fig. 2. Progress curves of the products of the RNase reaction obtained with acid proteolytic quenching.

The reaction mixtures (50 mM C>p plus 0.55 uM RNase A) were incubated for the times shown,

quenched with H,PO,~HCI and pepsin and separated by HPLC. A =3'-CMP; A = CpC>p.

resulted in the progressive appearance of 3'-CMP with the concomitant disappear-
ance of C>p. This is what would be expected from the hydrolysis by RNase of a
dinucleotide of cytidine ending in a 2":3’-cyclic phosphate.

Second, the structure of the dinucleotide was confirmed by *'P NMR spectros-
copy, which unambiguously showed the presence of both a 3'-5-phosphodiester
bond and a terminal 2":3’-cyclic phosphate as judged by a resonance found at 20.576
ppm ascribed to the cyclic phosphate of the dinucleotide and another at —0.560 ppm
ascribed to 3'-5" internucleotide phosphodiester bond with reference to 3'-5-CpC.

The reproducibility of the HPLC analysis of acid protease-quenched RNase
reaction mixtures at two concentrations of C>p is assessed in Table 1.

Kinetic analysis of the synthetic and hydrolytic reactions of RNase

By using the procedure described above, we obtained progress curves for
CpC>p and 3'-CMP formation by RNase at a concentration of C>p of 50 mM (Fig.
2). The curves have the following features.

First, CpC> p synthesis is initially more rapid than 3'-CMP production, but a
plateau is reached within 3 min. The size of this plateau increased with increasing
C>p concentration, but it was independent of RNase concentration. Bernfield!2:13
also studied the synthetic reactions of RNase and obtained plateaux, but his condi-
tions were different from ours (pH 7 and a time scale of several hours).

Second, there is a lag in the production of 3’-CMP before the steady state
(keat = 3.2 s~ 1) was attained. It is possible that there is a correlation between this lag
and the burst phase observed in the dinucleotide formation. Hence there could be a
relationship between the synthetic and hydrolytic pathways; this possibility is under
further study.

In conclusion, proteolytic quenching coupled with a convenient HPLC analysis
provides a means of studying the mechanism of RNase.
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The importance of N-oxo compounds is connected with their technological
applicability and use as reagents in organic and bioorganic chemistry’. In this class of
nitrogen derivatives, special interest is focused on the properties and applications of
nitroxide radicals and nitrones. Nitroxide radicals play a special role in spin
labelling??, whereas nitrones are important reagents in organic synthesis* and also
serve as excellent spin traps in electron paramagnetic resonance techniques®¢. Hence
the selective detection and determination of nitrones and nitroxide radicals are still
important problems in nitrogen analytical chemistry°.

Recently, we reported the application of trifluoroacetic anhydride-sodium
iodide reagent (TFAA-I) for the microdeterminations of sulphoxides'®, nitrones!!
and nitroxide radicals*2. We have also used this reagent for the selective detection of
sulphoxides and sulphimides by thin-layer chromatography (TLC)!3.

Here we report a selective procedure for the detection of nitrones and nitroxide
radicals in the presence of amine N-oxides, based on the application of TFAA-I
reagent. This reagent is able to convert amine N-oxides (1) into the corresponding
amines (1b), nitrones (2) into the corresponding trifluoroacetamidoalky! trifluoro-
acetate (2¢) and nitroxide radicals (3) into the corresponding hydroxylamine
trifluoroacetates (3¢), with the simultanous formation of elemental iodine, according
to the equations'? on the next page.

Because the rate of reaction of TFAA-I reagent and related systems with N-oxo
compounds is influenced by their structures, there is the possibility of establishing
conditions which allow the selective detection of nitrones and nitroxide radicals in the
presence of aliphatic amine N-oxides.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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EXPERIMENTAL
Materials

Trifluoroacetic anhydride (TFAA), trimethylamine N-oxide dihydrate, pyridine
N-oxide and quinoline N-oxide hydrate were purchased from Aldrich (Milwaukee,
WI, U.S.A)). Trimethylamine N-oxide was dehydrated according to ref. 14 and
pyridine N-oxide and quinoline N-oxide were dehydrated by double vacuum
distillation.

Nitroxides 3a—i were purchased from Aldrich. Nitrones 2a—h were prepared
according to ref. 15 and were all of the same purity as reported previously.

Solutions

A 0.8 M solution of sodium iodide (Nal) in anhydrous acetone and a 0.8 M
solution of TFAA in anhydrous acetone (prepared immediately before use) were used.

The concentrations of the compounds 1, 2 and 3 chromatographed were ca.
" 5-1072-10"% M in anhydrous acetone.

Dragendorff reagent (Bi) was a 2% solution of potassmm blsmuth tetra10d1de in
0.01 M hydrochloric acid. DDQ reagent was a 2% solution of 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone in benzene. Other solutions were iron(IIT) chloride (Fe),
2% aqueous; potassium permanganate (Mn), 0.1% aqueous; 4-dimethylaminobenzal-
dehyde (DAB), 5% methanolic; ninhydrin reagent (NH), 2% in butanol saturated
with water; bromophenol blue (Ind), ca. 0.05% in ethanol; and reduced sodium
nitroprusside (SN), for which a 1.2%. aqueous solution of sodium nitroprusside (10 ml)
was reduced with sodium borohydride to give a clear, deep-red solution, 0.8 ml of
acetic acid (1 M) was added and, after 2 min, 5 ml of water were added.
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TABLE 1

COMPARISON OF VARIOUS ACYLATING AGENT-HALIDE SALT SYSTEMS FOR THE DETECTION OF
AMINE OXIDES 1, NITRONES 2 AND NITROXIDE RADICALS 3 BY TLC

Silica gel plates. Solvents: acetone and methanol (2g). +/—, Spot is detectable; +, distinct detection; + +, strong
detection.

Compound applied Ac;0-Nail  AcCl-Nal  Ac,O-LiBr AcCI-LiBr* TFAA-I TFAA-LiBr*
No. Structure ug/spot
)
1c NT 1 - - - - - -
] 10 + + - - + -
o~ O
A
PS>0 T U
T+ 10 +/~ +4 - - + 4+ -
HsC o
2w TN oM -+ —(+9 - - + -
e ~o 10 —(+" —(+9 - - ++ -

2g AP ~ —(+% - - - -
,ié % o + —(+" - - + -

3a o - +/— - - +/- -
N—0 10 +/- + - + + +

¢ Red-brown spots.
b After 30 min exposure.
¢ A spot of iodine appeared after [0 min exposure.

Thin-layer chromatography

Pre-coated silica gel 60 F, 5, aluminium sheets and pre-coated aluminium oxide
60 F;s54 aluminium sheets (10 cm x 5 cm), with a 0.2-mm thick layer (Merck,
Darmstadt, F.R.G.), were used for all TLC experiments. The plates were spotted with
anappropriate amount of compound (see tables), developed for a distance of 8 cm with
acetone, air-dried and sprayed with sodium iodide solution and subsequently with
TFAA solution. Nitrones 2 and nitroxides 3 appeared almost immediately as brown
spots on a white background, and were stable for more than 20 min.

RESULTS AND DISCUSSION

The results of the application of various reagents, related to TFAA-I detection
systems, for the detection N-oxo compounds by TLC are presented in Table I. These
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results reveal that the most sensitive system for the detection of nitrones and nitroxide
radicals is TFAA-I. Comparable properties were observed for acetyl chloride-sodium
iodide reagent, which is slightly less sensitive for the detection of nitrones, however.

TABLE 11

DETECTION LIMITS FOR AMINE OXIDES 1, NITRONES 2 AND NITROXIDE RADICALS 3 USING
TFAA-1 AS THE DETECTION REAGENT

No.  Structure Substituents Sio, Al,04
R! R? R? Detection limit ~ Ry*  Detection limit Ry
ug  nmol ug  nmol
o
l*
N\
R1\+ N
14 Re—N—o N 50 233 0.52 100 466 0.68
R, |
-
2a CeHj H CH, 1.04 7.7 026 224 1718 0.62
2b . g3 CoHs H CeHs 1.0 5.0 070 23 117 0.72
2 Se—g”” mCICeH, H CeHs 1.04 45 065 21 90 0.73
0 s ~g-p-CH;0C¢H, H CgHs 10 44 067 20 88 0.72
2e p-CICeH, H tert-C{Hy 5.7 223 0.61 114 445 0.79
2f p-O,NCeH, H tert-CgHy, 12 52 0.58 23 104 0.72
2% 7@\ 50 310 0.05 .
, 50 310 075 13 455 081
o >O 30 264 0.05
2h : : : .
T/ 30 264 075 50 440 0.76
o
3a H H L1 71 0.66 22 142 0.68
3b -0- 1.0 59 065 20 11.8 0.70
3¢ , H OH 096 5.58 065 30 17.6 0.71
3 R . CH, OH 108 58 071 22 120 0.78
3e , N tert-CyHg OH 108 47 072 22 96 0.77
¥ R C¢H,CH, OH L1 427 073 22 85 0.80
3g H TosO 09 275 0.7 20 6.2 0.75
3h H NH, 28 16.0 0.06 52 300 0.16
i
/C
3 HoN N 3- 1.04 5.6 0.51 208 11.2 0.59
“ Acetone.

® Trimethylamine N-oxide (1a) did not give a positive test with TFAA-I even for applied amounts < 50 yg/spot,
whereas pyridine N-oxide (1b) and quinoline N-oxide (1¢) did for applied amounts > 10 ug/spot.

¢ Methanol.
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The replacement of sodium iodide with lithium bromide leads to the more selective
detection of nitroxide radicals, but a decrease in sensitivity also occurs. These results
clearly indicate the superiority of TFAA-I as a detection reagent for nitrones and
nitroxide radicals by TLC.

Results for the application of TFAA-I for the detection of amine N-oxides 1,
nitrones 2 and nitroxide radicals 3 are summarized in Table II. It is evident that the
detection limits of N-oxy compounds are slfrongly influenced by their structures. Thus,
aliphatic amine N-oxides do not react at all with TFAA-I, heterocyclic amines
N-oxides react siowly with high detection limits, the acyclic nitrones are detectable at
5-10 nmol and cyclic aliphatic nitrones (both aldo and keto nitrones) are detectable at
ca. 30-40 nmol. The detection limits of nitroxide radicals vary from 5 to 10 nmol.

Results are given in Table IIT for the evaluation of TFAA-I reagent in
comparison with other spray reagents for the detection of N-oxy compounds.
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Phytoalexins are low-molecular-weight antimicrobial compounds that are syn-
thesized de novo by plants in response to microorganism challenge®. These metabo-
lites are a chemically heterogeneous group of compounds but certain chemical types
tend to be associated with particular plant families?.

A phytoalexin, brassilexin (Fig. 1), has been recently isolated from Brassica
juncea and B. napus>*. Its accumulation was related to resistance to Leptosphaeria
maculans, a fungus which causes the blackleg disease of crucifers*>. Brassilexin has
been related to sulphur-containing indol phytoalexins, which were isolated from Chi-
nese cabbage (Brassica campestris spp. pekinensis), Japanese radish (Raphanus sati-
vus) and oilseed rape (B. napus)**~° (Fig. 2).

Extraction of phytoalexins from leaves and further steps of purification and
determination are usually complicated by the presence of pigments, waxes, sterols
and other interfering compounds. All these compounds are also highly damaging to
high-performance liquid chromatography (HPLC) equipment and columns. Many
authors bypass this problem using non-chlorophylious or etiolated plant tissues, e.g.
refs. 9-14, or diffusates from elicited plant tissues, e.g. refs. 15 and 16. Extraction with
light petroleum or hexane and preparative chromatography have also been used to
remove pigments, e.g. refs. 17-20. These methods were usually inefficient or their
yields were too low and insufficiently consistent for quantitative analysis of brassilex-
in from small plant samples (fresh weight 1-2 g)*.

In this paper, we present a new and unusual use of reversed-phase cartridges to
eliminate these interfering compounds from non-aqueous plant extracts, prior to
HPLC quantitative analysis of sulphur-containing indol phytoalexins.

Fig. 1. Chemical structure of brassilexin®.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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Fig. 2. Chemical structures of cyclobrassinin (1), methoxybrassinin (2) and brassinin (3)8.
MATERIALS AND METHODS

Plant material and elicitation

B. juncea cv. Aurea and B. napus (cvs. Brutor and Primor) plants were grown in
the glasshouse, under the conditions previously described®.
To elicit phytoalexin accumulation, plants in the greenhouse or leaf disks were con-
taminated with pycniospore suspensions of L. maculans or sprayed with a 10 mM
aqueous solution of CuCl, containing Tween 80 as described previously®

Instrumentation and chemicals

Extra-Sep reversed-phase cartridges (sorbent mass/column volume : 100 mg/1.0
ml) were obtained from Lida Manufacturing Corp. and Bond Elut endcapped re-
versed-phase cartridges from Analytichem International. The sorbents tested were
Clg, Cg, Cz, CH, PH and CN.

A Waters 600 multisolvent delivery system equipped with a Waters U6K uni-

versal injector was used for analytical HPLC. Chromatographic and spectral data
Arom the eluate were acquired with a Waters 990 photodiode array detector. Data
were then stored in the memory and treated by a NEC APC III computer loaded with
the Waters 990 software. Reversed-phase HPLC took place through a Brownlee C;4
column (220 mm x 4.6 mm, particle size 5 ym) which was directly coupled with a
30-mm Brownlee guard column packed with the same stationary phase.

Solvents were obtained from Carlo Erba [ethanol 95% (v/v) RPE-ACS, metha-
nol RS HPLC] or Prolabo (hexane R. P. Normapur, dichloromethane HPLC). Twice
distilled water was produced in the laboratory. HPLC solvents were filtered through
0.45 um Millipore filters and degassed by flushing through with helium.

Extraction of phytoalexins

To extract brassilexin from B. juncea, elicited leaves or leaf disks (fresh weight
1-2 g) were macerated in 95% (v/v) ethanol at 80°C for 15 min as previously de-
scribed®. To extract methoxybrassinin and cyclobrassinin from B. napus, elicited leav-
es or leaf disks (1-2 g) were homogenized in 95% (v/v) ethanol at room temperature
(Waring blender)®. The ethanolic extracts were evaporated to dryness under reduced
pressure at 40°C and the residues taken up in hexane (2 X 2 ml).
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Sample clean up (Fig. 3)

The cartridges were dried in an oven (40°C, 4 h) before use. Hexane samples
were passed through the unsolvated cartridges and the sorbent washed with hexane
until elution of a colourless solution. Cartridges were then eluted with 3 x 1 ml
methanol-water (50:50, v.v). The colourless eluates containing the phytoalexins were
dried under reduced pressure (40°C) and recovered in dichloromethane (3 X 3 ml).
Dichloromethane was evaporated under a stream of nitrogen (50°C, Reacti-therm
and Reacti-vap, Pierce) to prevent the strong oxidation of these compounds in the air.
Finally the residue was taken up in 100 gl 95% (v/v) ethanol.

LOADING ELUTION WASHING
@ THE SAMPLE @ WITH WITH
AND CHyDH/WATER ETHANOL
WASHING (50/50)
WITH
HEXANE
STRONG
RETENTION
] it L
=5 ”“'7““ PIGMENTS
YELLOW TO COLOURLESS DARK
GREEN ELUATE ELUATE GREEN ELUATE
CONTAINING
@ THE PHYTOALEXINS @

Fig. 3. Sample clean up protocol using reserved-phase cartridges.

Quantitative analysis of phytoalexins

Samples (20 ul) were chromatographed on the analytical C;g column eluted
with a methanol-water gradient as previously described®. Known quantities of bras-
silexin (purified in the laboratory), brassinin, cyclobrassinin and methoxybrassinin
(calculated from their absorption coefficients recorded with a Pye Unicam SP8-200
spectrophotometer) were chromatographed under the same conditions as standards.

Protocol efficiency

The efficiency of the protocol was estimated by adding 5-10 ug of purified
phytoalexins to the ethanol during the extraction of unelicited plant samples. The
quantities of phytoalexins recovered after sample clean up and HPLC analysis were
compared to the quantities added to the ethanol.
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RESULTS

Extraction of phytoalexins

Under the analysis conditions, the retention times of brassilexin, brassinin,
methoxybrassinin and cyclobrassinin were 7.4 (£ 0.5), 8.2 (£ 0.3), 9.2 (£ 0.2) and
9.7 (£ 0.2) min respectively.

The extraction of elicited B. napus tissues with hot ethanol allowed the elim-
ination of a compound with a retention time close to that of brassilexin. As this
phytoalexin was usually present in small amounts in these plants*>, this extraction
facilitated the determination of brassilexin. The extraction led to important losses of
brassinin, methoxybrassinin and cyclobrassinin and was inadequate for quantitative
analysis of these phytoalexins (Table I). Extraction by homogenization of leaves in
ethanol at room temperature permitted an excellent recovery of all phytoalexins (Ta-
ble I) but quantitative analyses of brassilexin was less precise in elicited B. napus
tissues.

TABLE 1

RECOVERY (%) OF PHYTOALEXINS AFTER EXTRACTION, CLEAN UP AND HPLC ANALY-
SIS

Amounts of 5-10 pg of phytoalexins were added to ethanol at 80°C or ethanol at room temperature during
the extraction of unelicited plant samples. Plant extracts were then cleaned up using various reversed-phase
cartridges. The recovery is expressed as percent of the quantity of phytoalexin added to the ethanol. Each
value is the mean of [2-15 measurements (three experiments) and the standard deviation is noted.

Cartridge Brassilexin Brassinin Methoxy- Cyclo-
brassinin brassinin

C,; (extraction with

ethanol at 80°C) 77.8 & 5.7 470 + 3.4 276 £ 7.8 51.8 £ 94
Cis 839 &+ 5.7 829 + 59 82.5 + 5.6 67.2 + 6.0
C, 82.0 £ 4.9 82.4 £+ 72 80.7 + 9.9 66.5 + 4.8
C, 75.6 + 3.0 82.8 £ 34 68.2 + 12.4 65.8 £ 5.2
Ph 67.3 + 8.9 87.5 £ 93 84.2 4+ 7.2 713 £ 11.7

Efficiency of various reserved-phase cartridges in sample clean up
As shown in Fig. 3, washing by hexane, whatever the volume introduced, gave a
yellow to green eluate containing no traces of brassilexin, brassinin, methoxybrassi-

----nin-and cyclobrassinin. A nearly colourless eluate containing these phytoalexins was

obtained upon elution with-methanol-water. Pigments and other interfering com-
pounds were strongly retained on the sorbent from which they were-eluted by 95%
(v/v) ethanol. In this case, the cartridges could be used again with the same efficiency
if carefully dried (with the exception of endcapped reversed-phase, see below). This
sample clean up (Fig. 4) permitted the elimination of polar compounds, which were
not dissolved with hexane and dichloromethane, and of non-polar compounds (reten-
tion time > 11 min) showing a strong absorbance at 420 nm.

All types of bonded silicas tested, whether endcapped or not, cleaned up the
Brassica extracts equally efficiently (Fig. 5) without interfering with brassilexin. The
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Fig. 4. Chromatograms at 218.2 (1 and 3) and 420 nm (2 and 4) of an ethanolic extract of elicited B. napus
before (1 and 2) and after (3 and 4) sample clean up. The leaves were macerated in ethanol 80°C and the
extract was cleaned up using C, cartridges (see Fig. 3). The cleaned up samples (20 ul) were injected on a
C, ¢ analytical column (5 ym particle size). The solvent delivery consisted of a linear gradient from 50%
(v/v) methanol in water to 100% methanol in 5 min, then maintained for 10 min. The flow-rate was
constant at 1.5 mlmin~!. B = brassilexin; M = methoxybrassinin; C = cyclobrassinin.

total yield of the method was very high for brassilexin, brassinin and methoxybrassi-
nin, using C;g or Cg cartridges to clean up samples (Table I). It was lower for cy-
clobrassinin, whatever the sorbent used.

DISCUSSION

Dahiya and Rimmer recently described procedures for determining methoxy-
brassinin and cyclobrassinin from elicited B. napus or B. juncea tissues. Since these
authors used callus tissues'* and leaves or stem segments incubated in the dark®, their
analyses were less complicated by interfering compounds, e.g., pigments than ours
(see Fig. 4), and the use of a guard column was sufficient to protect the column.
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BRASSILEXIN 6
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Fig. 5. Brassilexin recovery after sample clean up and HPLC analysis. Amount of 5-10 ug of the phytoalex-
in were added to ethanol during the extraction of unelicited plant samples. These samples were then
cleaned up using various endcapped or non-endcapped reversed-phase cartridges. The recovery is ex-
pressed as percent of the phytoalexin added to the ethanol. Each value is the mean of 12-24 measurements
(3-6 experiments) and the standard deviation is noted.

Brassilexin appears to be less apolar than methoxybrassinin and cyclobrassinin, We
thus need a more polar elution system than that used by Dahiya and Rimmer'* to get
a good separation of indol phytoalexins. With this elution system, chlorophyllous
pigments and other interfering compounds precipitate in aqueous solvents, and with
repeated injections, are damaging to HPLC apparatus and columns (see Fig. 4). The
filters and guard column used for analysis were inappropriate to protect the column
and pipes.

We previously proposed a protocol for brassilexin analysis, in which ethanolic
extracts were fractionated between water and diethyl ether prior to HPLC analysis®.
This permitted us to discard polar compounds but most of the pigments were still
present in the samples and interfered with the analysis. We therefore tested classic
uses of silica or bonded silica cartridges to clean up samples. Neither silica cartridges
with non-polar solvents (hexane or dichloromethane) nor bonded silica cartridges
with polar solvents (methanol-water) allowed us to eliminate undesirable com-
pounds.

Finally, we considered a less classic separation. First hexane was used to dis-
solve samples, thus discarding most polar compounds. The separation obtained with
the novel strategy, described here using bonded silicas and appropriate solvents, may
first be due to polar interactions between some compounds of the sample and non-
bonded silanol groups in the non-polar solvent (Fig. 3, No. 1). In this case, the most
non-polar-metabolites, e.g, lipids or carotenoids are not retained on the sorbent and
are directly eluted with hexane. Other compounds are retained by polar interaction
with silanol groups. Elution with a polar solvent (methanol-water) solvates the sor-
bent and suppresses polar interactions between the metabolites and silanol groups
(Fig. 3 No. 2). The most non-polar compounds still present, e.g, chlorophyllous
pigments will then interact with the functional groups of bonded silicas (non-polar
interaction in a polar solvent) and be retained. Moderately non-polar compounds,
like the phytoalexins, are eluted with the solvent. Finally, the retained compounds are
eluted with ethanol (Fig. 3, No. 3).
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To support this hypothesis it is important to note that all bonded silicas tested
were equally efficient for the separation of phytoalexins from unwanted compounds
(Table I, Fig. 5). On the other hand, the use of endcapped bonded silicas (mostly C, )
showed that chlorophyllous pigments, which were previously retained on the sorbent,
are profusely eluted with hexane. As for brassilexin, it was identically retained on
endcapped and non-endcapped sorbents (Fig. 5). This suggests, if our hypothesis is
sound, that all silanol groups are not methylated during the endcapping process. In
this respect we note that non-endcapped cartridges can be used many times with equal
efficiency. On the contrary, endcapped cartridges can never be used more than twice
to clean up samples. On the third use of the same cartridge, phytoalexins and pig-
ments are no longer retained on the sorbent. This may mean that irreversible bonding
to silanol groups occurred during the cleaning up the samples. The fewer free silanol
groups present in endcapped bonded silicas than in non-endcapped ones would then
explain why the latter can be reused many times, which is not the case with the
former. The same phenomenon was observed with insufficiently dried sorbent. In this
case, unactivated silanol groups led to important losses of phytoalexins and pigments.

The protocol presented here for quantitative analysis of Brassica phytoalexins
is easy to use, rapid and accurate. Its yield is excellent. It would then be interesting to
see whether it can be used to separate other metabolites from various kind of matric-
es. In our case, this protocol is particularly efficient for comparison of the accumu-
lation of phytoalexins between single plantlets or even single leaves, and to screen for
plants possessing the genes conditioning the hypersensitive resistance to L. maculans
in the population of interspecific crosses between B. juncea and B. napus*-?!.
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Clenbuterol (4-amino-3,5-dichloro-a-ters.-butylaminomethylbenzyl alcohol hy-
drochloride) is a beta-adrenergic drug used as a bronchial dilating agent. It is recom-
mended for the treatment of asthmatic disease and, due to its long-term high activity,
it is used especially in the case of chronic illness!~’. Beacuse of its antidepressive like
activity in animals, it is also suggested for human endogenous depression®.

Various methods for the assay of clenbuterol in biological samples have been
reported. Radiological °'°, enzymatic!! and chromatographic methods [thin-layer .
chromatography'?, gas chromatography!®4, high-performance liquid chromato-
graphy (HPLC)!*~!7] have been used for pharmacokinetic studies and for routine
analysis in racehorses. Moreover, an HPLC method was developed for pharmaceu-
tical gel formulations'®. As part of our research on clenbuterol pharmaceutical prep-
arations '*2°, we now describe a rapid and easy to reproduce procedure which
allows an assay of clenbuterol in syrups, directly on the sample itself, without any
previous extraction of the drug. In this way, possible recovery problems are avoided.
Direct injection of the sample appears particularly opportune for an adequate and
reliable quality control of these preparations which contain a very small quantity of
an highly active drug in the presence of the large number of excipients usually con-
tained in the syrups (1-2 ug clenbuterol per ml syrup).

This method is applicable to all the commercial formulations available in Italy, even
when the excipients are different and numerous. It consists in a modification of the
method proposed by Hamann ez al.'® for gel formulations.

EXPERIMENTAL

Materials

Clenbuterol was provided by Resfar (Milan, Italy). HPLC grade methanol and
isopropanol were from Carlo Erba (Milan, Italy) and heptanesulphonic acid sodium
salt monohydrate was from Fluka (Buchs, Switzerland). All solutions and solvents

were filtered through a Millipore filter, pore size 0.45 um (Millipore, Bedford, MA,
U.S.A).

HPLC instrumentation
Analytical liquid chromatography was performed using a Waters HPLC appa-

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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ratus (Waters Assoc., Milford, MA, U.S.A.) consisting of a Model 510 Pump,
equipped with an U6K injector, a variable-wavelength UV detector (Waters 450).
Chromatographic data were collected and processed with a LC 100 Perkin-Elmer
integrator (Norwalk, CT, U.S.A.). A stainless-steel column (25 cm X 4.6 mm 1.D.)
was packed with 7-um CN stationary phase (LiChrosorb CN; Merck, Darmstadt,
F.R.G)).

Operating conditions

The following chromatographic conditions were used. Mobile phase: water—
methanol-isopropanol (70:29:1, v/v) containing 0.10% (w/v) heptanesulphonic acid
sodium salt, degassed before use. Flow-rate: 1 ml/min. Column temperature: ambi-
ent. Volume injected: 100 ul. Detector wavelength: 246 mm. Detector sensitivity: 0.01
a.u.f.s. The column was carefully washed every day with 30 ml water and 30 ml
methanol.

Linearity of detector response vs. standard concentration
A calibration graph was obtained by injecting clenbuterol solution in a concen-
tration range of 0.5-10 pg/ml.

Sample preparation
. The syrup samples (100 ul) were injected as such without any purification or dilution.

Detector response 0.01 AUFS
Detector response. 0.01 AUFS

inject
inject

T T T T T T T T
10 20 30 0 10 20 30 40
{min) (min)

Fig. 1. Chromatograms of two different commercial clenbuterol syrups (A, 2 pg/ml; B, 1 g/ml). Peaks: I =
excipients; II = clenbuterol.

©
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TABLE 1
DAY-TO-DAY REPRODUCIBILITY OF THE CALIBRATION GRAPH FOR CLENBUTEROL

Day Slope Correlation
coefficient

1 1698.6 0.9953
1716.0 0.9996

3 1739.6 ©0.9997

Mean 1718.1

S.D. 20.6

C.V. (%) 1.2

RESULTS AND DISCUSSION

Our modifications of the Hamann method'® permitted a good separation between
clenbuterol and the other components of all the pharmaceutical syrup formulations
commercially available in Italy, without any purification of the sample. Fig. 1 shows
the chromatograms of two (A, B) of the seven syrups analyzed. For all the other
formulations examined, a comparably good separation of the clenbuterol from the
excipients was obtained.

The calibration graph showed good linearity with a correlation coefficient of
0.9997: y = 1739.6x—0.277.

A day-to-day reproducibility test was performed over 3 days. A good reproduc-
ibility of the slope of the calibration graph was obtained (coefficient of variation,
C.V. = 1.2%). The slopes and the linear correlation coefficients are reported in Table
I

The detection limit was approximately 0.1 ng, calculated on a response of twice
the noise level.

The reproducibility of the determination of clenbuterol in syrups was satis-

TABLE II
REPRODUCIBILITY FOR DETERMINATION OF CLENBUTEROL IN A SYRUP

Injection Concentration
(ug/mi)
1 1.08
2 1.02
3 1.01
4 1.01
S 1.07
6 1.15
7 1.09
8 1.09
Mean - 1.06
S.D 0.05

CV. (%) 4m
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TABLE III

RECOVERY STUDY

Placebo Clenbuterol  Recovery
added (% £ S.D.)
(ugimi)

A 1.08 96.8 £ 2.3

B 1.00 98.2 £ 20

C 1.94 99.0 + 2.1

D 1.85 98.0 + 2.2

factory, as shown in Table IT which reports the response to repeated injections of one
of the syrups analyzed (C.V. 4.72%).

Four different placebo syrups were prepared according to some commercial formula-
tions. No interfering peaks were present at the retention time of clenbuterol for all
these placebos. Known amounts of clenbuterol (1-2 ug/ml) were added and recovery
experiments were carried out (Table III).

The column was carefully washed every day, as mentioned. In this way, no
efficiency loss was observed throughout our work.

In conclusion, this HPLC method for the determination of clenbuterol in syr-
ups appears to be reproducible and sensitive. In addition, it allows clenbuterol to be
determined in these pharmaceutical formulations without any sample preparation,
making this procedure very easy to perform. Finally, it provides a reliable quality
control of these preparations.
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The analysis of sugars and sugar mixtures is of considerable and growing importance
in many fields'. Various techniques have been investigated for the separation and
quantitative determination of sugars, but most have several disadvantages, e.g., diffi-
culty in quantitating results for paper and thin-layer chromatography, the appear-
ance of anomeric peaks and the necessity for some derivatization for gas chromato-
graphy. Problems with detection, difficulty in the separation of the sugars present in
hemicellulose hydrolysates and the care that must be exercised to protect the chroma-
tographic columns with precolumns or sample- pretreatment are disadvantages of
high-performance liquid chromatography (HPLC). Refractive index detectors are
probably the most efficient for the détection of sugars in HPLC, but no gradient
elution system can be used under these conditions. Detection by refractive index
measurement can therefore only be used in special cases®3.

Many of these disadvantages can be avoided by the use of methods based on
ion-exchange chromatography, where the sugars are separated as borate complexes
on anion-exchange resins*~°. Common objections to this conventional liquid chro-
matographic technique are the long separation times and the need to regenerate the
resin column after each analysis. ‘

In the course of studies on the sugar composition of isolated hemicellulose A
and B fractions from grass species and sugarcane bagasse, difficulties were encoun-
tered in finding a suitable method for the separation and determination of especially
rhamnose, mannose, arabinose, galactose, xylose and glucose. Excellent separations
can be achieved with an anion-exchange method using gradient elution with four
buffer solutions, but a single determination needed 8 h'°. A major disadvantage is
that the column has to be regenerated after each run.

After the investigation of various buffer systems and other methods, including
HPLC, we developed an anion-exchange chromatographic technique which is cur-
rently in use in our laboratory. The method is based on the system of Floridi®. The
separation and determination of different sugar mixtures takes 90-240 min with mini-
mal pretreatment of hydrolysates and no regeneration of the resin column after each
run.

0021-9673/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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EXPERIMENTAL

Equipment

The analyses were made with a Technicon AutoAnalyzer system. A flow dia-
gram of the chromatographic modules and analytical manifold is shown in Fig. 1.
Sugars were detected with a Technicon single-channel colorimeter (420-nm filter for
orcinol reagent) and identified according to-retention times. Peaks were recorded and
integrated with a Varian Model 4270 integrator. An adjustable spindle supplied by
Technicon was mounted on top of the column to minimize the dead volume. Sample
application was facilitated with a Waters UK6 injection system. Interconnections
consisted of glass tubes (1.6 mm 1.D.) where possible. When glass could not be used it
was replaced with Acidflex transmission tubes. Reagent flow was segmented by air
bubbles, but debubbled just before detection in the colorimeter. Stepwise elution,
when used, was performed by means of a peristaitic valve (Perivalve) and tape pro-
grammer supplied by Technicon.

Chromatographic conditions

Technicon Chromobeads Type S (product No. T15-0357-42), a 10% cross-
linked styrene—divinylbenzene ion exchanger, was slurry-packed at 1375 kPa to a
height of 69 cm in a glass column (75 x 0.5 cm 1.D.) maintained at 55°C. The column
was initially treated with 0.5 M boric acid (eluate pH ca. 4.2) an equilibrated with
buffer A.

Two separation systems could be used: with system I the column was eluted
only with buffer A whereas with system II elution started with buffer B for 90 min and
was then followed by buffer A. The flow-rate was maintained at 0.5 cm?®/min.
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Fig. 1. Flow diagram of chromatographic modules and analytical manifold.



NOTES 307

Chemicals and reagents

All reagents were of the best grade available and of various brands. Sugar
standards were 2 mM solutions of the relevant sugars in deionized water. The colour
reagent consisted of 1 g of orcinol (3,5-dihydroxytoluene) per dm? of 70% sulphuric
acid and was protected from light. Buffer solutions were prepared as follows: buffer
A, 24.44 g of dipotassium tetraborate tetrahydrate (0.08 M) and 11.00 g of boric acid
(0.18 M) per dm® (pH 8.8); and buffer B, 7.79 g of dipotassium tetraborate tetra-
hydrate (0.0255 M) and 7.73 g of boric acid (0.125 M) per dm® (pH 8.4).

After dissolving the reagents in deionized water the solution was filtered (0.45

um) and de-aerated. If necessary, the pH was adjusted with 1 M potassium hydroxide
solution.
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Fig. 2. Chromatogram (system 1) of (A) a calibration mixture of sugars and (B) a hemicellulose A hydroly-
sate from sugarcane bagasse. Peaks: 1 = cellobiose; 2 = L-rhamnose; 3 = p-mannose; 4 = L-arabinose; 5=D-
xylose; 6 =D-glucose.
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RESULTS AND DISCUSSION

Separations with the one-buffer system (I) can be used for certain mixtures of
sugars such as sucrose, fructose and glucose, the major free sugars in most plants and
mixtures or hydrolysates containing rhamnose, mannose, xylose, glucose and either
arabinose or galactose. These determinations take about 120 min, including ca. 30
min residence time in the analytical system. As no regeneration of the resin is re-
quired, a large number of samples can be fractionated successively. Fig. 2 shows
chromatograms of (A) a calibration mixture of known sugars and (B) a hydrolysate
of a hemicellulose A fraction isolated from sugarcane bagasse.

Determinations with system II, employing stepwise elution with the two buffer
solutions, need more time (ca. 240 min). Chromatograms of a calibration mixture and
a hemicellulose B hydrolysate from bagasse are shown in Fig. 3A and B, respectively.
System II can also be used without regeneration of the resin for at least 120 consec-
utive runs and with no special pretreatment of the hydrolysates or extracts. Sulphuric
acid (1 M)-hydrolysed polysaccharide fractions were only neutralized with sodium
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Fig. 3. Chromatogram (system 1I) of (A) a calibration mixture of sugars and (B) a hemicellulose B hydroly-
sate from sugarcane bagasse. Peaks: 1=cellobiose; 2=1r-rthamnose; 3 =D-ribose; 4=D-mannose; 5=L-
arabinose; 6 =D-galactose; 7=D-xylose; 8 =D-glucose.
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hydroxide and filtered prior to injection. The only complication experienced with
such untreated hydrolysates was the blackening of the top 10 mm of resin, with a
resulting higher operating pressure. Replacement of this portion with new resin reme-
died the problem. When necessary the resin could be regenerated in the column with
0.5 M boric acid until the pH of the eluate reached 4.2 and then again equilibrated
with buffer A.

The variations in retention times that may occur can largely be attributed to
degeneration of the pump tubes, which have to be changed after about 240 h. Fresh
batches of buffer or sulphuric acid solutions can also lead to slight changes in reten-
tion times. This causes no problem if a calibration mixture is run at regular intervals.

Most of the free sugars in plants and especially the component monosaccha-
rides of hemicellulose fractions could be separated and quantified by either of the
chromatographic systems described, the main advantages being no regeneration of
the resin column after each run and no special pretreatment of samples to be chroma-
tographed.
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