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B-Agonist Residues in Food, Analysis by LC

Nikolaos A. Botsoglou
Aristotle University, Thessaloniki, Greece

INTRODUCTION

B-Agonists are synthetically produced compounds that, in
addition to their regular therapeutic role in veterinary
medicine as bronchodilatory and tocolytic agents, can
promote live weight gain in food-producing animals. They
are also referred to as repartitioning agents because their
effect on carcass composition is to increase the deposition
of protein while reducing fat accumulation. For use in
lean-meat production, doses of 5 to 15 times greater than
the recommended therapeutic dose would be required,
together with a more prolonged period of in-feed
administration, which is often quite near to slaughter to
obviate the elimination problem. Such use would result in
significant residue levels in edible tissues of treated
animals, which might in turn exert adverse effects in the
cardiovascular and central nervous systems of the
consumers.'!!

There are a number of well-documented cases where
consumption of liver and meat from animals that have
been illegally treated with these compounds, particularly
clenbuterol, has resulted in massive human intoxifica-
tion.'"! In Spain, a foodborne clenbuterol poisoning
outbreak occurred in 1989-1990, affecting 135 persons.
Consumption of liver containing clenbuterol in the range
160-291 ppb was identified as the common point in the 43
families affected, while symptoms were observed in 97%
of all family members who consumed liver. In 1992,
another outbreak occurred in Spain, affecting this time
232 persons. Clinical signs of poisoning in more than half
of the patients included muscle tremors and tachycardia,
frequently accompanied by nervousness, headaches, and
myalgia. Clenbuterol levels in the urine of the patients
were found to range from 11 to 486 ppb. In addition, an
incident of food poisoning by residues of clenbuterol in
veal liver occurred in the fall of 1990 in the cities of
Roanne and Clermont-Ferrand, France. Twenty-two
persons from eight families were affected. Apart from
the mentioned cases, two farmers in Ireland were also
reported to have died while preparing clenbuterol for
feeding to livestock.

Although, without exception, these incidents have all
been caused by the toxicity of clenbuterol, the entire
group of B-agonists are now treated with great suspicion
by regulatory authorities, and use of all B-agonists in farm
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animals for growth-promoting purposes has been pro-
hibited by regulatory agencies in Europe, Asia, and the
Americas. Clenbuterol, in particular, has been banned by
the FDA for any animal application in the United States,
whereas it is highly likely to be banned even for
therapeutic use in the United States in the near future.
However, veterinary use of some [-agonists, such as
clenbuterol, cimaterol, and ractopamine, is still licensed in
several parts of the world for therapeutic purposes.

MONITORING

Monitoring programs have shown that B-agonists have
been used illegally in parts of Europe and United States
by some livestock producers.''! In addition, newly
developed analogues, often with modified structural
properties, are continuously introduced in the illegal
practice of application of growth-promoting B-agonists
in cattle raising. As a result, specific knowledge of
the target residues appropriate to surveillance is very
limited for many of the [B-agonists that have potential
black market use.!”! Hence, continuous improvement
of detection methods is necessary to keep pace with
the rapid development of these new, heretofore unknown
B-agonists. Both gas and liquid chromatographic meth-
ods can be used for the determination of [-agonist
residues in biological samples. However, LC methods are
receiving wider acceptance because gas chromatographic
methods are generally complicated by the necessity of
derivatization of the polar hydroxyl and amino functional
groups of B-agonists. In this article, an overview of the
analytical methodology for the determination of B-agonist
in food is provided.

ANALYSIS OF B-AGONISTS BY LC

Included in this group of drugs are certain synthetical-
ly produced phenethanolamines such as bambuterol,
bromobuterol, carbuterol, cimaterol, clenbuterol, dobut-
amine, fenoterol, isoproterenol, mabuterol, mapenterol,
metaproterenol, pirbuterol, ractopamine, reproterol, rimi-
terol, ritodrine, salbutamol, salmeterol, terbutaline, and
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tulobuterol. These drugs fall into two major categories,
i.e., substituted anilines, including clenbuterol, and
substituted phenols, including salbutamol. This distinc-
tion is important because most methods for drugs in the
former category depend on pH adjustment to partition
the analytes between organic and aqueous phases. The
pH dependence is not valid, however, for drugs within
the latter category, because phenolic compounds are
charged under all practical pH conditions.

EXTRACTION PROCEDURES

B-Agonists are relatively polar compounds that are
soluble in methanol and ethanol, slightly soluble in
chloroform, and almost insoluble in benzene. When
analyzing liquid samples for residues of [B-agonists,
deconjugation of bound residues, using 2-glucuronidase/
sulfatase enzyme hydrolysis prior to sample extraction,
is often recommended.®* Semisolid samples, such as
liver and muscle, require usually more intensive sample
pretreatment for tissue breakup. The most popular ap-
proach is sample homogenization in dilute acids such
as hydrochloric or perchloric acid or aqueous buffer.*~®
In general, dilute acids allow high extraction yields
for all categories of P-agonists, because the aromatic
moiety of these analytes is uncharged under acidic con-
ditions, whereas their aliphatic amino group is positively
ionized. Following centrifugation of the extract, the
supernatant may be further treated with B-glucuronidase/
sulfatase or subtilisin A to allow hydrolysis of the con-
jugated residues.

CLEANUP PROCEDURES

The primary sample extract is subsequently subjected to
cleanup using several different approaches, including
conventional liquid-liquid partitioning, diphasic dialysis,
solid-phase extraction, and immunoaffinity chromatogra-
phy cleanup. In some instances, more than one of these
procedures is applied in combination to achieve better
extract purification.

LIQUID-LIQUID PARTITION

Liquid-liquid partitioning cleanup is generally performed
at alkaline conditions using ethyl acetate, ethyl acetate/
tert-butanol mixture, diethyl ether, or tert-butylmethyl
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ether/n-butanol as extraction solvents.'>”*! The organic
extracts are then either concentrated to dryness, or repar-
titioned with dilute acid to facilitate back extraction of the
analytes into the acidic solution. A literature survey shows
that liquid-liquid partitioning cleanup resulted in good
recoveries of substituted anilines such as clenbuterol,””:®!
but it was less effective for more polar compounds such
as salbutamol."”’ Diphasic dialysis can also be used for
purification of the primary sample extract. This procedure
was only applied in the determination of clenbuterol re-
sidues in liver using tert-butylmethyl ether as the ex-
traction solvent.[®!

SOLID-PHASE EXTRACTION

Solid-phase extraction is, generally, better suited to the
multiresidue analysis of B-agonists. This procedure has
become the method of choice for the determination of
B-agonists in biological matrices because it is not labor
and material intensive. It is particularly advantageous
because it allows better extraction of the more hy-
drophilic B-agonists, including salbutamol. B-Agonists
are better suited to reversed-phase solid-phase extraction
due, in part, to their relatively non-polar aliphatic moiety,
which can interact with the hydrophobic octadecyl- and
octyl-based sorbents of the cartridge.””'" By adjusting
the pH of the sample extracts at values greater than 10,
optimum retention of the analytes can be achieved.
Adsorption solid-phase extraction, using a neutral
alumina sorbent, has also been recommended for
improved cleanup of liver homogenates.” Ton-exchange
solid-phase extraction is another cleanup procedure that
has been successfully used in the purification of liver and
tissue homogenates.''?! Because multiresidue solid-phase
extraction procedures covering [-agonists of different
types generally present analytical problems, mixed-phase
solid-phase extraction sorbents, which contained a
mixture of reversed-phase and ion-exchange material,
were also used to improve the retention of the more polar
compounds. Toward this goal, several different sorbents
were designed, and procedures that utilized both in-
teraction mechanisms have been described.>*!?!

IMMUNOAFFINITY CHROMATOGRAPHY

Owing to its high specificity and sample cleanup
efficiency, immunoaffinity chromatography has also
received widespread acceptance for the determination of
B-agonists in biological matrices.**!'*'* The potential
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of online immunoaffinity extraction for the multiresidue
determination of B-agonists in bovine urine was recently
demonstrated, using an automated column switching
system.m]

SEPARATION PROCEDURES

Following extraction and cleanup, B-agonist residues are
analyzed by liquid chromatography. Gas chromatographic
separation of B-agonists is generally complicated by the
necessity of derivatization of their polar hydroxyl and
amino functional groups. LC reversed-phase columns are
commonly used for the separation of the various f-agonist
residues due to their hydrophobic interaction with the C;g
sorbent. Efficient reversed-phase ion-pair separation of
[-agonists has also been reported, using sodium dodecyl
sulfate as the pairing counterion.!"!

DETECTION PROCEDURES

Following LC separation, detection is often performed in
the ultraviolet region at wavelengths of 245 or 260 nm.
However, poor sensitivity and interference from coex-
tractives may appear at these low detection wavelengths
unless sample extracts are extensively cleaned up and
concentrated. This problem may be overcome by post-
column derivatization of the aromatic amino group of
the B-agonist molecules to the corresponding diazo dyes
through a Bratton-Marshall reaction, and subsequent de-
tection at 494 nm.!"'>! Although spectrophotometric de-
tection is generally acceptable, electrochemical detection
appears more appropriate for the analysis of B-agonists
due to the presence on the aromatic part of their molecule
of oxidizable hydroxyl and amino groups. This method
of detection has been applied in the determination of
clenbuterol residues in bovine retinal tissue with sufficient
sensitivity for this tissue.®!

CONFIRMATION PROCEDURES

Confirmatory analysis of suspected liquid chromatograph-
ic peaks can be accomplished by coupling liquid chro-
matography with mass spectrometry. Ion spray LC-MS-
MS has been used to monitor five B-agonists in bovine
urine,!"* whereas atmospheric-pressure chemical ioniza-
tion LC-MS-MS has been used for the identification of
ractopamine residues in bovine urine."’!

REPRINTS

CONCLUSION

This literature overview shows that a wide range of
efficient extraction, cleanup, separation, and detection
procedures is available for the determination of B-agonists
in food. However, continuous improvement of detection
methods is necessary to keep pace with the ongoing
introduction of new unknown B-agonists that have poten-
tial black market use, in the illegal practice.
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Introduction

Most forms of detection in High-Performance Capil-
lary Electrophoresis (HPCE) employ on-capillary de-
tection. Exceptions are techniques that use a sheath
flow such as laser-induced fluorescence [1] and elec-
trospray ionization mass spectrometry [2].

In high-performance liquid chromatography
(HPLC), postcolumn detection is generally used. This
means that all solutes are traveling at the same velocity
when they pass through the detector flow cell. In HPCE
with on-capillary detection, the velocity of the solute de-
termines the residence time in the flow cell. This means
that slowly migrating solutes spend more time in the op-
tical path and thus accumulate more area counts [3].

Because peak areas are used for quantitative deter-
minations, the areas must be normalized when quanti-
tating without standards. Quantitation without stan-
dards is often used when determining impurity profiles
in pharmaceuticals, chiral impurities, and certain DNA
applications. The correction is made by normalizing
(dividing) the raw peak area by the migration time.
When a matching standard is used, it is unnecessary to
perform this correction. If the migration times are not
reproducible, the correction may help, but it is better
to correct the situation causing this problem.

Limits of Detection

The limit of detection (LOD) of a system can be
defined in two ways: the concentration limit of detec-
tion (CLOD) and the mass limit of detection
(MLOD). The CLOD of a typical peptide is about
1 wg/mL using absorbance detection at 200 nm. If
10 nL are injected, this translates to an MLOD of
10 pg at three times the baseline noise. The MLOD il-
lustrates the measuring capability of the instrument.
The more important parameter is the CLOD, which
relates to the sample itself. The CLOD for HPCE is
relatively poor, whereas the MLOD is quite good, es-
pecially when compared to HPLC. In HPLC, the in-
jection size can be 1000 times greater compared to
HPCE.
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The CLOD can be calculated using Beer’s Law:

% 10-5
CLOD=£ 5 x 10

B ——— T
ab  (5000)(5 % 10)_3 2x 107 ()

where A is the absorbance (AU), a is the molar absorptiv-
ity (AU/cm/M), b is the capillary diameter or optical path
length (cm), and CLOD is the concentration (M). The
noise of a good detector is typically 5 X 1073 AU. A mod-
est chromophore has a molar absorptivity of 5000. Then
in a 50-pm-inner diameter (i.d.) capillary, a CLOD of 2 X
107% M is obtained at a signal-to-noise ratio of 1, assum-
ing no other sources of band broadening.

Detector Linear Dynamic Range

The noise level of the best detectors is about 5 X 107°
AU. Using a 50-pm-i.d. capillary, the maximum signal
that can be obtained while yielding reasonable peak
shape is 5 X 107! AU. This provides a linear dynamic
range of about 10*. This can be improved somewhat
through the use of an extended path-length flow cell.
In any event, if the background absorbance of the elec-
trolyte is high, the noise of the system will increase re-
gardless of the flow cell utilized.

Classes of Absorbance Detectors

Ultraviolet/visible absorption detection is the most
common technique found in HPCE. Several types of
absorption detectors are available on commercial in-
strumentation, including the following:

1. Fixed-wavelength detector using mercury, zinc,
or cadmium lamps with wavelength selection
by filters

2. Variable-wavelength detector using a deu-
terium or tungsten lamp with wavelength selec-
tion by a monochromator

3. Filter photometer using a deuterium lamp with
wavelength selection by filters

4. Scanning ultraviolet (UV) detector

5. Photodiode array detector

Copyright © 2002 by Marcel Dekker, Inc. All rights reserved.
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Each of these absorption detectors have certain at-
tributes that are useful in HPCE. Multiwavelength de-
tectors such as the photodiode array or scanning UV
detector are valuable because spectral as well as elec-
trophoretic information can be displayed. The filter
photometer is invaluable for low-UV detection. The
use of the 185-nm mercury line becomes practical in
HPCE with phosphate buffers because the short opti-
cal path length minimizes the background absorption.

Photoacoustic, thermo-optical, or photothermal de-
tectors have been reported in the literature [4]. These
detectors measure the nonradiative return of the ex-
cited molecule to the ground state. Although these can
be quite sensitive, it is unlikely that they will be used in
commercial instrumentation.

Optimization of Detector Wavelength

Because of the short optical path length defined by the
capillary, the optimal detection wavelength is fre-
quently much lower into the UV compared to HPLC.
In HPCE with a variable-wavelength absorption de-
tector, the optimal signal-to-noise (S/N) ratio for pep-
tides is found at 200 nm. To optimize the detector
wavelength, it is best to plot the S/N ratio at various
wavelengths. The optimal S/N is then easily selected.

Extended Path-Length Capillaries

Increasing the optical path length of the capillary win-
dow should increase S/N simply as a result of Beer’s
Law. This has been achieved using a z cell (LC Pack-
ings, San Francisco CA) [5], bubble cell (Agilent Tech-
nologies, Wilmington, DE), or a high-sensitivity cell
(Agilent Technologies). Both the z cell and bubble cell
are integral to the capillary. The high-sensitivity cell
comes in three parts: an inlet capillary, an outlet capil-
lary, and the cell body. Careful assembly permits the
use of this cell without current leakage. The bubble
cell provides approximately a threefold improvement
in sensitivity using a 50-pwm capillary, whereas the z cell
or high-sensitivity cell improves things by an order of
magnitude. This holds true only when the background
electrolyte (BGE) has low absorbance at the monitor-
ing wavelength.
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Indirect Absorbance Detection

To determine ions that do not absorb in the UV, indi-
rect detection is often utilized [6]. In this technique, a
UV-absorbing reagent of the same charge (a co-ion) as
the solutes is added to the BGE. The reagent elevates
the baseline, and when nonabsorbing solute ions are
present, they displace the additive. As the separated
ions migrate past the detector window, they are meas-
ured as negative peaks relative to the high baseline.
For anions, additives such as trimellitic acid, phthalic
acid, or chromate ions are used at 2—-10 mM concen-
trations. For cations, creatinine, imidazole, or cop-
per(Il) are often used. Other buffer materials are ei-
ther not used or added in only small amounts to avoid
interfering with the detection process.

It is best to match the mobility of the reagent to the
average mobilities of the solutes to minimize
electrodispersion, which causes band broadening [7].
When anions are determined, a cationic surfactant is
added to the BGE to slow or even reverse the electro-
osmotic flow (EOF). When the EOF is reversed, both
electrophoresis and electro-osmosis move in the same
direction. Anion separations are performed using re-
versed polarity.

Indirect detection is used to determine simple ions
such as chloride, sulfate, sodium, and potassium. The
technique is also applicable to aliphatic amines,
aliphatic carboxylic acids, and simple sugars [8].
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Acoustic Field-Flow Fractionation for Particle Separation
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Introduction

Field-flow fractionation (FFF) is a suite of elution
methods suitable for the separation and sizing of
macromolecules and particles [1]. It relies on the com-
bined effects of an applied force interacting with sam-
ple components and the parabolic velocity profile of
carrier fluid in the channel. For this to be effective, the
channel is unpacked and the flow must be under lami-
nar conditions. Field or gradients that are commonly
used in generating the applied force are gravity, cen-
trifugation, fluid flow, temperature gradient, and elec-
trical and magnetic fields. Each field or gradient pro-
duces a different subtechnique of FFF, which separates
samples on the basis of a particular property of the
molecules or particles.

Research and Developments

The potential for using acoustic radiation forces gen-
erated by ultrasonic waves to extend the versatility of
FFF seems very promising. Although only very pre-
liminary experiments have been performed so far, the
possibility of using such a gentle force would appear to
have huge potential in biology, medicine, and environ-
mental studies.

Acoustic radiation or ultrasonic waves are currently
being exploited as a noncontact particle micromanipu-
lation technique [2]. The main drive to develop such
techniques comes from the desire to manipulate bio-
logical cells and blood constituents in biotechnology
and fine powders in material engineering.

In a propagating wave, the acoustic force, Fac> acting
on a particle is a function of size given by [1]

F, = nPEY, (1)

where r is the particle radius, E is the sound energy
density, and Y» is a complicated function depending on
the characteristics of the particle which approaches
unity if the wavelength used is much smaller than the
particle. Particles in a solution subjected to a propagat-
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ing sound wave will be pushed in the direction of sound
propagation. Therefore, sized-based separations may
be possible if this force is applied to generate selective
transport of different components in a mixture. In a
FFF channel, it is likely that the receiving wall will
reflect at least some of the emitted wave. If the channel
thickness corresponds exactly to one-half wavelength,
then a single standing wave will be created (see Fig. 1).
For a single standing wave, it is interesting to note that
three pressure (force) nodes are generated, one at each
wall and one in the center of the channel.

Yasuda and Kamakura [3] and Mandralis and co-
workers [4] have demonstrated that it is possible to
generate standing-wave fields between a transducer
and a reflecting wall, although of much larger dimen-
sions (1-20 cm) than across a FFF channel. Sound
travels at a velocity of 1500 m/s through water, which
translates to a wave of frequency of approximately 6
MHz for a 120-pum thick FFF channel.

The force experienced by a particle in a stationary
acoustic wave was reported by Yosioka and Kawasima
[5] to be

F,. = 47rkE, A sin(2kx) (2)

where r is the particle radius,  is the wave number, Ea
is the time-averaged acoustic energy density, and A is
the acoustic contrast factor given by

5p, — 2
A:l(u_&) 3)
3\p+20, v

where p, and v, are the particle density and compress-
ibility, respectively, and p; and v, are the liquid density
and compressibility, respectively. Thus, in a propagat-
ing wave, the force on a particle has a second-order de-
pendence, and in a standing wave, the force is third or-
der. This should give rise to increased selectivity for
separations being carried out in a standing wave [6].

Due to the nature of the acoustic fields, the distri-
bution of the particles will depend on the particle size
and the compressibility and density of the particle rel-
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Acoustic FFF for Particle Separation

Reflector

(a) Transducer
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Fig. 1 Acoustic FFF channels suitable for particles with (a) A , 0

ative to the fluid medium. Closer examination of the
acoustic contrast factor shows that is may be negative
(usually applicable to biological cells which are more
compressible and less dense relative to the surround-
ing medium) or positive (as is in many inorganic and
polymer colloids). Therefore, acoustic FFF (AcFFF)
has tremendous potential in very clean separations of
cells from other particles. One important application
may be for the separation of bacterial and algal cells in
soils and sediments.

If the acoustic contrast factor A , 0, then a conven-
tional FFF channel will enable normal and steric mode
FFF separations to be carried out (Fig. 1a).

However, if A . 0, then the particles will migrate to-
ward the center of the channel. In this case, a divided
FFF cell could be used as shown in Fig. 1b. This en-
sures that particles are driven to an accumulation wall
rather than the center of the channel where the veloc-
ity profile is quite flat and selectivity would be minimal.

Johnson and Feke [7] effectively demonstrated that
latex spheres migrate to the nodes (center of the cell)
and Hawkes and co-workers [8] showed that yeast cells
migrate to the antinodes (walls of the cell). These au-
thors used a method similar to SPLITT, which is an-
other technique closely related to FFF, also originally
developed by Giddings [9]. Semyonov and Maslow [10]
demonstrated that acoustic fields in a FFF channel af-

Copyright © 2003 by Marcel Dekker, Inc. All rights rese
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and (b) A . 0, utilizing a divided acoustic FFF channel.

fected the retention time of a sphere of 3.8 pm diame-
ter when subjected to varying acoustic fields. However,
the high resolution inherent in FFF has not yet been
exploited.

Naturally, with some design modifications to the
FFF channel, SPLITT cells could be used for sample
concentration or fluid clarification.
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INTRODUCTION

Biopolymers are naturally occurring polymers that are
formed in nature during the growth cycles of all orga-
nisms; they are also referred to as natural polymers.'!
Their synthesis generally involves enzyme-catalyzed,
chain growth polymerization reactions, typically per-
formed within cells by metabolic processes.

Biodegradable polymers can be processed into useful
plastic materials and used to supplement blends of the
synthetic and microbial polymer.”” Among the polysac-
charides, cellulose and starch have been the most
extensively used. Cellulose represents an appreciable
fraction of the waste products. The main source of cel-
lulose is wood, but it can also be obtained from agri-
cultural resources. Cellulose is used worldwide in the
paper industry, and as a raw material to prepare a large
variety of cellulose derivatives. Among all the cellulose
derivatives, esters and ethers are the most important,
mainly cellulose acetate, which is the most abundantly
produced cellulose ester. They are usually applied as films
(packaging), fibers (textile fibers, cigarette filters), and
plastic molding compounds. Citric esters (triethyl and
acetyl triethyl acetate) were recently introduced as biode-
gradable plasticizers in order to improve the rheological
response of cellulose acetate.!”!

Starch is an enormous source of biomass and most
applications are based on this natural polymer. It has a
semicrystalline structure in which their native granules
are either destroyed or reorganized. Water and, recently,
low-molecular-weight polyols,”?! are frequently used to
produce thermoplastic starches. Starch can be directly
used as a biodegradable plastic for film production be-
cause of the increasing prices and decreasing availability
of conventional film-forming materials. Starch can be
incorporated into plastics as thermoplastic starch or in its
granular form. Recently, starch has been used in various
formulations based on biodegradable synthetic polymers
in order to obtain totally biodegradable materials. Ther-
moplastic and granular starch was blended with polycap-
rolactone (PCL),"! polyvinyl alcohol and its co polymers,
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and polydroxyalcanoates (PHAs).[*! Many of these mate-
rials are commercially available, e.g., Ecostar (polyethyl-
ene/starch/unsaturated fatty acids), Mater Bi Z (polycap-
rolactone/starch/natural additives) and Mater Bi Y
(polyvinylalchol-co-ethylene/starch/natural additives).
Natural additives are mainly polyols.

The proteins, which have found many applications,
are, for the most part, neither soluble nor fusible without
degradation. Therefore, they are used in the form in which
they are found in nature.'!! Gelatin, an animal protein, is a
water-soluble and biodegradable polymer that is exten-
sively used in industrial, pharmaceutical, and biomedical
applications.””! A method to develop flexible gelatin films
is by adding polyglycerols. Quite recently, gelatin was
blended with poly(vinyl alcohol) and sugar cane bagasse
in order to obtain films that can undergo biodegradation in
soil. The results demonstrated the potential use of such
films as self-fertilizing mulches.™

Other kinds of natural polymers, which are produced
by a wide variety of bacteria as intracellular reserve ma-
terial, are receiving increasing scientific and industrial
attention, for possible applications as melt processable
polymers. The members of this family of thermoplastic
biopolymers are the polyhydroxyalcanoates (PHAsS).
Poly-(3-hydroxy)butyrate (PHB), and poly(3-hydroxy)bu-
tyrate-hydroxyvalerate (PHBV) copolymers, which are
microbial polyesters exhibiting useful mechanical prop-
erties, present the advantages of biodegradability and bio-
compatibility over other thermoplastics. Poly(3-hydroxy)-
butyrate has been blended with a variety of low- and
high-cost polymers in order to apply PHB-based blends in
packaging materials or agricultural foils. Blends with
nonbiodegradable polymers, including poly(vinyl acetate)
(PVAc), poly(vinyl chloride) (PVC), and poly(methyl-
methacrylate) (PMMA), are reported in the literature.!
Poly(3-hydroxy)butyrate has been also blended with syn-
thetic biodegradable polyesters, such as poly(lactic acid)
(PLA), poly(caprolactone), and natural polymers includ-
ing cellulose and starch.”®! Plasticizers are also included
into the formulations in order to prevent degradation
of the polymer during processing. Polyethylene glycol,

—
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oxypropylated glycerol, dibutylsebacate (DBS), dioctylse-
bacate (DOS), and polyisobutylene (PIB) are commonly
used as PHB plasticizers.!

As was pointed out above, the processing and in-use
biopolymer properties depend on the addition of other
materials that provide a more convenient processing re-
gime and stabilizing effects. Therefore the identification
and further determination of these additives, as well as
the separation from the biopolymer matrix, is necessary,
and chromatographic techniques are a powerful tool to
achieve this goal.

Many different compounds can be used as biopolymer
additives, most of them are quite similar to those used
in traditional polymer formulations. The use of various
compounds as plasticizers, lubricants, and antioxidants
has been recently reported.’ = Antioxidants are norm-
ally used to avoid, or at least minimize, oxidation reac-
tions, which normally lead to degradation and general
loss of desirable properties. Phenol derivatives are
mostly used in polymers, but vitamin E and o-tocophe-
rols are those most commonly found in biopolymer
formulation.'"’

IDENTIFICATION AND DETERMINATION OF
ADDITIVES IN BIOPOLYMERS

The modification and general improvement of properties
caused by the addition of such compounds is a very inte-
resting issue to be studied with a wide range of analytical
techniques. Their identification and eventual determina-
tion is usually carried out by chromatographic techniques
coupled to a variety of detection systems, most often mass
spectrometry (MS). This powerful hyphenated technique,
extensively used in many different analyses, combines
the separation capabilities of chromatographic techniques
with the potential use of MS to elucidate complicated
structures and to identify many chemical compounds with
low limits of detection and high sensitivities. The use of
MS also permits the simultaneous detection and deter-
mination of several of those additives in a single analysis.
This is especially valuable when only a small quantity of
material is available, which is the usual case in some
biopolymer formulations.

Some proposals have been recently reported to couple
different chromatographic techniques with MS for the
analysis of biopolymers and biocomposites, as well as
additives used in such formulations. Gas chromatography-
mass spectrometry (GC-MS) was used in some particular
determinations, but always with the need for complicated
extraction procedures. One example is the adaptation to
biopolymers of a method for the simultaneous determina-
tion of diamines, polyamines, and aromatic amines in
wines and other food samples.!'"! While this method was
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successfully applied in such samples, it is not clear that its
application to the determination of these additives in
biopolymers will be easy, because of potential problems
in the extraction of analytes prior to GC-MS. The
proposed ion-pair extraction method is not always easily
adaptable to solid samples. Therefore the potential ap-
plication of this sensitive method to biopolymers is still
under discussion.

Size-exclusion chromatography (SEC) coupled to MS
is the most successful chromatographic technique applied
in the field of biopolymers. As is well known, SEC is a
powerful analytical technique that allows separation of
analytes based on their different molecular sizes. Size-
exclusion chromatography is a common step in the se-
paration and further purification of biopolymers, and the
coupling with MS was firstly proposed for proteins and
other biological samples."'?! One of the main drawbacks
of traditional SEC, which was the limited range of mo-
lecular sizes to be measured, was recently overcome by
the proposal of new columns with no limits in the mole-
cular size of the species to be analyzed. This allows the
possibility to separate and further analyze a large number
of compounds, regardless of their chemical structures.
The introduction of new packings and more stable co-
lumns allowed the development of high-performance size
exclusion chromatography (HPSEC).

However, the on-line interfacing of HPSEC to MS
for powerful detection is not as easy as in the case of
conventional high-performance liquid chromatography
(HPLC). A very promising possibility has been raised
with the introduction of a new MS technique, which the
authors named chemical reaction interface mass spectro-
metry (CRIMS).!"*! This new approach permits the mo-
nitoring of any organic molecules, even the most com-
plicated, after their derivatization and transformation to
low-molecular-weight products, which are amenable to
easy MS detection. By determination of some structural
and compositional parameters, the CRIMS response is
proportional to the amount of specific organic elements
present in biopolymers. This method has been recently
applied to the analysis of biopolymers of different chem-
ical nature, such as polysaccharides and proteins;!'* its
potential extension to other kinds of biopolymers is still
under study.

Size-exclusion chromatography has been recently ap-
plied, with success, to the analysis of biopolymers derived
from biomass, as it is used for the determination of
molecular mass distributions of polymeric compounds in
general, because of its short analysis time, high repro-
ducibility, and accuracy.!'> This application of SEC has
permitted the separation and further detection of poly-
meric and monomeric residues of biopolymers, as well
as the estimation of the degree of polymerization and
eventual uses of natural products as additives, not only in
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biocomposites, but in many industrial applications, e.g.,
food additives.

Another important development in the field of bio-
polymer analysis is the introduction of matrix-assisted
laser desorption ionization (MALDI), which is a rather
recent soft ionization technique that produces molecular
ions of large organic molecules. In combination with
time-of-flight (TOF) mass spectrometry, it was proposed
as a valuable tool for the detection and characterization of
biopolymers, such as proteins, peptides, and oligosac-
charides, in many types of samples.''® The use of these
recently developed techniques has not decreased the use
of chromatography in determinations of biopolymers.
Some efforts on the adaptation of the separation abilities
of HPLC to the high potential of MALDI-TOF for the
sensitive determination of additives in biocomposites are
currently being carried out.

In all these applications, the separation step is one
of the most critical during the whole analytical process.
Solid phase extraction (SPE) and capillary electrophoresis
(CE) were also proposed for high-resolution and quan-
titative separations of analytes. Therefore it is likely that
the use of chromatographic techniques in this area will be
increased in the near future. The development of adequate
interfaces for such hyphenated techniques is the most
important problem to be solved by researchers in the field
of biopolymer analysis.

A recent study of separation and determination of an-
tioxidants in polymers showed the potential use of HPLC
for the separation and isolation of tocopherols in polymers
and biopolymers.''” It was shown that although a large
number of HPLC product peaks are formed, they corres-
ponded to different stereoisomeric forms of only a small
number of oxidative coupling products of tocopherol.
The chromatographic parameters determined in this way,
coupled to the study of spectral characteristics, allowed
the complete identification of all antioxidants used in
these polymers.

PYROLYSIS OF BIOPOLYMERS
AND BIOCOMPOSITES

It is recognized that pyrolysis of biopolymers and bio-
composites results in a large variety of primary and
secondary products, such as carbon dioxide, methane, and
other hydrocarbons. These low-molecular-mass products
must be investigated to understand the behavior of bio-
polymers at high temperatures, under degradation condi-
tions. All of these compounds are volatile and can be
detected by GC!'” or HPLC!®! analysis. In the first study,
a special two-stage GC system was used for the analysis
of flash-pyrolysis products. With this system, the
pyrolysis was directly conducted in inert carrier gas.

Two different columns coupled to an MS detector allowed
the analysis of the resulting volatile products.

To obtain these results, it is usual to couple GC and
MS. The pyrolysis products are first separated in the col-
umn and then immediately analyzed in the mass spectro-
meter. Therefore it is possible to obtain reliable and
reproducible results in a single run with a relatively short
time of analysis. Therefore high-resolution MS, in com-
bination with pyrolysis and GC, is a unique approach to
develop quantitative information in the analysis of
biopolymers. Problems arising in high-resolution MS are
the increased loss of sensitivity with increasing resolv-
ing power and, also, the decreased signal-to-noise ratio
caused by the use of internal standards. In the case of
biopolymers, it is usual to combine high-resolution MS
with low-energy ionization modes, such as chemical ioni-
zation (CI) and field ionization (FI), in order to avoid high
fragmentation, which could lead to information losses.
Electron impact ionization (EI) at the normal ionizing
voltage (70 eV) causes excessive fragmentation. Thus
much information is lost by such MS detection, as many
small additive fragments are not specific. Methods such as
FI and CI are useful because of the difficulties arising
from EI, such as the variation of fragmentation depending
on instrumental conditions and the fact that only low-
mass ions are observed. Soft ionization methods allow
conservation of more information about structures and
molecular identity. However, one problem with the soft
ionization methods is the higher cost of instrumentation.

The identification of the degradation processes of
additives in biopolymers was also studied by pyrolysis
GC-MS (Pyr-GC-MS). However, direct additive analysis
by flash-pyrolytic decomposition is usually not easy for
this kind of sample. Therefore a prior separation of ad-
ditives, or additive fragments contained in the polymer
matrix, is usually necessary. A major advantage of py-
rolysis GC-MS is the nonrequirement of pretreatment of
the sample. The fragments formed in this way are then
separated in the gas chromatograph and detected with
the mass spectrometer. Additive detection in biopolymers
with pyrolysis GC-MS is influenced by fragmentation,
which is conditioned by the ionization mode, the con-
centration of the analyte, and the structures of the additive
and biopolymer fragments. It is usual that polymer matrix
fragments, at high concentrations, are superimposed on
the additive fragments. Therefore it is necessary to filter
additive fragments from the background of the biopoly-
mer matrix to permit seeing a difference between them.
The degree of fragmentation depends on the pyrolysis
temperature. Thus pyrolysis GC-MS is of limited use for
additive analysis in thermally labile and low-volatility
products, which give a high fragmentation. For the same
reason, it is also necessary to perform pyrolysis at tem-
peratures that are not too high.
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The use of pyrolysis GC-MS is still not common in the
analysis of biopolymers and biocomposites because of the
large quantity of parameters to be controlled for the de-
velopment of a method. It is not easy, in a dynamic
system, to transfer from a flow of inert gas (Pyr-GC) to
vacuum conditions (MS). On the other hand, quantifica-
tion is based on the fact that degradation is ion-specific,
and that a given substance always produces the same
fragments. This is not the case with biopolymer additives,
especially in natural products, where fragmentation can
proceed in several directions. This requires the use of in-
ternal standards and multiple measurements of each sam-
ple. Therefore a complete quantification requires consi-
derable time and effort.

Despite all these drawbacks, the potential use of pyro-
lysis GC-MS in biopolymer analysis is quite promising
when considering the latest developments in instrumen-
tation. There is a current tendency in analytical Pyr-GC-
MS to preserve and detect higher-molecular-weight
fragments. This led to developments in instrumentation,
such as improvement of the direct transfer of high-
molecular-weight and polar products to the ion source of
the mass spectrometer, the measurement of these com-
pounds over extended mass ranges, and the use of soft
ionization conditions. In addition, the potential of Pyr-
GC-MS has been greatly enhanced by the use of high-
resolution capillary columns combined with computer-
assisted techniques.

CONCLUSION

The application of a wide variety of chromatographic
techniques to the analysis of additives in biopolymers is a
current tendency in many research laboratories around the
world. The increasing interest in the use of biopolymers
in many technological applications will raise the research
in this field in the future. Therefore, the potential of
chromatography for separation, identification, and quan-
tification will be very important for the development
of reliable and reproducible analytical methods.
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Introduction

The adhesion of colloids on solid surfaces, which is of
great significance in filtration, corrosion, detergency,
coatings, and so forth, depends on the total potential
energy of interaction between the colloidal particles
and the solid surfaces. The latter, which is the sum of
the attraction potential energy and that of repulsion,
depends on particle size, the Hamaker constant, the
surface potential, and the Debye—Huckel reciprocal
distance, which is immediately related to the ionic
strength of carrier solution. With the aid of the field-
flow fractionation technique, the adhesion and detach-
ment processes of colloidal materials on and from solid
surfaces can be studied. As model samples for the ad-
hesion of colloids on solid surfaces (e.g., Hastel-
loy-C), hematite (a-Fe,0;) and titanium dioxide (TiO,)
submicron spherical particles, as well as hydroxyap-
atite [Cas(PO,);OH] submicron irregular particles
were used. The experimental conditions favoring the
adhesion process were those decreasing the surface
potential of the particles through the pH and ionic-
strength variation, as well as increasing the effective
Hamaker constant between the particles and the solid
surfaces through the surface-tension variation. On the
other hand, the detachment of the same colloids from
the solid surfaces can be favored under the experimen-
tal conditions decreasing the potential energy of at-
traction and increasing the repulsion potential energy.

Methodology

Field-flow fractionation (FFF) technology is applica-
ble to the characterization and separation of particu-
late species and macromolecules. Separations in FFF
take place in an open flow channel over which a field is
applied perpendicular to the flow. Among the various
FFF subtechniques, depending on the kind of the ap-
plied external fields, sedimentation FFF (SAFFF) is
the most versatile and accurate, as it is based on simple
physical phenomena that can be accurately described
mathematically. SAFFF, which uses a centrifugal grav-

Encyclopedia of Chromatography
DOI: 10.1081/E-Echr 120004562

itational force field, is a flow-modified equilibrium sed-
imentation-separation method. Solute layers that are
poorly resolved under static equilibrium sedimenta-
tion become well separated as they are eluted by the
laminar flow profile in the SAFFF channel. In normal
SAFFF, where the colloidal particles under study do
not interact with the channel wall, the potential energy
of a spherical particle, ¢(x), is related to the particle ra-
dius, a, to the density difference, Ap, between the par-
ticle (p,) and the liquid phase (p), and to the sedimen-
tation field strength expressed in acceleration, G:

o(x) = %Wa3ApGx 6))

where x is the coordinate position of the center of par-
ticle mass.

When the colloidal particles interact with the
SAFFF channel wall, the total potential energy, ¢,,,, of
a spherical particle is given by

4 3 A132|: (h + 2(1) Za(h + a):|
— 4 —
Prot 377a ApGx 5 In 7 nh + a)
kT)? ewl) (e%) _
+ R P = KX
16sa( . ) tanh(4kT tan h KT e
(2)

where the second and third terms of Eq. (2) accounts
for the contribution of the van der Waals attraction po-
tential and of the double-layer repulsion potential be-
tween the particle and the wall, respectively, A3, is the
effective Hamaker constant for media 1 and 2 interacing
across medium 3, / is the separation distance between
the sphere and the channel wall, ¢ is the dielectric con-
stant of the suspending medium, e is the electronic
charge, s, and i, are the surface potentials of the parti-
cles and the solid wall, respectively, k is Boltzmann’s
constant, 7'is the absolute temperature, and « is the De-
bye—Huckel reciprocal length, which is immediately re-
lated to the ionic strength, 7, of the medium.

Equation (2) shows that the total potential energy
of interaction between a colloidal particle and a solid
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substrate is a function of the particle radius and sur-
face potential, the ionic strength and dielectric con-
stant of the suspending medium, the value of the ef-
fective Hamaker constant, and the temperature.
Adhesion of colloidal particles on solid surfaces is in-
creased by a decrease in the particle radius, surface
potential, the dielectric constant of the medium and
by an increase in the effective Hamaker constant, the
ionic strength of the dispersing liquid, or the temper-
ature. For a given particle and a medium with a
known dielectric constant, the adhesion and detach-
ment processes depend on the following three
parameters:

1. The surface potential of the particles, which
can be varied experimentally by various quan-
tities one of which is the suspension pH

2. The ionic strength of the solution, which can be
varied by adding to the suspension various
amounts of an indifferent electrolyte

3. The Hamaker constant, which can be easily
var-
ied by adding to the suspending medium vari-
ous amounts of a detergent. The later results in
a variation of the medium surface tension.

Applications

The critical electrolyte (KNOj3) concentrations found by
SdFFF for the adhesion of a-Fe,Os(I) (with nominal di-
ameter 0.148 um), a-Fe,O5(I1) (with nominal diameter
0.248 um), and TiO, (with nominal diameter 0.298 pm)
monodisperse spherical particles on the Hastelloy-C
channel wall were 8 X 1072M,3 X 1072M,and 3 X 107*M,
respectively. The values for the same sample (a-Fe,05)
depend on the particle size, in accordance with the theo-
retical predictions, whereas the same values are identi-
cal for various samples [a-Fe,O;(11) and TiO,] having dif-
ferent particle diameters. The latter indicates that these
values depend also, apart from the size, on the sample’s
physicochemical properties, as is predicted by Eq. (2).
The detachment of the whole number of particles of the
above samples from the channel wall was succeeded by
decreasing the ionic strength of the carrier solution.
The critical KNO; concentration for the detach-
ment process was 3 X 1072M for the a-Fe,04(I) sam-
ple and 1 X 107°M for the samples of a-Fe,O;(II) and
TiO,. Those obtained by SAFFF particle diameters
after the detachment of the adherent particles
[0.148 um for a-Fe,O4(1), 0.245 pum for a-Fe,O5(1I),
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and 0.302 um for TiO,] are in excellent agreement
with the corresponding nominal particle diameters
obtained by transmission electron microscopy. The
desorption of all of the adherent particles was
verified by the fact that no elution peak was obtained,
even when the field strength was reduced to zero. A
second indication for the desorption of all of the ad-
herent material was that the sample peaks after ad-
sorption and desorption emerge intact and without
degradation.

In a second series of experiments, the adhesion
and detachment processes of hydroxyapatite (HAP)
polydisperse particles with number average diameter
0f 0.261 um on and from the Hastelloy-C channel wall
were succeeded by the variation of the suspension
pH, whereas the medium’s ionic strength was kept
constant (107°M KNO;). At a suspension pH of 6.8,
the whole number of injected HAP particles was ad-
hered at the beginning of the SAFFF channel wall,
which was totally released when the pH increased to
9.7, showing that, except for the ionic strength, the
pH of the suspending medium is also a principal
quantity influencing the interaction energy between
colloidal particles and solid surfaces. The number-av-
erage diameter of the HAP particles found by SAdFFF
after the detachment of the adherent particles
(dy = 0.262 um) was also in good agreement with that
obtained when the particles were injected into the
channel with a carrier solution in which no adhesion
occurs (dy = 0.261 um).

The variation of the potential energy of interaction
between colloidal particles and solid surfaces can be
also succeeded by the addition of a detergent to the
suspending medium, which leads to a decrease in the
Hamaker constant and, consequently, in the potential
energy of attraction.

In conclusion, field-flow fractionation is a relatively
simple technique for the study of adhesion and detach-
ment of submicrometer or supramicrometer colloidal
particles on and from solid surfaces.

Future Developments

Looking to the future, it is reasonable to expect more
experimental and theoretical work in order to quan-
titatively investigate the adhesion/detachment phe-
nomena of colloids on and from solid surfaces by
measuring the corresponding rate constants with the
aid of FFF.
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Adsorption Chromatography
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Introduction

In essence, the original chromatographic technique
was adsorption chromatography. It is frequently re-
ferred to as liquid—solid chromatography. Tswett de-
veloped the technique around 1900 and demonstrated
its use by separating plant pigments. Open-column
chromatography is a classical form of this type of chro-
matography, and the open-bed version is called thin-
layer chromatography.

Adsorption chromatography is one of the more
popular modern high-performance liquid chromato-
graphic techniques today. However, open-column
chromatography and thin-layer chromatography are
still widely used [1]. The adsorbents (stationary
phases) used are silica, alumina, and carbon. Although
some bonded phases have been considered to come
under adsorption chromatography, these bonded
phases will not be discussed. By far, silica and alumina
are more widely used than carbon. The mobile phases
employed are less polar than the stationary phases,
and they usually consist of a signal or binary solvent
system. However, ternary and quaternary solvent com-
binations have been used.

Adsorption chromatography has been employed to
separate a very wide range of samples. Most organic
samples are readily handled by this form of chromatog-
raphy. However, very polar samples and ionic samples
usually do not give very good separation results. Never-
theless, some highly polar multifunctional compounds
can be separated by adsorption chromatography. Com-
pounds and materials that are not very soluble in water
or water—organic solvents are usually more effectively
separated by adsorption chromatography compared to
reversed-phase liquid chromatography.

When one has an interest in the separation of dif-
ferent types of compound, silica or alumina, with the
appropriate mobile phase, can readily accomplish this.
Also, isomer separation frequently can easily be ac-
complished with adsorption chromatography; for ex-
ample, 5,6-benzoquinoline can be separated from 7,8-
benzoquinoline with silica as the stationary phase and
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2-propanol:hexane (1:99). This separation is difficult
with reversed-phase liquid chromatography [1].

Stationary Phases

Silica is the most widely used stationary phase in ad-
sorption chromatography [2]. However, the extensive
work of Snyder [3] involved investigations with both
silica and alumina. Much of Snyder’ earlier work was
with alumina. Even though the surface structures of
the two adsorbents have distinct differences, they are
sufficiently similar. Thus, many of the fundamental
principles developed for alumina are applicable to sil-
ica. The general elution order for these two adsorbents
is as follows [1]: saturated hydrocarbons ( small reten-
tion time) , olefins , aromatic hydrocarbons , aromatic
hydrocarbons < organic halides , sulfides , ethers , ni-
tro-compounds , esters < aldehydes < ketones , alco-
hols < amines , sulfones , sulfoxides , amides , car-
boxylic acids (long retention time). There are several
reasons why silica is more widely used than alumina.
Some of these are that a higher sample loading is per-
mitted, fewer unwanted reactions occur during separa-
tion, and a wider range of chromatographic forms of
silica are available.

Chromatographic silicas are amorphous and porous
and they can be prepared in a wide range of surface ar-
eas and average pore diameters. The hydroxyl groups
in silica are attached to silicon, and the hydroxyl groups
are mainly either free or hydrogen-bonded. To under-
stand some of the details of the chromatographic
processes with silica, it is necessary to have a good un-
derstanding of the different types of hydroxyl groups
in the adsorbent [1,3]. Chromatographic alumina is
usually y-alumina. Three specific adsorption sites are
found in alumina: (a) acidic, (b) basic, and (c) electron-
acceptor sites. It is difficult to state specifically the ex-
act nature of the adsorption sites. However, it has been
postulated that the adsorption sites are exposed alu-
minum atoms, strained Al— O bonds, or cationic sites
[4]. Table 1 gives some of the properties of silica and
alumina.
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Table 1 Some Adsorbents Used in Adsorption Chromatography
Average Surface
particle area
Type Name Form size (pum) (m?/g)
Silica“ BioSil A Bulk 2-10 400
wPorasil Column 10 400+
Silica®? Hypersil Bulk 5-7 200
Zobax Sil Bulk or column 6 350
Alumina“ ICN AI-N Bulk 3-7,7-12 200
MicroPak Al Bulk or column 5,10 79
Alumina® Spherisorb AY — 5,10, 20 95
“Irregular
bSpherical

Source: Adapted from Ref. 1.

The adsorbent water content is particularly impor-
tant in adsorption chromatography. Without the deacti-
vation of strong adsorption sites with water, nonrepro-
ducible retention times will be obtained, or irreversible
adsorption of solutes can occur. Prior to using an adsor-
bent for open-column chromatography, the adsorbent is
dried, a specified amount of water is added to the ad-
sorbent, and then the adsorbent is allowed to stand for
8-16 h to permit the equilibration of water [3,4]. If one
is using a high-performance column, it is a good idea to
consider adding water to the mobile phase to deactivate
the stronger adsorption sites on the adsorbent. Some of
the benefits are less variation in retention times, partial
compensation for lot-to-lot differences in the adsorbent,
and reduced band tailing [1]. However, there can be
some problems in adding water to the mobile phase,
such as how much water to add to the mobile phase for
optimum performance. Snyder and Kirkland [1] have
discussed several of these aspects in detail.

Table 2 Selected Solvents Used in Adsorption

Chromatography

Solvent strength (&)

Silica Alumina

Solvent
n-Hexane 0.01 0.01
1-Chlorobutane 0.20 0.26
Chloroform 0.26 0.40
Isopropyl ether 0.34 0.28
Ethyl acetate 0.38 0.58
Tetrahydrofuran 0.44 0.57
Acetonitrile 0.50 0.65

Source: Adapted from Ref. 1.

MARCEL DEKKER, INC.
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Mobile Phases

To vary sample retention, it is necessary to change the
mobile-phase composition. Thus, the mobile phase
plays a major role in adsorption chromatography. In
fact, the mobile phase can give tremendous changes in
sample retention characteristics. Solvent strength con-
trols the capacity factor’s values of all the sample
bands. A solvent strength parameter (), which has
been widely used over the years, can be employed
quantitatively for silica and alumina. The solvent
strength parameter is defined as the adsorption energy
of the solvent on the adsorbent per unit area of solvent
[1,3]. Table 2 gives the solvent strength values for se-
lected solvents that have been used in adsorption chro-
matography. The smaller values of £° indicate weaker
solvents, whereas the larger values of &£ indicate
stronger solvents. The solvents listed in Table 2 are sin-
gle solvents. Normally, solvents are selected by mixing
two solvents with large differences in their £° values,
which would permit a continuous change in the solvent
strength of the binary solvent mixture. Thus, some
specific combination of the two solvents would provide
the appropriate solvent strength. In adsorption chro-
matography, the solvent strength increases with sol-
vent polarity, and the solvent strength is used to obtain
the proper capacity factor values, usually in the range
of 1-5 or 1-10. It should be realized that the solvent
strength does not vary linearly over a wide range of
solvent compositions, and several guidelines and equa-
tions that allow one to calculate the solvent strength of
binary solvents have been developed for acquiring the
correct solvent strength in adsorption chromatography
[1,3]. However, it frequently happens that the solvent
strength is such that all of the solutes are not separated
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in a sample. Thus, one needs to consider solvent selec-
tivity, which is discussed below.

To change the solvent selectivity, the solvent
strength is held constant and the composition of the
mobile phase is varied. It should be realized that be-
cause the solvent strength is directly related to the po-
larity of the solvent and polarity is the total of the dis-
persion, dipole, hydrogen-bonding, and dielectric
interactions of the sample and solvent, one would not
expect that solvent strength alone could be used to
fine-tune a separation. A trial-and-error approach can
be employed by using different solvents of equal €.
However, there are some guidelines that have been de-
veloped that permit improved selectivity. These are the
“B-concentration” rule and the “hydrogen-bonding”
rule [1]. In general, with the B-concentration rule, the
largest change in selectivity is obtained when a very di-
lute or a very concentrated solution of B (stronger sol-
vent) in a weak solvent (A) is used. The hydrogen-
bonding rule states that any change in the mobile
phase that results in a change in hydrogen-bonding be-
tween sample and mobile-phase molecules usually re-
sults in a large change in selectivity. A more compre-
hensive means for improving selectivity is the
solvent-selectivity triangle [1,5]. The solvent-selectiv-
ity triangle classifies solvents according to their relative
dipole moments, basic properties, and acidic proper-
ties. For example, if an initial chromatographic exper-
iment does not separate all the components with a bi-
nary mobile phase, then the solvent-selectivity triangle
can be used to choose another solvent for the binary
system that has properties that are very different than
one of the solvents in the original solvent system. A
useful publication that discusses the properties of nu-
merous solvents and also considers many chromato-
graphic applications is Ref. 6.

Mechanistic Aspects in Adsorption
Chromatography

Models for the interactions of solutes in adsorption
chromatography have been discussed extensively in
the literature [7-9]. Only the interactions with silica
and alumina will be considered here. However, various
modifications to the models for the previous two ad-
sorbents have been applied to modern high-perform-
ance columns (e.g., amino-silica and cyano-silica). The
interactions in adsorption chromatography can be very
complex. The model that has emerged which describes
many of the interactions is the displacement model de-
veloped by Snyder [1,3,4,7,8]. Generally, retention is
assumed to occur by a displacement process. For ex-
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ample, an adsorbing solute molecule X displaces n
molecules of previously adsorbed mobile-phase mole-
cules M [8]:

X, + 1M, =— X, + nM,,

The subscripts n and a in the above equation represent
a molecule in a nonsorbed and adsorbed phase, respec-
tively. In other words, retention in adsorption chro-
matography involves a competition between sample
and solvent molecules for sites on the adsorbent sur-
face. A variety of interaction energies are involved, and
the various energy terms have been described in the lit-
erature [7,8]. One fundamental equation that has been
derived from the displacement model is

k
log(k:) = a’As(Sz - 81)

where k1 and k2 are the capacity factors of a solute in
two different mobile phases, ' is the surface activity of
the adsorbent (relative to a standard adsorbent), As is
the cross-sectional area of the solute on the adsorbent
surface, and €; and €, are the solvent strengths of the
two different mobile phases. This equation is valid in
situations where the solute and solvent molecules are
considered nonlocalizing. This condition is fulfilled
with nonpolar or moderately polar solutes and mobile
phases. If one is dealing with multisolvent mobile
phases, the solvent strength of those solvents can be re-
lated to the solvent strengths of the pure solvents in the
solvent system. The equations for calculating solvents
strengths for multisolvent mobile phases have been
discussed in the literature [8].

As the polarities of the solute and solvent mole-
cules increase, the interactions of these molecules be-
come much stronger with the adsorbent, and they ad-
sorb with localization. The net result is that the
fundamental equation for adsorption chromatogra-
phy with relatively nonpolar solutes and solvents has
to be modified. Several localization effects have been
elucidated, and the modified equations that take
these factors into consideration are rather complex
[7,8,10]. Nevertheless, the equations provide a very
important framework in understanding the complex-
ities of adsorption chromatography and in selecting
mobile phases and stationary phases for the separa-
tion of solutes.

Applications

There have been thousands of articles published on the
application of adsorption chromatography over the
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decades. Today, adsorption chromatography is used
around the world in all areas of chemistry, environmen-
tal problem solving, medical research, and so forth. Only
a few examples will be discussed in this section. Gogou
et al. [11] developed methods for the determination of
organic molecular markers in marine aerosols and sedi-
ment. They used a one-step flash chromatography com-
pound-class fractionation method to isolate compound-
class  fractions. —Then, they employed gas
chromatography/ mass spectrometry and/or gas chro-
matography/flame ionization detection analysis of the
fractions. The key adsorption chromatographic step
prior to the gas chromatography was the one-step flash
chromatography. For example, an organic extract of ma-
rine aerosol or sediment was applied on the top of a 30 X
0.7-cm column containing 1.5 g of silica. The following
solvent systems were used to elute the different com-
pound classes: (a) 15 mL of n-hexane (aliphatics);
(b) 15 mL toluene:n-hexane (5.6:9.4) (polycyclic aro-
matic hydrocarbons and nitro-polycyclic aromatic hy-
drocarbons); (c¢) 15 mL n-hexane:methylene chloride
(7.5:7.5) (carbonyl compounds); (d) 20 mL ethyl acetate:
n-hexane (8:12) (n-alkanols and sterols); (¢) 20 mL (4%,
v/v) pure formic acid in methanol (free fatty acids). This
example illustrates very well how adsorption chro-
matography can be used for compound-class separation.

Hanson and Unger [12] have discussed the applica-
tion of nonporous silica particles in high-performance
liquid chromatography. Nonporous silica packings can
be used for the rapid chromatographic analysis of bio-
molecules because the particles lack pore diffusion and
have very effective mass-transfer capabilities. Several
of the advantages of nonporous silica are maximum
surface accessibility, controlled topography of ligands,
better preservation of biological activity caused by
shorter residence times on the column, fast column re-
generation, less solvent consumption, and less suscep-
tibility to compression during packing. The very low
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external surface area of the nonporous supports is a
disadvantage because it gives considerably lower ca-
pacity compared with porous materials. This drawback
is counterbalanced partially by the high packing den-
sity compared to porous silica. The smooth surface of
the nonporous silica offers better biocompatibility rel-
ative to porous silica. Well-defined nonporous silicas
are now commercially available.
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Introduction

Adsorption is an important process in many industrial,
biological, and environmental systems. One com-
pelling reason to study adsorption phenomena is be-
cause an understanding of colloid stability depends on
the availability of adequate theories of adsorption
from solution and of the structure and behavior of ad-
sorbed layers. Another example is the adsorption of
pollutants, such as metals, toxic organic compounds,
and nutrients, onto fine particles and their consequent
transport and fate, which has great environmental im-
plications. Often, these systems are quite complex and
it is often favorable to separate these into specific size
for subsequent study.

Background Information

A new technique able to separate such complex mix-
tures is field-flow fractionation [1-3]. Field-flow
fractionation (FFF) is easily adaptable to a large
choice of field forces (such as gravitational, centrifu-
gal, fluid cross-flows, electrical, magnetic and thermal
fields or gradients) to effect high-resolution separa-
tions. Although the first uses for FFF were for sizing of
polymer and colloidal samples, recent advances have
demonstrated that well-designed FFF experiments can
be used in adsorption studies [4,5].

Although the theory of FFF for the characterisation
and fractionation of polymers and colloids has been
outlined elsewhere, two important features of FFF
need to be emphasized here. The first is the versatility
of FFF, which is partly due to the diverse range of op-
erating fields that may be used and the fact that each
field is capable of delivering different information
about a colloidal sample. For example, an electrical
field separates particles on the basis of both size and
charge, whereas a centrifugal field (sedimentation
FFF) separates particles on the basis of buoyant mass
(i.e. size and density). The second important feature is
that this information can usually be measured directly
from the retention data using rigorous theory. This is
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in contrast to most forms of chromatography (size-ex-
clusion chromatography exempted), where the reten-
tion time of a given component must be identified by
running standards.

In 1991, both Beckett et al. [4] and Li and Caldwell
[5] published articles demonstrating novel but power-
ful uses for sedimentation FFF in probing the charac-
teristics of adsorbed layers or films on colloidal parti-
cles. Beckett et al’s article demonstrated that it is
possible to measure the mass of an adsorbed coating
down to a few attograms (10™'® g), which translates to a
mean coating thickness of human vy-globulin, ovalbu-
min, RNA, and cortisone ranging from 0.1 to 20 nm. A
discussion of the theory and details of the experiment
is beyond the scope of this article. However, it is possi-
ble to appreciate how such high sensitivities arise by
considering the linear approximation of retention
time, f,, of an eluting particle in sedimentation FFF
with the field-induced force on the particle, F.

6kT (1)

where w is the thickness of the channel (typically 100 -
500 pm), k is the Boltzmann constant, and T'is the tem-
perature in Kelvin. F'is the force on the individual par-
ticle and is the product of the applied field and the
buoyant mass of the particle (relative mass of the par-
ticle in the surrounding liquid medium).

The highest sensitivity of retention time to changes
in the surface coating was found to occur when the
density of the core particle was equal to that of the sur-
rounding medium (i.e., the buoyant mass diminishes to
zero and no retention is observed for the bare parti-
cle). If a thin film of a much denser material is ad-
sorbed onto the particles, then the small increment in
mass due to the adsorbed film causes a significant
change in the particle’s buoyant mass (see Fig. 1a).
Consequently, the force felt by the particle is now suffi-
cient to effect retention by an observable amount. In-
cidentally, analogous behavior is also possible if the
coatings are less dense than the carrier liquid. If the di-
ameter of the bare particle is known (from independ-
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ent experiments) so that the surface area can be esti-
mated, then it is also possible to calculate the thickness
of the adsorbed film, provided the density of the film is
the same as the bulk density of the material being ad-
sorbed (i.e., no solvation of the adsorbed layer). In
some systems, it may be possible to alter the solvent
density to match the core particle density by the addi-
tion of sucrose or other density modifiers to the FFF
carrier solution.

Using the above approach with experimental results
from centrifugal FFF, adsorption isotherms were con-
structed by directly measuring the mass of adsorbate
deposited onto the polymer latex particle surface at
different solution concentrations. It was found that for
human globulin and ovalbumin adsorbates, Langmuir
isotherms were obtained. The measured limiting ad-
sorption density was found to agree with values meas-
ured using conventional solution uptake techniques.

The model used in the above studies ignores the de-
parture from the bulk density of the adsorbate brought
about by the interaction of the two interfaces. Li and
Caldwell’s article addresses this issue by introducing a
three-component model consisting of a core particle, a
flexible macromolecular substance with affinity toward
the particle, and a solvation shell (see Fig. 1b).

In this model, the buoyant mass is then the sum of
the buoyant mass of the three components, assuming
that these are independent of the mass of solvent oc-
cupied in the solvation shell. Thus, the mass of the ad-
sorbed shell can be calculated if information about the
mass and density of the core particle and the density of
the macromolecule and solvent are known. Photon
correlation spectroscopy, electron microscopy, flow
FFF, or other sizing techniques can readily provide
some independent information on the physical or hy-
drodynamic particle size, and pycnometry can be used
to measure the densities of the colloidal suspension,
polymer solution, and pure liquid.

The above measurements were combined to esti-
mate the mass of the polymer coating, a surface cover-
age density, and the solvated layer thickness. These re-
sults showed good agreement with the adsorption data
derived from conventional polymer radiolabeling ex-
periments.

Another approach for utilizing FFF techniques in
the study of adsorption processes is to use the follow-
ing general protocol:

1. Expose the suspension to the adsorbate

2. Run the sample through an FFF separation and
collect fractions at designated elution volume
intervals corresponding to specific size ranges
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3. Analyze the size fractions for the amount of
adsorbate

It must be emphasized that only strongly adsorbed
material will be retained on the particles as the sample
is constantly washed by the carrier solution during the
FFF separation. Unless adsorbent is added to the car-
rier, these experiments will not represent the re-
versible equilibrium adsorption situation.

This approach was first outlined by Beckett et al.
[6], where radiolabelled pollutants (**P as orthophos-
phate, '*C in atrazine, and glyphosate) were adsorbed
to two Australian river colloid samples. Sedimenta-
tion FFF was used to fractionate the samples and the
radioactivity of each fraction was measured. From
this, it was possible to generate a surface adsorption
density distribution (SADD) across the size range of
the sample. The SADD is a plot of the amount of com-
pound adsorbed per unit particle surface area as a

(@)

pr——— W

polymer

Fig.1 Schematic representation of the adsorption complex
proposed by (a) Beckett et al. [4] showing the core particle with
a dense nonhydrated adsorbed film and by (b) Li and Caldwell
[5] showing the core particle with an adsorbed polymer and the
associated solvation shell.
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function of the particle size. It was shown that the ad-
sorption density was not always constant, indicating per-
haps a change in particle mineralogy, surface chemistry,
shape, or texture as a function of particle size.

The above method is currently being extended to use
other sensitive analytical techniques such as inductively
coupled plasma—mass spectrometry (ICP-MS), graphite
furnace atomic absorption (GFAAS), and inductively
coupled plasma—atomic emission spectrophotometry
(ICP-AES). With multielement techniques, it is not only
possible to measure the amount adsorbed but changes in
the particle composition with size can be monitored [7],
which is most useful in interpreting the adsorption re-
sults [8]. Hassellov et al. [9] showed that using sedimen-
tation FFF coupled to ICP-MS, it was possible to study
both the major elements Al, Si, Fe, and Mn but also the
Cs, Cd, Cu, Pb, Zn, and La. It was shown that it was pos-
sible to distinguish between the weaker and stronger
binding sites as well as between different adsorption and
ion-exchange mechanisms.

In electrical FFF, samples are separated on the basis
of surface charge and even minute amount of adsorbate
will significantly be reflected in electrical FFF data, as
demonstrated by Dunkel et al. [10]. However, this tech-
nique is severely limited by the generation of polariza-
tion products at the channel wall due to the applied
voltages.

3

In conclusion, the versatility and power of FFF are

not restricted to its ability to effect high-resolution
separations and sizing of particles and macromole-
cules. FFF can also be used to probe the surface prop-
erties of colloidal samples. Such studies have great po-
tential to provide detailed insight into the nature of
adsorption phenomena.
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INTRODUCTION

At present, about 60,000 organic substances are used by
human beings and, presumably, some of these compounds
are toxic and contaminate our environment. Some of the
pesticides, phenols, plasticizers, and polynuclear aromatic
hydrocarbons are chiral toxic pollutants. About 25% of
agrochemicals are chiral and are sold as their mixtures.
Recently, it has been observed that one of the two
enantiomers of the chiral pollutant/xenobiotic may be
more toxic than the other enantiomer."! This is an
important information to the environmental chemist when
performing environmental analysis, as the data of simple,
direct analysis do not distinguish which enantiomeric
structure of a certain pollutant is present and which is
harmful. Biological transformation of the chiral pollutants
can be stereoselective; thus uptake, metabolism, and
excretion of enantiomers may be very different.!!)
Therefore the enantiomeric composition of the chiral
pollutants may be changed in these processes. Metabolites
of the chiral pollutants are often chiral. Thus to obtain
information on the toxicity and biotransformation of the
chiral pollutants, it is essential to develop a suitable
method for the analysis of the chiral pollutants. Therefore
diverse groups of people, ranging from the regulators to
the materials industries, clinicians and nutritional experts,
agricultural scientists, and environmentalists are asking
for data on the ratio of the enantiomers of the chiral
pollutants. Chromatographic modalities, e.g., gas chro-
matography (GC) and high-performance liquid chroma-
tography (HPLC), have been used for the chiral analysis
of the pollutants. The high polarity, low vapor pressure,
and the need for derivatization of some environmental
pollutants make the GC method complicated. The inherent
limited resolving power, complex procedures involved in
the optimization of the chiral resolution of the pollutant,
and the use of large amounts of solvents and sample
volumes are the main drawbacks of HPLC. Conversely,
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capillary electrophoresis (CE), a versatile technique of
high speed and sensitivity, is a major trend in analytical
science; some publications on the chiral analysis of
pollutants have appeared in recent years. The high
efficiency of CE is due to the flat flow profile originated
and to a homogeneous partition of the chiral selector in the
electrolyte which, in turn, minimizes the mass transfer.
Recently, Ali et al.'*! reviewed the chiral analysis of the
environmental pollutants by CE. Therefore in this article,
attempts have been made to explain the art of the enan-
tiomeric resolution of the chiral environmental pollu-
tants by CE.

CHIRAL SELECTORS

As in the case of chromatography, a chiral selector is also
required in CE for enantiomeric resolution. Generally,
suitable chiral compounds are used in the background
electrolyte (BGE) as additives and hence are called chiral
selectors or chiral BGE additives. There are only a few
publications available that deal with the chiral resolution
on a capillary coated with the chiral selector in CE.”*! The
analysis of the chiral pollutants discussed in this chapter is
restricted only to using chiral selectors in the BGE. The
most commonly used chiral BGE additives are cyclo-
dextrins, macrocyclic glycopeptide antibiotics, proteins,
crown ethers, ligand exchangers, and alkaloids.!*> A list
of these chiral BGE additives is presented in Table 1.

APPLICATIONS

Capillary electrophoresis has been used for the analysis of
chiral pollutants, e.g., pesticides, polynuclear-aromatic
hydrocarbons, amines, carbonyl compounds, surfactants,
dyes, and other toxic compounds. Moreover, CE has also
been utilized to separate the structural isomers of various
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Table 1 Some of the most commonly used chiral selectors

Chiral selectors (chiral BGE additives) Refs.
Cyclodextrins [5,6]
Macrocyclic glycopeptide antibiotics [6]
Proteins [6,7]
Crown ethers [6,8]
Alkaloids [6]
Polysaccharides [6,9]
Calixarenes [6,9]
Imprinted polymers [10]
Ligand exchangers [10]

toxic pollutants such as phenols, polyaromatic hydro-
carbons, etc. Sarac et al.l"" resolved the enantiomers of
2-hydrazino-2-methyl-3-(3,4-dihydroxyphenyl) propionic
acid using cyclodextrin as the BGE additive. The cyclo-
dextrins used were native, neutral, and ionic in nature
with phosphate buffer as BGE. Weseloh et al.''?! inves-
tigated the CE method for the separation of biphenyls,
using a phosphate buffer BGE with cyclodextrin as the
chiral additive. Miura et al.'"*! used CE for the chiral
resolution of seven phenoxy acid herbicides using
methylated cyclodextrins as the BGE additives. Further-
more, the same groupm] resolved MCPP, DCPP, 2,4-D,
2,4-CPPA, 24,5-T, 2,3-CPPA, 2,2-CPPA, 2-PPA, and
silvex pesticides using cyclodextrins, with negatively
charged sulfonyl groups, as the chiral BGE additives.
Gomez-Gomar et al.''® investigated the simultaneous
enantioselective separation of (z)-cizolirtine and its
impurities, (x)-N-desmethylcizolirtine, (+)-cizolirtine-
N-oxide, and (z)-5-(-hydroxybenzyl)-1-methylpyrazole,
by capillary electrophoresis. Otsuka et al.''® described the
latest advancement by coupling capillary electrophoresis
with mass spectrometry; this setup was used for the chiral
analysis of phenoxy acid herbicides. The authors also
described an electrospray ionization (ESI) method for the
CE-MS interface. Generally, nonvolatile additives in
sample solutions sometimes decrease the MS sensitivity
and/or signal intensity. However, heptakis(2,3,6-tri-O-
methyl)-B-cyclodextrin (TM-B-CD) was used as a chiral
selector; it migrated directly into the ESI interface. Using
the negative-ionization mode, along with a methanol—
water—formic acid solution as a sheath liquid, and
nitrogen as a sheath gas, stereoselective resolution and
detection of three phenoxy acid herbicide enantiomers
was successfully achieved with a 20-mM TM-B-CD in a
50-mM ammonium acetate buffer (pH 4.6).“7] Zerbinati
et al.'"® resolved the four enantiomers of the herbicides
mecoprop and dichlorprop using an ethylcarbonate
derivative of B-CD with three substituents per molecule
of hydroxypropyl-B-CD and native f-CD. The perform-
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ances of these chiral selectors have been quantified by
means of two-level full factorial designs and the inclusion
constants were calculated from CE migration time data.
The analysis of the chiral pollutants by CE is summarized
in Table 2. To show the nature of the electropherograms,
the chiral separation of dichlorprop enantiomers is shown
in Figg. 1 with different concentrations of a-cyclodex-
trin.!'®!

OPTIMIZATION OF CE CONDITIONS

The analysis of the chiral pollutants by CE is very
sensitive and hence is controlled by a number of
experimental parameters. The optimization parameters
may be categorized into two classes, i.e., the independent
and dependent parameters. The independent parameters
are under the direct control of the operator. These
parameters include the choice of the buffer, pH of the
buffer, ionic strength of the buffer, type of chiral selectors,
voltage applied, temperature of the capillary, dimension of
the capillary, BGE additives, and various other parame-
ters. Conversely, the dependent parameters are those
directly affected by the independent parameters and are
not under the direct control of the operator. These types of
parameters are field strength (V/m), EOF, Joule heating,
BGE viscosity, sample diffusion, sample mobility, sample
charge, sample size and shape, sample interaction with
capillary and BGE, molar absorptivity, etc. Therefore the
optimization of chiral resolution can be controlled by
varying all of the parameters mentioned above. For
detailed information on the optimization of chiral
analysis, one should consult our review.” However, a
protocol for the optimization of the chiral analysis is given
in Scheme 1.

DETECTION

Normally, the chiral pollutants in the environment occur
at low concentrations and therefore a sensitive detection
method is essential and is required in chiral CE. The most
commonly used detectors in the chiral CE are UV,
electrochemical, fluorescence, and mass spectrometry.
Mostly, the detection of the chiral resolution of drugs and
pharmaceutical in CE has been achieved by a UV
mode!'*?" and therefore the detection of the chiral
pollutants may be achieved by the same method. The
selection of the UV wavelength depends on the type of
buffer, chiral selector, and the nature of the environmental
pollutants. The concentration and sensitivity of UV
detection are restricted insofar as the capillary diameter
limits the optical path length. It has been observed that
some pollutants, especially organochloro pesticides, are
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Fig. 1 Electropherograms of dichlorprop herbicide enan-
tiomers with increasing concentrations of a-cyclodextrin. (From
Ref. [18].)

UV transparent and therefore for such type of applica-
tions, electrochemical and mass spectrometry are the best
detectors. Some of the chiral selectors, such as proteins
and macrocyclic glycopeptide antibiotics, are UV-absorb-
ing in nature and hence the detection of enantiomers
becomes poor.

Only a few reports are available in the literature
dealing with the limits of the detection for the chiral
resolution of environmental pollutants by CE, indicating
mg/L to pg/L as the limits of the detection. Tsunoi et al.l'¥!
carried out an extensive study on the determination of
the limits of the detection for the chiral resolution of
herbicides. The authors used a 230-nm wavelength for the
detection and the minimum limit of the detection achieved
was 4.7 x 10~ M for 2,4-dichlrophenoxy acetic acid. On
the other hand, Mechref and El Rassi!?”! reported better
detection limits, for herbicides, in the derivatized mode, in
comparison to the underivatized mode. For example, the
limit of the detection was enhanced by almost 1 order of
magnitude from 1x10~* M (10 pmol) to 3x 107> M
(0.36 pmol). In the same study, the authors reported
2.5% 10" °Mand 1 x 10~ M as the limits of detection for
the herbicides by fluorescence and laser-induced fluores-
cence detectors, respectively.

SAMPLE PREPARATION

Many of the impurities are present in samples of environ-
mental or biological origin. Therefore sample pretreatment
is very important and a necessary step for reproducible
chiral resolution. Real samples often require the applica-
tion of simple procedures, such as filtration, extraction,
dilution, etc. A search of the literature conducted and
discussed herein (Table 2) indicates that all of the chiral
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resolution of the environmental pollutants was carried out,
by CE, in laboratory-synthesized samples only. Therefore
no report is published on the sample pretreatment prior to
the chiral resolution of the environmental pollutants by
CE. Some reviews have been published, however, on the
pretreatment and sample preparation methodologies for
the achiral analysis of pollutants.®'** Therefore these
approaches may be utilized for the preconcentration and
sample preparation in the chiral CE of the environmental
pollutants. Dabek-Zlotorzynska et al.”**! reviewed the
sample pretreatment methodologies for environmental
analysis before CE. Moreover, some reviews have also
been published in the last few years on this issue.3%
Whang and Pawliszyn®®! designed an interface that
enables the solid-phase microextraction (SPME) fiber
hyphenation to CE. They prepared a semi-custom-made
polyacrylate fiber to reach the SPME-CE interface. The
authors tested the developed interface to analyze phenols
in water and therefore the same may be used for the chiral
resolution of the pollutants.

MECHANISMS OF THE
CHIRAL SEPARATION

It is well known that a chiral environment is essential for
the enantiomeric resolution of racemates. In CE, this
situation is provided by the chiral compounds used in the
BGE and is known as the chiral selector or chiral BGE
additive. Basically, the chiral recognition mechanisms in
CE are similar to those in chromatography using a chiral
mobile-phase additive mode, except that the resolution
occurred through different migration velocities of the
diastereoisomeric complexes in CE. The chiral resolution
occurred through diastereomeric complex formation
between the enantiomers of the pollutants and the chiral
selector. The formation of diastereomeric complexes
depends on the type and nature of the chiral selectors
used and the nature of the pollutants.

In the case of cyclodextrins, the inclusion complexes
are formed and the formation of diastereomeric com-
plexes is controlled by a number of interactions, such as
n—n complexation, hydrogen bonding, dipole—dipole
interaction, ionic binding, and steric effects. Zerbinati
et al.'""! used ethylcarbonate-B-CD, hydroxypropyl-p-CD,
and native o-CD for the chiral resolution of mecoprop
and dichlorprop. The authors calculated the performance
of these chiral selectors by means of a two-level full
factorial design and calculated inclusion constants from
CE migration time data. Furthermore, they have proposed
the possible structure of inclusion complexes on the ba-
sis of molecular mechanics simulations. Recently,
Chankvetadze et al.””! explained the chiral recognition
mechanisms in cyclodextrin-based CE using UV, NMR,
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!
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with Poor Detection
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Note: This is brief outline of the procedure to follow in chiral resolution by CE. However, other

variations may be carried out.

Scheme 1 The protocol for the development and optimization of CE conditions for the chiral resolution.

and electrospray ionization mass spectrometric methods.
Furthermore, the authors determined the structures of
the diastereomeric complexes by an X-ray crystallo-
graphic method.

The macrocyclic antibiotics have some similarities and
differences with the cyclodextrins. Most of the macrocy-
clic antibiotics contain ionizable groups and, consequent-
ly, their charge and possibly their three-dimensional
conformation can vary with the pH of the BGE. The
complex structures of the antibiotics containing different
chiral centers, inclusion cavities, aromatic rings, sugar
moieties, and several hydrogen donor and acceptor sites
are responsible for their surprising chiral selectivities.
This allows for an excellent potential to resolve a greater
variety of racemates. The possible interactions involved in
the formation of diastereomeric complexes are mT—m
complexation, hydrogen bonding, inclusion complexation,
dipole interactions, steric interactions, and anionic and

cationic binding. Similarly, the diastereomeric complexes
are formed with other chiral selectors involving specific
interactions. In this way, the diastereomeric complexes
possessing different physical and chemical properties are
separated on the capillary path (achiral phase). The
different migration times of these formed diastereomeric
complexes depend on their sizes, charges, and their
interaction with the capillary wall and, as a result, these
complexes are eluted at different time intervals.

CAPILLARY ELECTROPHORESIS
VS. CHROMATOGRAPHY

Today, chromatographic modalities are used frequently
for the analysis of chiral pollutants. The wide application
of HPLC is due to the development of various chiral -
stationary phases and excellent reproducibility. However,
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HPLC suffers from certain drawbacks, as the chiral
selectors are fixed on the stationary phase and hence no
variation in the concentrations of the chiral selectors can
be carried out. Moreover, a large amount of the costly
solvent is consumed to establish the chiral resolution
procedure. Additionally, the poor efficiency in HPLC is
due to the profile of the laminar flow, mass transfer term,
and possible additional interactions of enantiomers with
the residual silanol groups of the stationary phase. Gas
chromatography also suffers from certain drawbacks as
discussed in the ‘‘Introduction.”

On the other hand, the chiral resolution in CE is
achieved using the chiral selectors in the BGE. The chiral
separation in CE is very fast and sensitive, involving the
use of inexpensive buffers. In addition, the high effi-
ciency of CE is due to the flat profile created and to a
homogeneous partition of the chiral selector in the elec-
trolyte which, in turn, minimizes the mass transfer.
Generally, the theoretical plate number in CE is much
higher in comparison to chromatography and thus a good
resolution is achieved in CE. In addition, more than one
chiral selector can be used simultaneously for optimizing
the chiral analysis. However, reproducibility is the major
problem in CE and therefore the technique is not popular
for the routine chiral analysis. The other drawbacks of CE
include the waste of the chiral selector as it is used in the
BGE. In addition, chiroptical detectors, such as polari-
metric and circular dichroism, cannot be used as detection
devices because of the presence of the chiral selector in
the BGE. Moreover, some of the well-known chiral
selectors may not be soluble in the BGE and thus a
stationary bed of a chiral selector may allow the transfer
of the advantages of a stationary bed inherent in HPLC to
electrically driven technique, i.e., CE. This will allow CE
to be hyphenated with the mass spectrometer, polarimeter,
circular dichroism, and UV detectors without any
problem. Briefly, at present, CE is not a very popular
technique as is chromatography for the chiral analysis of
pollutants, but it will gain momentum in the near future.

CONCLUSION

Analysis of the chiral pollutants at trace levels is a very
important and demanding field. In recent years, capillary
electrophoresis has been gaining importance in the
direction of chiral analysis of various racemates. A search
of the literature cited herein indicates a few reports on the
chiral resolution of environmental pollutants by CE. It has
not achieved a respectable place in the routine chiral
analysis of these pollutants due to its poor reproducibility
and to the limitations of detection. Therefore many
scientists have suggested various modifications to make
CE a method of choice. To achieve good reproducibility,
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the selection of the capillary wall chemistry, pH and ionic
strength of the BGE, chiral selectors, detectors, and
optimization of BGE have been described and suggested
for the analysis of organic and inorganic pollutants,*~**
In addition, some other aspects should also be addressed
so that CE can be used as a routine method in this field.
The most important points related to this include the
development of new and better chiral selectors, detector
devices, and addition of a cooling device in the CE
apparatus. In addition, chiral capillaries should be de-
veloped and the CE device should be hyphenated with
mass spectrometer, polarimetric, and circular dichroism
detectors, which may result in good reproducibility and
improved limits of detection. The advancement of CE as a
chiral analysis technique has not yet been fully explored
and research in this direction is currently underway. In
summary, there is much to be developed for the
advancement of CE for the analysis of chiral pollutants.
It is hoped that CE will be recognized as the technique of
choice for chiral analysis of the environmental pollutants.

ABBREVIATIONS

BGE Background electrolyte

CDh Cyclodextrin

CE Capillary electrophoresis

2,2-CPPA  2-(2-Chlorophenoxy) propionic acid

2,3-CPPA  2-(3-Chlorophenoxy) propionic acid

2,4-CPPA  2-(4-Chlorophenoxy) propionic acid

2,4-D (2,4-Dichlorophenoxy) acetic acid

DCPP 2-(2,4-Dichlorophenoxy) propionic acid

EOF Electroosmotic flow

ESI Electron spray ionization

GC Gas chromatography

HPLC High-performance liquid chromatography

MCPP 2-(4-Chlorophenoxy) propionic acid

MS Mass spectrometer

NMR Nuclear magnetic resonance

oG n-Octyl-B-D-glucopyranoside

oM n-Octyl-B-D-maltopyranoside

SPME Solid-phase microextraction

SPME-CE Solid-phase microextraction capillary
electrophoresis

2,4,5-T (2,4,5-Trichlorophenoxy) acetic acid

TM-B-CD  2,3,6-Tri-O-methyl-B-cyclodextrin

uv Ultraviolet
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Introduction

Affinity cell separations techniques are based on prin-
ciples similar to those described in procedures for the
isolation of molecules and are used to quickly and
efficiently isolate specific cell types from heteroge-
neous cellular suspensions. The procedure (Fig. 1) in-
volves making a single-cell suspension and passing it
through a column packed with a support to which a se-
lective molecule (ligand) has been immobilized. As the
cells pass over the immobilized ligand-coated support
(Fig. 1a), the ligand interacts with specific molecules

(a) @o Cedlls

Support
PP Ligand

(b)

©

O

Fig.1 Affinity isolation of specific cells. (a) The cell suspen-
sion containing the cell of interest (clear cytoplasm) and an-
other cell type (dark cytoplasm) are passed over the support
bearing a selective ligand immobilized to its surface. (b) The
ligand interacts with its target molecule on the cell of interest,
thus capturing it. The other cell type is not bound and passes
through the column. (c) The bound cell is released by the addi-
tion of an elution agent to the running buffer of the column.
This agent disrupts the binding between the ligand and the cell,
thus releasing the cell. The free cell is now washed through the
column and harvested as a homogeneous population.
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on the cell surface, thus capturing the cell of interest
(Fig. 1b). This cell is retained by the ligand-coated sup-
port while nonreactive cells are washed through the
column. Finally, the captured cell is released (Fig. 1c)
by disrupting the bond between the ligand and its se-
lected molecule, allowing a homogeneous population
of cells to be harvested.

Research and Developments

Although affinity chromatography of cells is essen-
tially performed in a similar manner to other affinity
techniques, it is commonly used for both negative and
positive selection. Negative selection removes specific
cell types from the sample population, whereas posi-
tive selection isolates a single cell type from the sam-
ple. In the latter situation, the selected cells are re-
covered by elution from the immobilized ligand, thus
yielding an enriched population. However, unlike
molecules, cells are often quite delicate and care must
be exercised when choosing the chromatographic
support and the method of retrieval. The support ma-
trix must exhibit minimal nonspecific cell adhesion
but be sufficiently porous to allow cells to pass
through without physically trapping them or creating
undue sheer forces likely to cause cell injury or death.
Usually, the support matrices of choice are loosely
packed fibers, large-pore cross-linked dextrans or
agarose, and large plastic or glass beads. The elution
agent must also be carefully selected. It must be able
to either disrupt the binding of the ligand to the cell
surface molecule or it must be able to compete with
the cell molecule for ligand binding. In many cases,
such as lectin affinity chromatography, the elution
agent is easy to select — it is usually a higher concen-
tration of the sugar to which the ligand binds. Elution
agents for other techniques, such as immunoaffinity,
are harder to select. Harsh acid or alkaline condi-
tions, although efficient at breaking antibody-anti-
gen binding, are usually detrimental to cells. Elution
in these cases is often achieved using mild acids, cell
molecule competition (like the lectins), or mild
chaotropic ion elution.
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Immunologists have long used the relatively non-
specific affinity of charged nylon wool to fractionate
lymphocytes into different subpopulations. Such sep-
arations are achieved because certain subpopula-
tions of lymphocytes express an affinity for the
charged fibers, whereas others do not. This negative
selection process has been used to prepare pure sus-
pensions of T-lymphocytes for many years but has
recently been replaced by the more selective im-
munoaffinity procedures. A good review of the early
history of affinity cell separation is provided
by Sharma and Mahendroo [1]; however, the review
focuses primarily on the application of lectins as the
selective ligands for cell affinity chromatography.
Tlaskalova-Hogenova et al. [2] demonstrated the
usefulness of affinity cell chromatography to isolate
T- and B-lymphocytes from human tissues. These au-
thors describe comparative studies on three popular
approaches to the isolation of lymphocyte subpopu-
lations, namely nylon wool columns, immunoaffinity
cell panning (a batch technique using antibodies im-
mobilized to the bottom of culture dishes), and im-
munoaffinity using anti-human immunoglobulins at-
tached to Sephron (hydroxyethyl methacrylate) or
Sepharose supports. These studies clearly indicate
that the selectiveness of immobilized antibodies
were superior for isolating defined subpopulations of
cells.

Table 1 Lectins and Their Reactive Sugar Moieties

Affinity Chromatography of Cells
Current Applications

Immobilized antibody ligands or immunoaffinity chro-
matography is now the approach of choice for cell sep-
aration procedures. Kondorosi et al. [3] prepared
columns packed with a support coated with nonim-
mune rat immunoglobulin and used these columns to
isolate cells expressing surface Fc or immunoglobulin
receptors, whereas van Overveld et al. [4] used anti-
human IgE-coated Sepharose beads as an im-
munoaffinity chromatography step when fractionating
human mast cells from lung tissue.

Plant lectins are one of the most popular ligands
for affinity cell separations. These molecules express
selective affinities for certain sugar moieties (Table
1), different lectins being used as selective agents for
specific sugars. Whitehurst et al. [S] found that the
lectin Pisum sativum agglutinin could bind feline B-
lymphocytes much more readily than T-lymphocytes
and used lectin-coated supports to obtain pure sub-
populations of T-lymphocytes by negative selection.
Additionally, the retained cells were recovered by
elution from the immobilized lectin with a suitable
sugar. Lectins are efficient ligands for cell selection,
but, in many cases, their interaction with the selected
cell surface molecule is highly stable and efficient, re-
quiring mechanical agitation of the packing before
recovery of the cells can be achieved. Pereira and Ka-

Common name Latin name

Reactive sugar residues

Castor bean RCA 5,
Fava bean
Gorse UEA 1

UEA I
Jacalin
Concanavalin A
Jequirity bean

Ricinus communis
Vicia faba
Ulex europaeus

Artocarpus integrifolia
Canavalia ensiformis
Abrus precatorius

Lentil Lens culinaris
Mistletoe Viscum album

Mung bean Vigna radiata

Osage orange Maclura pomifera
Pea Pisum sativum
Peanut Arachis hypogaea
Pokeweed Phytolacca americana
Snowdrop Galanthus nivalis
Soybean Glycine max
Wheatgerm Triticum vulgaris

B-D-Galactosyl

D-Mannose, D-Glucose

a-L-Fucose,

N,N'-Diacetylchitobiose

a-D-Galactosyl, B-(1,3) n-Acetyl galactosamine
a-D-Mannosyl, a-D-Glucosyl
a-D-Galactose

a-D-Mannosyl, a-D-Glucosyl
-D-Galactosyl

a-D-Galactosyl

a-D-Galactosyl, N-Acetyl-D-galactosaminyl
a-D-Glucosyl,

a-D-Mannosyl

B-D-Galactosyl

N-acetyl-B-D-Glucosamine oligomers
Nonreducing terminal end of a-D-mannosyl
N-Acetyl-D-galactosamine

N-Acetyl-B-D-glucosaminyl, N-Acetyl-B-D-glucosamine oligomers
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bat [6] have reported the use of lectins immobilized
to Sephadex or Sepharose beads for the isolation of
erythrocytes.

Another useful ligand is protein A, which is a pro-
tein derived from the wall of certain Staphylococcus
species of bacteria. This reagent binds selected classes
of IgG immunoglobulin via their Fc or tail portion
making it an excellent ligand for binding immunoglob-
ulins attached to cell surfaces, making it an ideal gen-
eral-purpose reagent. Ghetie et al. [7] demonstrated
that protein A-coated Sepharose beads were useful for
cell separations following initial incubation of the cells
with IgG antibodies directed against specific cell sur-
face markers. Surface IgG-bearing cells mouse spleen
cells were pretreated with rabbit antibodies to mouse
IgG prior to passage over the protein A-coated sup-
port. The cells of interest were then isolated by positive
selection chromatography.

In addition to bacterial proteins, other binding pro-
teins such as chicken egg white avidin have become
popular reagents for affinity chromatography. These
supports work on the principle that immobilized
avidin binds biotin, which can be chemically attached
to a variety of ligands including antibodies. Tassi et al.
[8] used a column with an avidin-coated polyacry-
lamide support to bind and retain cells marked with
biotinylated antibodies. Human bone marrow sam-
ples were incubated with monoclonal mouse antibod-
ies directed against the surface marker CD34, fol-
lowed by a second incubation with biotinylated goat
anti-mouse immunoglobulins. Binding of the biotin to

3

the avidin support effectively isolated the antibody-
coated cells.

Conclusion

A wide variety of immobilized antigens, chemicals,
and receptor molecules have been used effectively for
affinity cell chromatography. Sepharose beads coated
with thyroglobulin have been used to separate thyroid
follicular and para-follicular cells, and immobilized in-
sulin on Sepharose beads has been used to isolate
adipocytes by affinity chromatography. Dvorak et al.
[9] reported the successful retrieval of a 95% pure frac-
tion of chick embryonic neuronal cells using an affinity
chromatography approach utilizing a-bungarotoxin
immobilized to Sepharose beads.
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Introduction

Antibodies are serum proteins that are generated by
the immune system which bind specifically to intro-
duced antigens. The high degree of specificity of the
antibody—antigen interaction plays a central role in
an immune response, directing the removal of anti-
gens in concert with complement lysis (humoral im-
munity). Importantly, this high degree of specific
binding has been exploited as an analytical tool: Anti-
gens can be detected, quantified, and purified from
sources in which they are in low abundance with nu-
merous contaminants. Examples include enzyme-
linked immunosorbent assays (ELISAs), Ouchterlony
assays, and Western blots. Antibodies that are
specifically immobilized on high-performance chro-
matographic media offer a means of both detection
and purification that is unparalleled in specificity, ver-
satility, and speed.

We will focus, here, on the use of immobilized anti-
bodies for analytical affinity chromatography, which
offers a number of advantages over standard partition
chromatography. The first advantage is the specificity
imparted by the antibody itself, which allows an anti-
gen to be completely separated from any contami-
nants. During a chromatographic run with an anti-
body affinity column, all of the contaminants wash
through the column unbound, and the bound antigen
is subsequently eluted, resulting in only two peaks
generated in the chromatogram (contaminants in the
flow-through step and antigen in the elution step).
With antibodies which are immobilized on high-speed
media such as perfusive media [1,2], typical analytical
chromatograms can be generated in less than 5 min
and columns can last for hundreds of analyses. In Fig.
1, an example of 5 consecutive analytical affinity chro-
matography assays are shown, followed by the results
of the last 5 assays of a set of 5000. Note that, here, the
cycle time for loading, washing out the unbound ma-
terial, eluting the bound material, and reequilibration
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of the affinity column is only 0.1 min (6 s). Also note
that the calibration curve has changed little between
the first analysis and after 5000 analyses, demonstrat-
ing both the durability and reproducibility of this ana-
lytical technique. Although many soft-gel media are
also available for antibody immobilization, these me-
dia do not withstand high linear velocity and, there-
fore, are not suited for high-performance affinity
chromatography.

Affinity chromatography using immobilized anti-
bodies offers several advantages over conventional
chromatographic assay development. First, assay de-
velopment can be very rapid because specificity is an
inherent property of antibody and solvent mobile-
phase selection is limited to a capture buffer and an
elution buffer, which is often the same from one anti-
body to the next. Therefore, there is less “column
scouting” for appropriate conditions. In addition, the
assays are fast (see above) and chromatograms yield
only two peaks instead of multiple peaks. Further-
more, the two peaks in the affinity chromatogram indi-
cate both antigen concentration (from the eluted
peak) and purity (from the ratio of the eluted peak to
the total peak area). Thus, affinity chromatography
with immobilized antibodies allows both fast assay de-
velopment and rapid analysis times.

The limitations of immobilized antibody affinity
chromatography are few. First, plentiful amounts of
antibody, usually milligram quantities, are required to
get reasonable ligand density on a useful amount of
chromatographic media. Also, it is optimal if the anti-
body is antigen affinity purified, so that when it is im-
mobilized, no other contaminating proteins with com-
peting specificity dilute the antibody’s concentration.
Finally, the antibody must be amenable to affinity
chromatography such that it is not irreversibly dena-
tured by the immobilization process and can with-
stand many cycles of antigen capture and elution.
Both monoclonal and polyclonal antibodies have
been used successfully.
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Fig.1 Examples of affinity chromatography with an epoxy-
immobilized polyclonal anti-human serum albumin (HSA) anti-
body in a 2.1-mm-inner diameter X 30-mm POROS CO column
run at 5 mL/min (8000 cm/h) using phosphate-buffered saline
for loading and 12 mM HCI with 150 mM NacCl for elution. The
sample was 10 pg HSA at 1 mg/mL. (a) shows the first five
analyses of a relatively pure sample of HSA, where the first
small peak is the unbound contaminant and the larger peak is
the elution of the HSA from the affinity column. (b) shows the
results of the last 5 analyses from a set of 5000 and (c) shows
the calibration curve before (squares) the 5000 analyses and af-
ter (triangles).
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Immobilization Chemistries

Many different chemistries can be used to immobilize
antibodies onto chromatographic media and only a
few will be discussed. In most cases, the chromato-
graphic media is coated with the active chemistry,
which will then react with the antibody. These include
amine reactive chemistries such as epoxide-, aldehyde-,
and cyanogen bromide (CNBr)-activated media, car-
boxyl reactive chemistries such as carbodiimides, alde-
hyde-reactive chemistries such as amino and hy-
drazide, and thiol-reactive chemistries such as
iodoacetyl and reduce thiol media. Although there are
several antibody isotypes (IgA, IgE, IgG, IgM), the
most common antibody immobilized for affinity chro-
matography is IgG, which is composed of four
polypeptide chains (two heavy and two light) which are
disulfide linked to form a Y-shaped structure capable
of binding two antigens. For best results, it is also im-
portant to antigen affinity purify the antibody prior to
immobilization to yield optimum binding capacity and
a wider dynamic range for analytical work. Also note
that the antibody may be digested with pepsin or pa-
pain to separate the constant region from the antigen-
binding domains, which may then be immobilized.

Antibodies are very often immobilized through
their amino groups either through the N-terminal
amines or the epsilon amino groups of lysine. Reac-
tions with epoxide-activated media are performed un-
der alkaline conditions and lead to extremely stable
linkages between the chromatographic support and
the antibody. Similarly, immobilization using an alde-
hyde-activated media first proceeds through a Schiff
base intermediate which must then be reduced (often
by sodium cyanoborohydride) to yield a very stable
carbon-nitrogen bond linking the antibody to the me-
dia. N-Hydroxy-succinimide-activated media also cou-
ples via primary amines and leads to a stable linkage in
a single-step reaction. The major advantage of these
chemistries is that they are extremely stable due to the
formation of covalent bonds to the media. Although
less stable but easy to use is CNBr-activated media,
which also immobilizes antibodies through their pri-
mary amines.

Antibodies can also be immobilized through their
carboxyl groups by first treating them with a carbodi-
imide such as EDC (l-ethyl-3-[3-dimethlamino-
propyl]-carbodiimide) followed by immobilization on
an amine-activated chromatographic resin. It is impor-
tant to note that EDC does not add a linker chain be-
tween the antibody and the media, but simply facili-
tates the formation of an amide bond between the
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antibody’s carboxyl and the amine on the media. Cou-
pling through sulfhydryls on free cysteines can be ac-
complished with thiol-activated media by formation of
disulfide bonds between the media and the antibody.
However, this coupling is not stable to reducing condi-
tions and a more stable iodoacetyl-activated media is
often preferred because the resulting carbon-sulfur
bond is more stable. Free cysteines can be generated in
the antibody by use of mild reducing agents (e.g., 2-
mercaptoethylamine), which can selectively reduce di-
sulfide bonds in the hinge region of the antibody.
Alternatively, antibodies may also be immobilized
through their carbohydrate moieties. One method in-
volves oxidation of the carbohydrate with sodium pe-
riodate to generate two aldehydes in the place of
vicinyl hydroxyls. These aldehydes may then be cou-
pled either directly to hydrazide-activated media or
through amine-activated media with the addition of
sodium cyanoborohydride to reduce the Schiff base.
The primary advantages of these chemistries is to offer
alternative linkages to the antibody beyond primary
amines.

In addition, antibodies may also be coupled to other
previously immobilized proteins. For example, the an-
tibody may be first captured on protein A or protein G
media and then cross-linked to the immobilized pro-
tein A or G with reagents such as glutaraldehyde or di-
methyl pimelimidate. The advantage here is that the
antibody need not be pure prior to coupling because
the protein A or protein G will selectively bind only
antibody and none of the other serum proteins. The
disadvantage is that free protein A or protein G will
still be available to cross-react with any free antibody
in samples to be analyzed, which will only be problem-
atic with serum-based samples.

Antibody coupling does not need to be covalent to
be effective. For example, biotinylated antibodies can
be coupled to immobilized streptavidin. The avidin—
biotin interaction is extremely strong and will not
break under normal antigen elution conditions. The
advantage of this immobilization protocol is that many
different biotinylation reagents are available in a wide
range of chemistries and linker chain lengths. Once bi-
otinylated and free biotin are removed, the antibody is
simply injected onto the streptavidin column and it is
ready for use. Immobilization can be accomplished
through hydrophobic interaction by simply injecting
the antibody onto a reversed-phase column and then
blocking with an appropriate protein solution such as
albumin, gelatin, or milk. This is analogous to tech-
niques used to coat ELISA plates and perform West-
ern blots, and although this noncovalent coupling is
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not stable to organic solvents and detergents, it can last
for hundreds of analyses under the normal aqueous
analysis conditions. The advantage of this immobiliza-
tion is that it can be done very quickly (in several min-
utes) by simply injecting an antibody first and then a
blocking agent.

Operation

A wide range of buffers can be used for loading the
sample and eluting the bound antigen; however, for
best analytical performance, a buffer system that has
low a low ultraviolet (UV) cutoff and rapid reequili-
bration properties is desirable. One of the better ex-
amples is phosphate-buffered saline (PBS) for loading
and 12 mM HCI with 150 mM NaCl. The NaCl is not
required in the elution buffer but helps to minimize
baseline disturbances due to the refractive index
change between the PBS loading buffer and the elu-
tion buffer because both will contain about 150 mM
NaCl. UV detection is well suited for these assays and
wavelengths at 214 or 280 nm are commonly used.

For analytical work, large binding capacities are
not required, but increased capacity does increase the
dynamic range of the analysis. However, the dynamic
range can be increased by injecting a smaller volume
of sample onto the column at the expense of sensitiv-
ity at the low end of the calibration curve. Likewise,
sensitivity can be increased by injecting more sample
volume.

Application Examples

The most obvious way to use immobilized antibodies
for analytical affinity chromatography is to simply use
it in a traditional single-column method to determine
an antigens concentration and/or purity. However,
there are a number of ways this technique can be ad-
vanced to more sophisticated analyses. For example,
instead of immobilizing an antibody, the antigen may
be immobilized to quantify the antibody as has been
done with the Lewis Y antigen [3]. However, the analy-
sis is still a single-column method.

Immobilized antibodies have also been used ex-
tensively in multidimensional liquid chromatography
(MDLC) analyses. As shown in Fig. 2, an affinity col-
umn with immobilized anti-HSA is used to capture all
of the human serum albumin in a sample, allowing all
of the other components to flow through to waste.
Then, the affinity chromatography column is eluted di-
rectly into a size-exclusion column where albumin
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Fig.2 Example of a multidimensional liquid chromatographic analysis for albumin aggregates using immobilized antibody affinity
chromatography with size-exclusion chromatography. (a) Shows the flow path during the loading of the sample to capture the albu-
min monomer and aggregates while allowing all other proteins to elute to waste. (b) Shows the transfer of the albumin and its aggre-
gates to the size-exclusion column. (c) Shows the flow path used to elute the size-exclusion column to separate the aggregate and
monomer. (d) Shows the UV trace from this analysis. Note that in this plumbing configuration, the albumin passes through the de-
tector twice, once as it is transferred from the affinity to the size-exclusion column and again as the albumin elutes from the size-
exclusion column. The affinity column is a 2.1-mm-inner diameter (i.d.) X 30 mm POROS XL column to which anti-human serum
albumin has been covalently cross-linked, run at 1 mL/min, loaded in PBS, and eluted with 12 mM HCI. The size-exclusion column
is a 7.5-mm-i.d. X 300-mm Ultrasphere OG run at 1 mL/min with 100 mM potassium phosphate with 100 mM sodium phosphate,

pH 7.0. The sample was 100 pg heat-treated albumin.

monomers and aggregates are separated and
quantified. In this example, neither mode of chro-
matography would be sufficient by itself. The affinity
media does not distinguish between monomer and ag-
gregate, and the size-exclusion column would not be
able to discriminate between albumin and the other
coeluting proteins in the sample. Other MDLC appli-
cations employing immobilized antibodies include an
acetylcholine esterase assay utilizing size-exclusion
chromatography [4], combinations of immobilized an-
tibodies with reversed-phase analysis [5—7], protein
variant determination using immobilized antibodies to
select hemoglobin from a biological sample followed
by on-column proteolytic digestion, and liquid chro-
matography—mass spectrometry peptide mapping [8].

There are many more examples of immobilized an-
tibodies used for affinity chromatography which are
not mentioned here, but it was the goal of this section
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to present some of the capabilities of this technique for
analytical chromatographic applications.
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Affinity Chromatography: An Overview
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Introduction

Affinity chromatography is a liquid chromatographic
technique that uses a “biologically related” agent as a
stationary phase for the purification or analysis of sam-
ple components [1-4]. The retention of solutes in this
method is generally based on the same types of
specific, reversible interactions that are found in bio-
logical systems, such as the binding of an enzyme with
a substrate or an antibody with an antigen. These in-
teractions are exploited in affinity chromatography by
immobilizing (or adsorbing) one of a pair of interact-
ing molecules onto a solid support and using this as a
stationary phase. This immobilized molecule is known
as the affinity ligand and is what gives an affinity col-
umn the ability to bind to particular compounds in a
sample.

Affinity chromatography is a valuable tool in areas
such as biochemistry, pharmaceutical science, clinical
chemistry, and environmental testing, where it has
been used for both the purification and analysis of
compounds in complex sample mixtures [1-5]. The
strong and relatively specific binding that characterizes
many affinity ligands allows solutes that are quanti-
tated or purified by these ligands to be separated with
little or no interferences from other sample compo-
nents. Often, the solute of interest can be isolated in
one or two steps, with purification yields of 100-fold to
several thousand-fold being common [2]. Similar selec-
tivity has been observed when using affinity chro-
matography for compound quantitation in such sam-
ples as serum, plasma, urine, food, cell cultures, water,
and soil extracts [3-5].

General Formats for Affinity Chromatography

The most common scheme for performing affinity
chromatography is by using a step gradient for elution,
as shown in Fig. 1. This involves injecting a sample
onto the affinity column in the presence of a mobile
phase that has the right pH and solvent composition
for solute-ligand binding. This solvent, which repre-
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sents the weak mobile phase of the affinity column, is
called the application buffer. During the application
phase of the separation, compounds which are com-
plementary to the affinity ligand will bind as the sam-
ple is carried through the column by the application
buffer. However, due to the high selectivity of the
solute—ligand interaction, the remainder of the sample
components will pass through the column nonretained.
After the nonretained components have been com-
pletely washed from the column, the retained solutes
can be eluted by applying a solvent that displaces them
from the column or that promotes dissociation of the
solute—ligand complex. This solvent represents the
strong mobile phase for the column and is known as
the elution buffer. As the solutes of interest elute from
the column, they are either measured or collected for
later use. The column is then regenerated by reequili-
bration with the application buffer prior to injection of
the next sample [2—4].

Even though the step-gradient, or “on/off” elution
method illustrated in Fig. 1 is the most common way of
performing affinity chromatography, it is sometimes
possible to use affinity methods under isocratic condi-
tions. This can be done if a solute’s retention is
sufficiently weak to allow elution on the minute-to-
hour time scale and if the kinetics for its binding and
dissociation are fast enough to allow a large number of
solute—ligand interactions to occur as the analyte trav-
els through the column. This approach is sometimes
called weak-affinity chromatography and is best per-
formed if a solute binds to the ligand with an
association constant that is less than or equal to about
10*-10°M 1 [3,6].

Types of Affinity Ligands

The most important factor in determining the success
of any affinity separation is the type of ligand that is
used within the column. A number of ligands that are
commonly used in affinity chromatography are listed
in Table 1. Most of these ligands are of biological ori-
gin, but a wide range of natural and synthetic mole-

Copyright © 2002 by Marcel Dekker, Inc. All rights reserved.

MaRrceL DEKKER, Inc. ﬂ
270 Madison Avenue, New York, New York 10016 ®

Copyright © Marcel Dekker, Inc. All rights reserved.



Copyright © 2003 by Marcel Dekker, Inc. All rights rese

1]

~ 0
a8
o

Om
2o
ol
B

—g—

o)

A

RegenerateT lWash
» o
< Elute
g ———
o
9 o
o @,
oS0 B
% a%s

—_—
o
~—

Response
—a— Apply
-¢— Regenerate

-ag— Elute
o)
o]

o]
[}

Time (or Volume)

Fig.1 (a) Typical separation scheme and (b) chromatogram
for affinity chromatography. The open circles represent the test
analyte and the squares represent other, nonretained sample
components. [Reproduced with permission from the Clinical
Ligand Assay Society from D. S. Hage, J. Clin. Ligand Assay
20:293 (1998).]

cules of nonbiological origin can also be used. Regard-
less of their origin, all of these ligands can be placed
into one of two categories: high-specificity ligands or
general ligands [2—4].

The term high-specificity ligand refers to a com-
pound which binds to only one or a few closely related
molecules. This type of ligand is used in affinity sys-
tems where the goal is to analyze or purify a specific
solute. Examples include antibodies (for binding anti-
gens), substrates or inhibitors (for separating en-
zymes), and single-stranded nucleic acids (for the re-
tention of a complementary sequence). As this list
suggests, most high-specificity ligands tend to be of bi-
ological origin and often have large association con-
stants for their particular analytes. General, or group-
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specific, ligands are compounds which bind to a family
or class of related molecules. These ligands are used
when the goal is to isolate a class of structurally related
compounds. General ligands can be of either biological
or nonbiological origin and include compounds such as
protein A or protein G, lectins, boronates, triazine
dyes, and immobilized metal chelates. This class of lig-
ands usually exhibits weaker binding for solutes than is
seen with high-specificity ligands; however, some gen-
eral ligands like protein A and protein G do have as-
sociation constants that rival those of high-specificity
ligands [7].

Support Materials

Another important factor to consider in affinity chro-
matography is the material used to hold the ligand
within the column. Ideally, this support should have
low nonspecific binding for sample components, it
should be easy to modify for ligand attachment, and it
should be stable under the flow-rate, pressure, and sol-
vent conditions that will be employed in the analysis or
purification of samples. Depending on what type of
support material is being used, affinity chromatogra-
phy can be characterized as being either a low- or high-
performance technique [4].

In low-performance (or column) affinity chromatog-
raphy, the support is usually a large-diameter, nonrigid

Table1 Common Ligands Used in Affinity Chromatography

Type of ligand Examples of retained compounds

High-Specificity Ligands
Antibodies Various agents (drugs, hormones,
peptides, proteins, viruses, etc.)

Enzyme inhibitors Enzymes
and cofactors

Nucleic acids Complementary nucleic acid

strands and DNA /RNA-binding

proteins
General Ligands

Lectins Small sugars, polysaccharides,
glycoproteins, and glycolipids

Protein A and protein G Intact antibodies and Fc fragments

Boronates Catechols and compounds which
contain sugar residues, such
as polysaccharides and glyco-
proteins

Synthetic dyes Dehydrogenases, kinases and

other proteins
Metal-binding amino acids,
peptides, or proteins

Metal chelates
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material (e.g., a carbohydrate-based gel or one of sev-
eral synthetic organic-based polymers). The low back
pressures that are produced by these supports means
that these materials can often be operated under grav-
ity flow or with a peristaltic pump, making them rela-
tively simple and inexpensive to use for affinity
purifications or in sample pretreatment. Disadvan-
tages of these materials include their slow mass-trans-
fer properties and their limited stabilities at high flow
rates and pressures. These factors tend to limit the di-
rect use of these supports in analytical applications,
where both rapid and efficient separations are usually
desired [2.5].

High-performance affinity chromatography (HPAC)
is characterized by a support which consists of small,
rigid particles capable of withstanding high flow rates
and/or pressures [2-4,8,9]. Examples of affinity sup-
ports that are suitable for work under these conditions
include modified silica or glass, azalactone beads, and
hydroxylated polystyrene media. The stability and
efficiency of these supports allows them to be used
with standard high-performance liquid chromatogra-
phy (HPLC) equipment. Although the need for HPLC
instrumentation does make HPAC more expensive to
perform than low-performance affinity chromatogra-
phy, the better speed and precision of HPAC makes it
the affinity method of choice for many analytical ap-
plications.

Immobilization Methods

A third item to consider in affinity chromatography is
the way in which the ligand is attached to the solid sup-
port, or the immobilization method. For a protein or
peptide, this generally involves coupling the molecule
through free amine, carboxylic acid, or sulfhydryl
residues present in its structure. Immobilization of a
ligand through other functional sites (e.g., aldehyde
groups produced by carbohydrate oxidation) is also
possible. All immobilization methods involve at least
two steps: (a) an activation step, in which the support is
converted to a form which can be chemically attached
to the ligand, and (b) a coupling step, in which the
affinity ligand is attached to the activated support. Oc-
casionally, a third step is necessary to remove remain-
ing activated groups.

The method by which an affinity ligand is immobi-
lized is important because it can affect the actual or ap-
parent activity of the final affinity column. If the correct
procedure is not used, a decrease in ligand activity can
result from multisite attachment, improper orientation,
and/or steric hindrance. Multisite attachment refers to

3

the coupling of a ligand to the support through more
than one functional group, which can lead to distortion
of the ligand’s active region and a loss of activity. This
can be avoided by using a support with a limited num-
ber of activated sites or by using a method that couples
through groups that occur only a few places in the struc-
ture of the ligand. Improper orientation can lead to a
loss in activity by coupling the ligand to the support
through its active region; this can be minimized by cou-
pling through functional groups that are distant from
this region. Steric hindrance refers to the loss of ligand
activity due to the presence of a nearby support or
neighboring ligand molecules that interfere with solute
binding. This effect can be avoided through the use of a
spacer arm or by using supports that contain a relatively
low coverage of the ligand.

Application and Elution Conditions

Two other items that must be considered in affinity
chromatography are the application and elution
buffers. Most application buffers in affinity chromatog-
raphy are solvents that mimic the pH, ionic strength,
and polarity experienced by the solute and ligand in
their natural environment. This gives the solute its
highest association constant for the ligand and, thus, its
highest degree of retention on the column. The appli-
cation buffer should also be chosen so that it minimizes
nonspecific binding due to undesired sample compo-
nents.

Elution conditions in affinity chromatography are
usually chosen so that they promote either the fast or
gentle removal of solute from the column. The two ap-
proaches used for this are nonspecific elution and
biospecific elution, respectively [2]. Biospecific elution
is based on the addition of a competing agent that gen-
tly displaces a solute from the column. This is done by
either adding an agent that competes with the ligand
for solute (i.e., normal-role elution) or that competes
with the solute for ligand-binding sites (i.e., reversed-
role elution). Although it is a gentle method,
biospecific elution does result in long elution times and
broad solute peaks that are difficult to quantitate. Non-
specific elution uses a solvent that directly promotes
weak solute—ligand binding. For instance, this is done
by changing the pH, ionic strength or polarity of the
mobile phase or by adding a denaturing agent or chao-
tropic substance to the elution buffer. Nonspecific elu-
tion tends to be much faster than biospecific elution
and results in sharper peaks with lower limits of detec-
tion. However, care must be exercised in nonspecific
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elution to avoid using a buffer which is too harsh and
causes solute denaturation or a loss of ligand activity.

Types of Affinity Chromatography

There are many types of affinity chromatography
that are in common use. Bioaffinity chromatography
is probably the broadest category and includes any
method that uses a biological molecule as the affinity
ligand. Immunoaffinity chromatography (IAC) is a
special category of bioaffinity chromatography in
which the affinity ligand is an antibody or antibody-
related agent [3,5,8,10]. This creates a highly specific
method that is ideal for use in affinity purification or
in analytical methods that involve complex samples.
Immunoextraction is a subcategory of IAC in which
an affinity column is used to isolate compounds from
a sample prior to analysis by a second method. IAC
can also be used to monitor the elution of analytes
from other columns, giving rise to a scheme known as
postcolumn immunodetection. Another common
type of bioaffinity method is that which uses bacter-
ial cell-wall proteins like protein A or protein G for
antibody purification. In lectin affinity chromatogra-
phy, immobilized lectins like concanavalin A or
wheat germ agglutinin are used for binding to mole-
cules which contain certain sugar residues. Addi-
tional types of bioaffinity chromatography are those
that make use of ligands which are enzymes, in-
hibitors, cofactors, nucleic acids, hormones, or cell
receptors [1-4].

There are also many types of affinity chromatogra-
phy that use ligands which are of a nonbiological origin.
One example is dye-ligand affinity chromatography,
which uses an immobilized synthetic dye that mimics
the active site of a protein or enzyme. This is a popular
tool for enzyme and protein purification. Immobilized
metal-ion affinity chromatography (IMAC) is an affinity
technique in which the ligand is a metal ion which is
complexed with an immobilized chelating agent. This is
used to separate proteins and peptides that contain
amino acids with electron-donor groups. Boronate
affinity chromatography employs boronic acid or a
boronate as the affinity ligand. These ligands are useful
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in binding to compounds which contain cis-diol groups,
such as catecholamines and glycoproteins [1-4].

There are a number of other chromatographic meth-
ods closely related to traditional affinity chromatogra-
phy. For instance, affinity chromatography can be
adapted as a tool for studying solute—ligand interactions.
This application is known as analytical, or quantitative,
affinity chromatography and can be used to acquire in-
formation regarding the equilibrium and rate constants
for biological interactions, as well as the number and
type of binding sites that are involved in these interac-
tions [11]. Other methods that are related to affinity
chromatography include hydrophobic interaction chro-
matography (HIC) and thiophilic adsorption. HIC is
based on the interactions of proteins, peptides, and nu-
cleic acids with short nonpolar chains, such as those that
were originally used as spacer arms on affinity supports.
Thiophilic adsorption, also known as covalent or
chemisorption chromatography, makes use of immobi-
lized thiol groups for solute retention. Applications of
this method include the analysis of sulthydryl-containing
peptides or proteins and mercurated polynucleotides.
Finally, many types of chiral liquid chromatography can
be considered affinity methods because they are based
on binding agents which are of a biological origin. Ex-
amples include columns which use cyclodextrins or im-
mobilized proteins for chiral separations [4].
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Introduction

The separation of the components of complex colloidal
materials is one of the most difficult challenges in sepa-
ration science. Most chromatographic methods fail in
the colloidal size range or, if operable, they perform
poorly in terms of resolution, recovery, and repro-
ducibility. Therefore, it is desirable to examine alter-
nate means that might solve important colloidal sepa-
ration and characterization problems encountered in
working with biological, industrial, environmental, and
geological materials. One of the most important col-
loidal processes that is generally quite difficult to char-
acterize is the aggregation of single particles to form
complexes made up of multiples of the individual parti-
cles. Aggregation is a common phenomenon for both
natural and industrial colloids. The high degree of sta-
bility, which is frequently observed in colloidal systems,
is a kinetic phenomenon in that the rate of aggregation
of such systems may be practically zero. Thus, in stud-
ies of the colloidal state, the kinetics of aggregation are
of paramount importance. Although the kinetics of ag-
gregation can be described easily by a bimolecular
equation, it is not an easy thing to do experimentally.

One technique for doing this is to count the parti-
cles microscopically. In addition to particle size limita-
tion, this is an extraordinarily tedious procedure. Light
scattering can be also used for the kinetic study of ag-
gregation, but experimental turbidities must be inter-
preted in terms of the number and size of the scatter-
ing particles.

In the present work, it is shown that the field-flow
fractionation (FFF) technique can be used with suc-
cess to study the aggregation phenomena of colloids.

The techniques of field-flow fractionation appear to
be well suited to colloid analysis. The special subtech-
nique of sedimentation FFF (SAFFF) is particularly ef-
fective in dealing with colloidal particles in the diame-
ter range from 0.02 to 1 wm, using the normal or
Brownian mode of operation (up to 100 wm using the
steric-hyperlayer mode). As a model sample for the
observation of aggregate particles by SdFFF, of

Encyclopedia of Chromatography
DOI: 10.1081/E-Echr 120004568

poly(methyl methacrylate) was used, whereas for the
kinetic study of aggregation by SAFFF, the hydrox-
yapatite sample [Cas(PO,);OH] consisting of submi-
cron irregularly shaped particles was used. The sta-
bility of hydroxyapatite, which is of paramount
importance in its applications, is dependent on the
total potential energy of interaction between the hy-
droxyapatite particles. The latter, which is the sum
of the attraction potential energy and that of repul-
sion, depends on particle size, the Hamaker con-
stant, the surface potential, and the Debye—Hiickel
reciprocal distance, which is immediately related to
the ionic strength of carrier solution.

Methodology

Field-flow fractionation is a highly promising tool for
the characterization of colloidal materials. It is a dy-
namic separation technique based on differential elu-
tion of the sample constituents by a laminar flow in a
flat, ribbonlike channel according to their sensitivity to
an external field applied in the perpendicular direction
to that of the flow.

The total potential energy of interaction between
two colloidal particles, U,,, is given by the sum of the
energy of interaction of the double layers, U, and the
energy of interaction of the particles themselves due to
van der Waals forces, U,. Consequently,

Ue = Ug + Uy (1)

For identical spherical particles Uz and U, are
defined as follows:

2
Ui = srz% In[1 + exp(—kH)] (kr>=>>1) (2)
2
Ug = et exp(—kH) (kr << 1) (3)
_Aypr
Us=—Dp (4)
1

Copyright © 2002 by Marcel Dekker, Inc. All rights reserved.

MaRrceL DEKKER, Inc. ﬂ
270 Madison Avenue, New York, New York 10016 ®

Copyright © Marcel Dekker, Inc. All rights reserved.



Copyright © 2003 by Marcel Dekker, Inc. All rights rese

2

where € is the dielectric constant of the dispersing liquid,
ris the radius of the particle, Wois the particle’s surface
potential, k is the reciprocal double-layer thickness, R is
the distance of the centers of the two particles, 4212 is
the effective Hamaker constant of two particles of type
2 separated by the medium of type 1, and H is the near-
est distance between the surfaces of the particles.

Equations (2)—(4) show that the total potential en-
ergy of interaction between two colloidal spherical
particles depends on the surface potential of the parti-
cles, the effective Hamaker constant, and the ionic
strength of the suspending medium. It is known that
the addition of an indifferent electrolyte can cause a
colloid to undergo aggregation. Furthermore, for a
particular salt, a fairly sharply defined concentration,
called “critical aggregation concentration” (CAC), is
needed to induce aggregation.

The following equation gives the rate of diffusion-
controlled aggregation, U of spherical particles in a
disperse system as a result of collisions in the absence
of any energy barrier to aggregate:

u = 7kl‘N% (5)

where & is the second-order rate constant for diffu-
sion-controlled rapid aggregation and Mo is the initial
number of particles per unit volume.

In the presence of an energy barrier to aggregate,
the rate of aggregation, U is

u; = —k,Ng (6)

where K is the rate constant of slow aggregation in the
presence of an energy barrier.

The stability ratio, w, of a dispersion is defined as
the ratio of the rate constants for aggregation in the
absence, k-, and the presence, ks, of an energy barrier,
respectively:

ks (™)

The aggregation process is described by the bimol-
ecular kinetic equation

Kool

1 1 N
N, Ny (8)
where Niis the total number of particles per unit volume
at time % and Kapp is the apparent rate constant for the ag-
gregation process. The measurement of the independ-
ent kinetic units per unit volume, N, at different times %

can give the rate constant for the aggregation process.
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Considering that dy, and 9x, are the measured num-
ber-average diameters of the particles at times ¢ = 0 and
I, respectively, Eq. (8), for polydisperse samples, gives

d]3\l, = d13\70 + d?V‘]NOkappti (9)

Equati(%n (9) shows that from the slope of the linear plot
of the 4N, versus i the apparent rate constant Kipp can be
determined, as the No values can be found from the ratio
of the total volume of the injected sample to the volume
of the particle, which can be determined from the diam-
eter calculated from the intercept of the above plot.

Applications

The observation of a series of peaks (Fig. 1) while an-
alyzing samples of poly(methyl methacrylate)
(PMMA) colloidal latex spheres by SAFFF suggests
that part of the latex population has aggregated into
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Fig.1 Sedimentation field-flow fractionation fractogram of
0.207-pm poly(methyl methacrylate) aggregate series from
which six cuts were collected and analyzed by electron mi-
croscopy. Experimental conditions: field strength of 61.6 g and
flow rate of 0.84 mL /min. [Reproduced with permission from
H. K. Jones et. al. (1988) J. Chromatogr. 455: 1; Copyright
Elsevier Science Publishers B. V.]
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doublets, triplets, and higher-order particle clusters.
The particle diameter of the latex spheres was given as
0.207 um. The aggregation hypothesis is confirmed by
retention calculations and by electron microscopy. For
this purpose, narrow fractions or cuts were collected
from the first five peaks as shown in Fig. 1. A fraction
was also collected for the peak which appeared after
the field was turned off. The individual fractions were
subjected to electron microscopy and as expected, cut
No. 1 yielded singlets, cut No. 2 yielded doublets, cut
No. 3 yielded triplets, cut No. 4 yielded quads, cut
No. 5 yielded quints, and the cut after the field was
turned off yielded clusters from six individual particles.

Sedimentation field-flow fractionation was used
also for the kinetic study of hydroxyapatite (HAP)
particles’ aggregation in the presence of various elec-
trolytes to determine the rate constants for the bimol-
ecular process of aggregation and to investigate the
possible aggregation mechanisms describing the ex-
perimental data. The HAP sample contained polydis-
perse, irregular colloidal particles with number-aver-
age diameter dx = 0.262 + 0.046 pm.

The number-average diameter, dn, for the HAP
particles increases with the electrolyte KNO; concen-
tration until the critical aggregation concentration is
reached, where the dv value remains approximately
constant. The starting point of the maximum 4w corre-
sponds to the electrolyte concentration called CAC.
The last value, which depends on the electrolyte used,
was found to be 1.27 x 10"2M for the %lectrolyte KNO;.

According to Eq. (9), the plot of 4N, versus 4 at vari-
ous electrolyte concentrations determines the apparent
rate constant Kipps of the HAP particles’ aggregation.
The found Kapp value for the aggregation of the HAP
particles in the presence of 1 x 107°M KNOs js 2.5 x

107" cm?¥s. It is possible to make a calculation which
shows whether the value of Xapp is determined by the
rate at which two HAP particles can diffuse up to each
other (diffusion control) or whether the rate of reaction
is limited by other slower processes. The rate constant
for the bimolecular collision (k;) of the HAP particles,
can be calculated by the Stokes—Einstein equation:

8kT
ki =—— N cm/s (10)

where 7 is the viscosity of the medium. The calculated
value of k1=1.1 x 10" cm¥/s is about 10 orders of mag-
nitude greater than the value of Kapp actually measured.
So, the aggregation rates are slower than those ex-
pected if the process was simply diffusion controlled

3

when electrostatic repulsion is absent. The latter indi-
cates that the minimal mechanism for the aggregation
process of the HAP particles would be

Particle . Particle i) Intermediate % Stable
1 2 ‘ k., complex aggregate
(11)

where k-1 is the rate constant for the dissociation of
the intermediate aggregate and k2 is the rate constant
for the process representing the rate-determining step
in the aggregation reaction. Because Kapp» describing
the overall process, is smaller than the calculated ki
value, there must be rapid equilibration of the individ-
ual particles and their intermediate complexes fol-
lowed by the slower step of irreversible aggregation.
The stability factor, w, of HAP’s particles found to be
4.4 x 10° is too high, indicating that the particles are
very stable, even in the presence of significant quantity
of the electrolyte KNO;.

As a general conclusion, the FFF method can be
used with success to study the aggregation process of
colloidal materials.

Future Developments

Looking to the future, it is reasonable to expect con-
tinuous efforts to improve the theoretical predictions
and more experimental work to investigate the aggre-
gation phenomena of natural and industrial colloids.
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INTRODUCTION

Various liquid chromatographic techniques offer a unique
possibility for the separation and quantitative determina-
tion of a large variety of organic, metalloorganic, and
inorganic compounds with highly similar molecular
structures. These methods are indispensable in medical
practice and research, pharmaceutical chemistry, food
science and technology, environmental pollution control,
legislation procedures, etc. The rapid development of the
theory of the retention processes in chromatography have
made it obvious that the efficient separation of various
compounds (selection of the best separation method,
support and mobile phase, and any other parameter in-
fluencing the efficacy) requires a profound knowledge
of the impact of molecular characteristics of solutes,
stationary and mobile phases, and their interplay at the
molecular level on retention. The expert application of
such knowledge will highly facilitate the rational design
of optimal separation methods. As the chemistry and
physicochemistry of the surface of the support deter-
mines the retention characteristics of stationary phases,
physical methods such as nuclear magnetic resonance
(NMR), Fourier transform infrared (FTIR), etc., have
been frequently used to study the stationary phases in
liquid chromatography.

The overwhelming majority of liquid chromatographic
separations are carried out in silica or in silica-based,
reversed-phase (mainly octadecylsilica, ODS) stationary
phases. Although the retention characteristics of silica and
surface-modified silica supports are excellent, and they
can be used for the successful separation of a wide variety
of solutes, they also have some drawbacks. Thus, the
acidic character of the free silanol groups exert a con-
siderable impact on the retention behavior of both silica
and silica-based supports; basic solutes are more strongly
bonded onto the silica surface than neutral or acidic
substances, resulting in unpredictable retention behavior.
Moreover, silica and silica derivatives are not stable at
alkaline pHs, making the separation of strongly basic
compounds difficult. The objectives of the newest devel-
opments in liquid chromatography are the development
and practical application of more stable supports than

Encyclopedia of Chromatography
DOI: 10.1081/E-ECHR 120014245
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silica and modified silicas, with different separation capa-
cities (alumina, zirconia, titania, mixed oxides, and their
modified derivatives, porous graphitized carbon, various
polymer supports, etc.). Although these new supports
show excellent separation characteristics, they are not
well known, not frequently used, and the molecular basis
of retention has not been elucidated in detail.

The objectives of this article are the enumeration and
critical evaluation of the recent results obtained in the
assessment of the relationship between the physico-
chemical characteristics and retention behavior of a wide
variety of solutes on alumina stationary phases and the
elucidation of the efficacy of various multivariate
mathematical —statistical methods for the quantitative
description of such relationships.

ALUMINA

Alumina offers another alternative to silica because of its
inherent higher pH stability. However, in contrast to its
extensive use as a medium in column chromatography for
purification purposes, or for separations in the normal-
phase mode, there are still relatively few reports concern-
ing alumina-based materials in the reversed-phase mode.

The chromatographic aspects of the surface characte-
ristics of alumina stationary phases have not been studied
as profoundly as zirconia supports; however, the presence
of hydroxyl and oxide ions on the surface has been
reported.!!

Crystalline alumina may exist in various forms; the
t-form is generally used in chromatography. Alumina
strongly adsorbs water molecules, as depicted in Fig. 1.
The two different hydroxyl groups show acidic or alkaline
properties, resulting in amphoteric characteristics and ion
exchange behavior of the alumina surface, as demon-
strated in Fig. 2.! It has been further shown that the
simultaneous interaction of pH, the composition of buffer
and that of the mobile phase modifier governs the
retention on alumina surfaces in ion exchange chromato-
graphy.** The good separation characteristics of alu-
mina stationary phase were exploited, not only in the ion-
exchange mode, but also in the adsorption (direct phase)

—
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Fig.1 Chemisorption of water on bare alumina. (From Ref. [2].)

chromatographic mode. Alumina supports have been
frequently used in thin-layer chromatography (TLC),
and the separation of inorganic and organometallic solutes
on alumina layers was reviewed.””! Nonionic surfactants
(a-(1,1,3,3-tetramethylbutyl)phenyl ethylene oxide oligo-
mers) were also separated on alumina layers using n-
hexane mixed with ethyl acetate, dioxane, and tetrahy-
drofurane (THF), and the data were evaluated by spectral
mapping technique. Surfactants were separated according
to the number of ethylene oxide groups in the molecule;
surfactants with longer ethylene oxide chain were eluted
later. This finding indicates that the polar ethylene oxide
units turn toward the stationary phase and that they are
bonded to the adsorption sites on the alumina surface.
Calculations proved that the solvent strength of THF was
the highest, followed by dioxane and ethyl acetate. The
selectivity of ethyl acetate differed considerably from the
selectivities of THF and dioxane.'’ Other nonionic sur-
factants (nonylphenyl”! and tetrabutylphenyl™! ethylene-
oxide oligomers) were successfully separated on an alu-
mina high-performance liquid chromatography (HPLC)
column using n-hexane-ethyl acetate mixtures as mobile
phases. Significant linear correlations were found be-
tween the molecular parameters of the solutes and their
retention characteristics:

logkl = 3.61 + (0.37 £0.03)n.

0.9911 (1)

b

354+ (1.1840.03)n,  r = 09991  (2)

where kg is the capacity factor of nonylphenyl ethylene-
oxide oligomer surfactants, extrapolated to zero concen-
tration of ethyl acetate in the mobile phase; b is the slope
value of the linear relationship between the log &’ values
of surfactants and the concentration of ethyl acetate in the
eluent + standard deviation; and n. is the number of
ethylene oxide groups per molecule.

logkl = 3.41+4 (0.36 +0.01)n, + (0.13 =+ 0.03)PI
= 217.65 (3)
b = 3.56+ (0.78 £ 0.07)n. + (0.52 +0.13)PI

= 64.65 (4)
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where PI characterizes the position of the butyl sub-
stituents, other symbols are the same as in Eqgs. 1 and 2.

The data entirely support the previous conclusions
concerning the retention mechanism of surfactants on
alumina. Moreover, Eqgs. 3 and 4 indicate that alumina is
an excellent support for the separation of tetrabutylphenyl
ethylene oxide oligomers according to the number of
ethylene oxide groups and the position of the alkyl sub-
stituents in one run. The efficiency of alumina support for
the separation of positional isomers was also established
with HPLC-mass spectrometry (HPLC-MS)."!

MODIFIED ALUMINA

Polymers have also been used for the coating of alu-
mina. Thus, maleic acid adsorbed onto the alumina
surface was, in situ, polymerized with 1-octadecene and
cross-linked with 1,4-divinylbenzene.”0] It was assumed
that the polymer forms a monolayer on the alumina,
forming a reversed-phase surface. This assumption was
substantiated by results showing that the retention order
of model compounds was the same as on an ODS
column. The lower separation capacity of the new sta-
tionary phase was tentatively explained by the lower
surface porosity of alumina. Principal component analy-
sis was employed for the elucidation of the relationship

(———-Al—
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alumina 101

/ H——-O
——Al\———OH A

)
/ NaOH

@
NaOH
\.o——H \ o _\Al__

101

basic
alumina ®

Na — -0

Fig. 2 Surface behavior of alumina in basic and acidic media,
respectively. (From Ref. [2].)
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between the retention behavior of nonhomologous series
of solutes on polybutadiene (PBD)-coated alumina and
their physicochemical parameters.!''! Calculations re-
vealed significant relationships between the capacity
factor extrapolated to pure water (ky) and the physico-
chemical parameters:

logk,, = 0.052 + 0.208(log P) (5)
n=21; s=0.279; r=0.9711; F=314

logkl, = 1.618 4 0.089bonrefr 2.505delta (6)

n=21; s=0.500; r=0.9090; F=42.8

1.272 + 0.089bonrefr 2.648delta 0.598ind
(7

n=21; s=0.394; r=0.9476; F =49.8 where log P is the
hydrophobicity, ‘‘bondrefr’’ is the molecular refractivity,
““/delta’’ is the submolecular polarity parameter, ‘‘ind”’
indicator variable (0 for heterocyclics and 1 for benzene
derivatives). Calculations indicated that PBD-coated alu-
mina behaves as an RP stationary phase, the bulkiness
and the polarity of the solute significantly influencing
the retention. The separation efficiency of PBD-coated
alumina was compared with those of other stationary
phases for the analysis of Catharanthus alkaloids. It was
established that the pH of the mobile phase, the con-
centration and type of the organic modifier, and the
presence of salt simultaneously influence the retention.
In this special case, the efficiency of PBD-coated alumina
was inferior to that of ODS."'?! The retention charac-
teristics of polyethylene-coated alumina (PE-Alu) have
been studied in detail using various nonionic surfactants
as model compounds."¥ It was found that PE-Alu be-
haves as an RP stationary phase and separates the sur-
factants according to the character of the hydrophobic
moiety. The relationship between the physicochemical
descriptors of 25 aromatic solutes and their retention
on PE-coated silica (PE-Si) and PE-Alu was elucida-
ted by stepwise regression analysis.!'¥

logkl, =

10g kg a = 0.144(+£0.092) 4 0.9325(40.0505)
x log kpg_g; (8)

n=25, r=0968; s=0.333; F = 340

log kg ay = 1.474(£0.376) + 0.5976(+0.2990)R,
+0.9162(£0.3025)750.8279(+0.2624)
x> B +3.206(+£0.304)V, 9)

n=24; r=0.958; s=0.397; F=53

3
log k{,E_S]— = 1.670(£0.373)0.9167(£0.2120)=;
+ 3.842(40.267)V, (10)
n=24; r=0.956; s=0.398
log k{,EfAlu = 2.122(40.549)2.068(+0.798) dnax
+0.3283(+0.0897)u
+ 0.00940(£0.00111)V,q (11)
n=25; r=0.926; s=0.525; F=42
log k{)E—Si = 2.401(£0.456)2.424(£0.662)0 max
+0.2821(40.0746)u
+ 0.01057(:i:0.00092)Vaq (12)

n=25; r=0.953; s=0.436; F=69 where u is the total
dipole moment, J,,, is the maximum electron excess
charge (electron deficiency) on an atom in the solute
molecule, V,q is the solvent (water) accessible molecular
volume. Calculations proved that both stationary phases
behave as RP supports, with the retention strength of PE-Si
being higher. The retention can be successfully related to
the molecular parameters included in the calculations.

The differences observed may be attributed to free
silanol groups on the silica surface not covered by the
polyethylene coating.

Various synthetic methods were developed for the
covalent binding of hydrophobic ligands to the surface of
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Fig. 3 Two-dimensional nonlinear selectivity map of reversed-
phase HPLC columns. Number of iterations: 377. Maximum
error: 2.1 x 10 7 3. (A) C; silica; (B) C, silica; (C) Cg silica; (D)
Cg silica; (E) Cyg silica; (F) polyethylene coated silica; (G) poly-
ethylene-coated alumina; (H) C,g alumina. (From Ref. [19].)
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alumina.l'>'®! These methods generally resulted in real
RP stationary phases with higher pH stability than the
silica-based stationary phase. The retention of 33 com-
mercial pesticides was determined on OD alumina, ODS,
and on alumina support."'”! Stepwise regression analysis
proved that the retention of pesticides on OD alumina
does not significantly depend on the lipophilicity of pes-
ticides determined on a silica-based RP support. This
discrepancy was tentatively explained by the different
binding characteristics of the adsorption centers on the
surfaces of silica and alumina not covered by the hydro-
phobic ligand. Using another set of solutes, the similar-
ities of the retention order on both OD alumina and ODS
was observed.'®!

The spectral mapping technique, combined with
cluster analysis and nonlinear mapping, was used for the
comparison of the retention behaviors of RP silica and
RP alumina columns using tributylphenol ethylene oxide
oligomers as model compounds.''*) The columns included
in the experiments were C;, C,, Cg, Cg, and C,5 silica, Pe-
Si, alumina, and C,g alumina. The retention strengths of
RP-HPLC columns showed considerable variations, the
strongest and the weakest being C,g silica and PE-Si,
respectively. The retention strength of alkyl-modified
silicas depended linearly on the carbon load. The two-
dimensional selectivity map and the cluster dendogram
of the column selectivities are depicted in Figs. 3 and 4,
respectively. From the results, it is clear that both the
strength and the selectivity of retention show high varia-
tions. C;, PE-Si, and PE-Alu exhibited similar reten-
tion selectivity.

This result may be attributed to the fact that poly-
ethylene chains lie parallel to the surface of the support,
with the end groups being anchored to the polar ad-
sorption centers. According to this model, only the sur-
face of the polyethylene coating pointing toward the
mobile phase is available to the solutes in the mobile

F
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x A ~E
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)
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Fig. 4 Cluster dendogram of RP-HPLC columns. For symbols,
see Fig. 3. (From Ref. [19].)
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phase. This apolar polymeric layer is similar in thickness
to the C; coating but differs markedly from the longer
alkyl chains that are more or less immersed in the mobile
phase and are providing more CH, groups for the binding
of apolar solutes. The conclusions drawn from the two-
dimensional nonlinear mapping and cluster analysis are
similar, suggesting that both methods can be used for the
reduction of the dimensionality of a multidimensional
spectral map.

CONCLUSIONS

The development of new nonsilica-based stationary
phases was mainly motivated by the poor stability of
silica and modified silicas at extreme pH values. It was
shown that alumina supports can be used successfully for
the solution of a wide variety of analytical problems
concerning the separation of natural products, pharma-
ceuticals, and xenobiotics at any mobile phase pH.
Moreover, alumina shows different retention character-
istics than silica (i.e., it shows higher separation capacity
for positional isomers). The data may facilitate not only
the solution of various practical separation problems in
liquid chromatography, but will also promote a better
understanding of the underlying physicochemical princi-
ples governing retention.
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Introduction

Amino acid analysis (AAA) is a classic analytical tech-
nique that characterizes proteins and peptides based
on the composition of their constituent amino acids. It
provides qualitative identification and is essential for
the accurate quantification of proteinaceous materials.

Amino acid analysis is widely applied in research,
clinical facilities, and industry. It is a fundamental tech-
nique in biotechnology, used to determine the concen-
tration of peptide solutions, to confirm protein binding
in antibody conjugates, and for end-terminal analysis
following enzymatic digestion. Clinical applications in-
clude diagnosing metabolic disorders in newborns. In
industry, it is used for quality control of products rang-
ing from animal feed to infant formula.

The analysis of a polypeptide typically involves four
steps: hydrolysis (or deproteination with physiological
samples), separation, derivatization, and detection.
Hydrolysis breaks the peptide bonds and releases free
amino acids, which are then separated by side group
using column chromatography. Derivatization with a
chromogenic reagent enhances the separation and
spectral properties of the amino acids and is required
for sensitive detection. A data processing system com-
pares the resulting chromatogram, based on peak area
or peak height, to a calibrated standard (see Fig. 1a).
The results, expressed as mole percent and microgram
of residue per sample, determine the percent composi-
tion of each amino acid as well as the total amount of
protein in the sample. Unknown proteins may be
identified by comparing their amino acid composition
with those in protein databases. Successful
identification of unknown proteins may be achieved
using Internet search programs.

Other techniques, such as capillary electrophoresis
and [matric-assisted laser desorption ionization] mass
spectrometry, provide qualitative analyses, often with
greater speed and sensitivity. Nevertheless, AAA by
high-performance liquid chromatography (HPLC)
complements other structural analysis techniques,
such as peptide sequencing, and remains indispensable
for quantifying proteinaceous materials.

Encyclopedia of Chromatography
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Peptide Hydrolysis

Conventional hydrolysis exposes the polypeptide to
6M HCI acid under vacuum at 110°C for 20-24 h [1,2].
Protective agents, such as 0.1% phenol, are added to
improve recovery. Gas-phase hydrolysis, in which the
acid is delivered as a vapor, gives comparable results to
the liquid phase. Additionally, the gas phase minimizes
acid contaminants and allows parallel hydrolysis of
standards and samples within the same chamber.

Acid hydrolysis yields 16 of the 20 coded amino
acids; tryptophan is destroyed, cysteine recovery is un-
reliable, and asparagine and glutamine are converted
to aspartic acid and glutamic acid, respectively. Fur-
thermore, some side groups, such as the hydroxyl in
serine, promote the breakdown of the residue,
whereas aliphatic amino acids, protected by stearic
hindrance, require longer hydrolysis time. This varia-
tion in yield can be overcome by hydrolyzing samples
for 24, 48, and 72 h and extrapolating the results to
zero time point.

The reaction rate doubles with every 10°C increase,
so that hydrolysis at 145°C for 4 h gives results compa-
rable to the conventional method. Microwave hydroly-
sis reduces analysis time to 30 —45 min. Alternative hy-
drolysis agents include sulfonic acid, which often gives
better recovery but is nonvolatile, and alkaline hydrol-
ysis, used in the analysis of tryptophan, proteoglycans,
and proteolipids.

Careful sample preparation and handling during
the hydrolysis step are critical for maintaining accurate
and reproducible results. Salts, metal ions, and other
buffer components remaining in a sample may acceler-
ate hydrolysis, producing unreliable quantification.
The Maillard reaction between amino acids and carbo-
hydrates results in colored condensation products
(humin) and decreased yield. Routine method calibra-
tion with proteins and amino acid standards, use of an
internal standard (1 nmol norleucine is used for sensi-
tive analysis), and control blanks are strongly recom-
mended, along with steps to minimize background
contaminants (see Fig. 1b). The practical limit for
high-sensitivity hydrolysis is 10-50 ng of sample; be-
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Fig.1 (a) 200 pmol of PTC-amino acid standard, including phosphoserine (PH-S), aspartate (N), glutamate (D), phosphothreonine
(PH-T), hydroxyproline (OH-P), galactosamine (Gal), serine (S), glycine (G), histidine (H), arginine (R), threonine (T), alanine (A),
proline (P), tyrosine (Y), valine (V), methionine (M), cysteine (C), isoleucine (I), leucine (L), norleucine (NLE, 1 nmol internal stan-
dard), phenylalanine (F), excess reagent (Re), and lysine (K). (b) Analysis of a human fingerprint, taken up from watchglass using a
mixture of water and ethanol. (Courtesy of National Gallery of Art and the Andrew W. Mellon Foundation.)

low this amount, background contaminants begin to
play a larger role.

Derivatizing Reagents for Analysis
of Amino Acids by HPLC

The first automated analyzer was developed by Moore,
Stein, Spackman, and Hamilton in the 1950s. Hy-
drolysates were separated on an ion-exchange column,
followed by postcolumn reaction with ninhydrin. Al-
though this system remains the standard method, its
major drawback is low sensitivity. Several methods
have since been developed offering high sensitivity and
faster analyses without sacrificing reproducibility
[1-4].

Amino acids react with many reagents to form sta-
ble derivatives and strong chromophores (see Table 1).
Derivatization can precede (precolumn) or follow (in-
line postcolumn) the chromatographic separation.
Both precolumn and postcolumn systems are currently
employed: ninhydrin and PITC analyzers are widely
used, whereas AQC, OPA and OPA-FMOC systems
provide the highest sensitivity.

Postcolumn systems typically use cation-exchange
columns with either sodium citrate (for hydrolysates)

ﬂ MARCEL DEKKER, INC.
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or lithium citrate (for physiological samples) as mobile
phases. Contaminating salts and detergents are better
tolerated because the samples are “cleaned up” before
reaction with the reagent. The additional reagent
pump, however, may lead to sample dilution, peak
broadening, baseline fluctuations, and longer analysis
time (30-90 min). Fluorescent reagents are compati-
ble with a wider range of buffers, but the buffers must
be amine-free if used with postcolumn methods.

Since the 1980s, precolumn derivatization methods
have gained wider acceptance due to simpler prepara-
tion, faster analyses, and better resolution. The sepa-
ration on reversed-phase C-8 or C-18 columns typi-
cally requires low-ultraviolet (UV) mobile phases,
such as sodium phosphate or sodium acetate buffers,
with acetonitrile or methanol as organic solvents. Sep-
aration times range from 15 to 50 min.

Improved Recovery of Sensitive Amino Acids

Cysteine and tryptophan require special treatment for
quantitative analysis [5]. Cystine/cysteine can be deter-
mined using three equally successful methods: oxida-
tion, alkylation, and disulfide exchange. Oxidation to
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Table1 Amino Acid Derivatization Reagents
Detection Separation
Reagent Chromophore limit time Drawbacks Advantages
AQC (6-aminoquinolyl-N- Fluorescent (ex. 245 nm, 160 fmol 35-50 min Quaternary gradient Tolerates salts and
hydroxysuccinimidyl em. 395 nm); precolumn elution required detergents, rapid
carbamate) UV 245 nm for complex, non- reaction, stable
hydrolysate samples product, good re-
agent separation,
high sensitivity
and accuracy
Dabsyl chloride (4-N,N- Visible 436 nm Low fmol 18-44 min Multiple products, criti-  Stable product, good
dimethylaminoazobenzene- precolumn cal concentration separation, high
4'-sulfonyl chloride) sensitivity
Dansyl chloride (5,N,N- Fluorescent (ex. 360— Low pmol 60—-90 min Multiple products, criti- Stable product
dimethylaminonaphthalene- 385 nm, em. 460— precolumn cal concentration,
1-sulfonyl chloride) 495 nm); UV 254 nm difficult separation
leads to long separa-
tion time
Fluorescamine (4-phenyl- Fluorescent (ex. 390 nm, 20-100 pmol 30-90 min Secondary amine pre- Rapid reaction,
spiro[furan-2(3H), em. 475 nm) postcolumn treatment, critical stable product,
1’-phthalan]-3,3’-dione) concentration, may good reagent
give background separation
interference
FMOC (9- Fluorescent (ex. 265 nm, 1 pmol 20-45 min Multiple products, ex-  Stable product, used
fluorenylmethylchloro- em. 320 nm); precolumn traction of excess with OPA for de-
formate) UV 265 nm reagent tection of second-
ary amine
Ninhydrin (triketohydrindene  Primary amine (440 nm), 100 pmol 30 min post-  Low sensitivity and Good reproducibility
hydrate) secondary amine column resolution
(570 nm)
OPA (ortho-phthalaldehyde)  Fluorescent (ex. 340 nm, 50 fmol 90 min post-  Secondary amine pre- Good reagent sepa-
em. 455 nm) column, treatment, slow re- ration, high sensi-
17-35 pre- action, unstable de- tivity and repro-
column rivative, background ducibility with
interference automated system
PITC (phenylisothiocyanate) ~ UV 254 nm 1 pmol 15-27 min Salt interference, re- Ease of use, flexibil-
precolumn quires refrigeration, ity, good separa-

excess reagent
removed under
vacuum

tion, reproducibil-
ity enhanced with
automation

Source: Refs. 1 and 2.

cysteic acid is commonly carried out by pretreatment
with performic acid. Alkylation using pretreatment
with  4-vinylpyridine or iodoacetate produces
piridylethylcysteine (PEC) and carboxymethylcysteine
(CMC), respectively. Disulfide exchange is achieved by
adding reagents such as dithiodipropionic acid,
dithiodiglycolic acid, or dimethylsulfoxide (DMSO) to
the HCl acid during hydrolysis. The latter treatment of-
fers both ease of use as well as accurate yields.

The superior approach to tryptophan analysis in-
volves the addition of dodecanethiol to HCI acid, es-

pecially when combined with automatic vapor-phase
hydrolysis. Alternative hydrolysis agents such as
methane sulfonic acid, mercaptoethanesulfonic acid,
or thioglycolic acid can produce 90% or greater yields.
Acid hydrolysis additives and alkaline hydrolysis using
4.2M NaOH are also used with varying results.
Qualitative analysis of glycopeptides and phospho-
amino acids is achieved through a separate, partial hy-
drolysis with 6N HCI acid at 110°C for 1 and 1.5 h, re-
spectively. Separation of cysteine, tryptophan, and
amino sugars requires minimal chromatographic ad-
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justments; phosphoamino acid separation is straight-
forward using the reversed phase, but it is cumbersome
using ion exchange.

Analysis of Free and Modified Amino Acids

Blood, urine, cerebrospinal, and other physiological
fluids contain a great number of posttranslationally
modified amino acids (approximately 170 have been
studied to date) and in a wider range of concentrations
than protein hydrolysates [6]. Additionally, plant
sources produce about 500 nonprotein amino acids
and, in geological samples, highly unusual amino acids
may indicate extraterrestrial origin [7, 8].

Although the free amino acids in these samples do
not require hydrolysis, blood plasma and -cere-
brospinal fluid must be deproteinated before analysis.
Proteins may bind irreversibly to ion-exchange
columns, resulting in loss of resolution. Furthermore,
any peptide hydrolases must be inactivated. For ion-
exchange analysates, a protein precipitant is added be-
fore centrifugation. Sulfosalicylic acid, a common pre-
cipitating agent, is added in solid form to avoid sample
dilution. For reversed-phase analysates, ultrafiltration,
size-exclusion chromatography, or organic solvent ex-
traction is recommended. Samples with low protein
and high amino acid concentrations, such as urine and
amniotic fluid, need only to be diluted before analysis.

Precolumn derivatives are more tolerant to lipid-
rich samples. Changing the guard-column routinely is
recommended to avoid column buildup, especially for
reversed-phase systems.

Amino Acid Racemization Analysis

Racemization, the interconversion of amino acid enan-
tiomers, occurs slowly in biological and geological sys-
tems. Although the L-form is the most prevalent, D-
amino acids are found in fossils and living organisms.
The rate increases with extreme pH values, high tem-
perature, and high ionic strength. Rates also vary
among amino acids: at 25°C, the racemization half-life
of serine is about 400 years, whereas that of isoleucine
is 40,000. Enantiomer analysis is used to confirm the
bioactivity of synthetic peptides and for geological dat-
ing [1,3,8].

Hydrolysis itself accelerates racemization. Shorter
acid exposure at higher temperatures, such as 160°C
for 1 h, decreases racemization by about 50% com-
pared to conventional hydrolysis. Liquid-phase
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methanesulfonic acid, conventional, and microwave
hydrolysis produce progressively higher rates of
racemization. Addition of phenol, however,
significantly reduces racemization during microwave
hydrolysis [1].

The three general approaches to enantiomer sepa-
ration entail a chiral stationary phase, a chiral mobile
phase, or a chiral reagent. Tandem columns, with re-
versed and chiral stationary phases, were used to sepa-
rate 18 D-L pairs of PTC-amino acids in 150 min.
OPA-amino acid enantiomers have been separated on
both ion-exchange and reversed-phase columns using a
sodium acetate buffer with a L-proline—cupric acetate
additive. Chiral reagents, such as Marphey’ reagent
and OPA/IBLC (N-isobutiril-L cysteine), were suc-
cessfully used for racemization analysis within 80 min.
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Introduction

Amino acids are derivatives of the carboxylic acids in
which a hydrogen atom in the side chain (usually on
the alpha carbon) has been replaced by an amino
group and, therefore, they are amphoteric.

In weak acid solution (about pH 5 6.0) the carboxyl
group of a neutral amino acid (one amino group and
one carboxyl group) is dissociated, and the amino
group binds a proton to give a dipolar ion (zwitterion).
The pH at which the concentration of the dipolar ion is
a maximum is called the isoelectric point (pI) of that
amino acid. The isoelectric point of an amino acid is
calculated from the relationship

1
pl = E(PKl + pK>)

where PKi and PK: refer to the dissociation of carboxyl
group and protonated amino group, respectively.

Amino acids constitute the basic units of all pro-
teins. The number of a-amino acids obtained from var-
ious proteins is about 40, but only 20 are present in all
proteins in varying amounts.

Thin-layer chromatography (TLC) is one of the
most promising separation methods for such com-
pounds that are not amenable to gas chromatographic
analysis.

Preparation of Test Solutions

Amino acids should be as free from impurities as pos-
sible because they also exhibit a pronounced capacity
for binding metal ions. The analysis of amino acids in
natural fluids or extracts requires the removal of inter-
fering compounds prior to chromatographic separa-
tion, in order to prevent tailing and deformation of the
spots (i.e., in urine samples and hydrolizates of pro-
teins or peptides, high salt concentrations occur). Salts
can be conveniently removed by passing the sample
through a cation-exchange resin column.
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Enrichment of amino acids in urine can be per-
formed by extracting the lyophilized sample (10 mL)
with TmL methanol-1M HCI mixture (4:1 v/v) and
applying an aliquot of supernatant liquid to the plate af-
ter centrifugation.

Chromatographic Technigues
for Amino Acid Separation

Untreated Amino Acids

Standard solutions of amino acids have been prepared
in aqueous—alcoholic solvents (e.g., 70% ethanol),
with the addition of hydrochloric acid (0.1M) for the
dissolution of relatively insoluble amino acids (i.e., ty-
rosine and cystine). Detection is generally performed
with a ninhydrin reagent. After color development
with the ninhydrin reagent, the treatment of the layer
with a complex-forming cation (e.g., Cu", Cd", Ni''2
changes the blue color to red and increases colorfast-
ness considerably. More specific coloration of amino
acids can be achieved by adding bases such as collidine
and cyclohexylamine to the detecting agent solution.

Amino acids have been separated on layers of a
wide variety of inorganic and organic adsorbents, ion
exchangers, and impregnated plates. The two most
commonly used adsorbents are silica gel and cellulose.

Separation on Silica Gel and Cellulose Layers

It is interesting to note that by using neutral eluents
such as ethanol or n-propanol-water, the acidic
amino acids (Glu, Asp) travel much faster on silica
gel than basic amino acids (Lys, Arg, His), which, in-
deed, show very small Rf values. The difference is
likely due to cation exchange between the proto-
nated amino groups of basic amino acids (two or
more amino groups and one carboxyl group) and the
acidic groups present on silica gel. The strong reten-
tion observed for these compounds when eluting
with acidic solvents (see Table 1) confirms such a
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Table 1 AR, Values of the 20 Common Amino Acids in Different Experimental

Conditions (Ascending Technique)

Micro- Fixion Silanized
Silica crystalline 50-X8 silica gel

Amino acid gel G cellulose (Na*)  +4% HDBS

and symbol (A) (B) (©) (D) pl

Glycine (Gly) 18 15 56 83 6.0
Alanine (Ala) 22 29 51 74 6.0
Serine (Ser) 18 16 67 85 5.7
Threonine (Thr) 20 21 67 83 6.5
Leucine (Leu) 44 64 22 26 6.0
Isoleucine (Ile) 43 60 28 31 6.1
Valine (Val) 32 48 43 54 6.0
Methionine (Met) 35 23 28 42 5.8
Cysteine (Cys) 7 3 56 — 5.0
Proline (Pro) 14 34 — 63 6.3
Phenylanine (Phe) 43 55 14 21 55
Tyrosine (Tyr) 41 36 12 45 5.7
Tryptophan (Trp) 47 36 2 13 5.9
Aspartic acid (Asp) 17 15 72 86 3.0
Asparagine (Asn) 14 — — 85 5.4
Glutamic acid (Glu) 24 27 35 83 32
Glutamine (Gln) 15 — — — 5.7
Arginine (Arg) 6 11 2 28 10.8
Histidine (His) 5 7 11 40 7.6
Lysine (Lys) 3 7 8 47 9.8

Note: Eluents: A = n-butanol-acetic acid—water (80 +20 +20 v/v/v); B = 2-butanol—acetic acid—
water (3:1:1 v/v/v); C = 84 gcitric acid + 16 g NaOH + 5.8 g NaCl + 54 g ethylene glycol + 4 mL
conc. HCI (pH = 3.3); D = 0.5M HCI + 1M CH;COOH in 30% methanol (pH = 0.7).

hypothesis. A similar phenomenon is also observed
on cellulose plates and might be due to the cellulose
carboxyl groups.

Furthermore, it is seen that a hydroxyl group in the
molecule does not necessarily reduce the R, value as the
chromatographic behavior of serine with respect to gly-
cine on both layers of silica gel and cellulose shows (see
Table 1). Some of the numerous eluents that have been
used for the separation of amino acids on silica gel are
acetone—water—acetic acid—formic acid (50:15:12:3),
ethylacetate—pyridine—acetic acid—water (30:20:6:11),
96% ethanol-water—diethylamine (70:29:1), chloro-
form—formic acid (20:1), chloroform—methanol (9:1),
isopropanol-5% ammonia (7:3), and phenol-0.06M
borate buffer pH 9.30 (9:1). On cellulose plates, ethyl-
acetate—pyridine—acetic acid-water (5:5:1:3), n-bu-
tanol-acetic acid—water (4:1:1 and 10:3:9), n-butanol-
acetone—ammonia—water (20:20:4:1), collidine—n-bu-
tanol-acetone—water (2:10:10:5), phenol-methanol-
water (7:10:3), ethanol-acetic acid-water (2:1:2),
and cyclohexanol-acetone—diethylamine—water

MARCEL DEKKER, INC.
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(10:5:2:5), have also been used as eluents. Separation
efficiency can be increased by two-dimensional (TD)
chromatography. Several solvent systems are suit-
able for TD separations and the combination of
chloroform—-methanol-17% ammonium hydroxide
(40+40+20 v/v/v) and phenol-water (75 g+25 g) will
separate all protein amino acids, except leucine and
isoleucine, on silica plates.

Separation on lon Exchangers and Impregnated Plates

Cellulose ion exchangers (e.g., diethylaminoethyl cel-
lulose) and ion-exchange resins have been widely used
as stationary phases for TLC separation of untreated
amino acids.

Fixion 50-X8 commercial plates, which contain
Dowex 50-X8 type resin, have been tested on both Na*
and H* forms for 30 amino acids and the results ob-
tained for the 20 common protein amino acids are re-
ported in Table 1. The isomer pair leucine and
isoleucine is well separated by this method. In addi-
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tion, the hydroxyl group notably increases the X val-
ues owing to the hydrophobic properties of the resin
and the pairs serine and glycine, and threonine and
alanine can be resolved.

Many studies have been recently focused on im-
pregnated plates. The methods used for impregnation
depend on whether the plates are home-made or com-
mercially available. In the first case, the impregnation
reagent is usually added to a slurry of the adsorbent,
whereas ready-to-use plates are dipped in the solution
of the reagent.

The resolution of amino acids has been reported
by using different metal ions as impregnating agents
at various concentrations. On silica gel impregnated
with Ni(II) salts, the results indicate a predominant
role of partitioning phenomenon when eluting with
acidic aqueous and nonaqueous solutions (e.g., n-bu-
tanol-acetic acid—water and n-butanol-acetic acid—
chloroform in the 3:1:1 v/v/v ratio). The impregna-
tion of silanized silica gel with 4% dodecylbenzen-
sulfonic acid (HDBS) solution on both home-made
and ready-to-use plates is particularly useful in re-
solving amino acids [1,2]. The parameters affecting
the retention of amino acids on these layers are type
of adsorbent, concentration and properties of the
impregnating agent, percentage and kind of organic
modifier, pH, and ionic strength of the eluent.

The data of Table 1 show that complete resolution
of basic amino acids (Arg, His, Lys) and of neutral
amino acids which differ in their side-chain carbon
atom number (e.g., Gly, Ala, Met, Val, Leu, or Ile)
are possible on home-made plates of silanized silica
gel (C,) impregnated with a 4% solution of dodecyl-
benzensulfonic acid in 95% ethanol. More compact
spots can be obtained on RP-18 ready-to-use plates
dipped in the same solution of the surfactant agent.

Resolution of Amino Acid Derivatives

The identification of N-terminal amino acids in pep-
tides and proteins is of considerable practical impor-
tance because it constitutes an essential step in the
process of sequential analysis of peptide structures.

Many N-amino acid derivatives have been proposed
to this purpose and the most commonly studied by TLC
are 2,4-dinitrophenyl (DNP)- and 5-dimethylamino-1-
naphthalene-sulfonyl (Dansyl,Dns)-amino acids, and
3-phenyl-2-thiohydantoins (PTH-amino acids).

Recently, 4-(dimethylamino)azobenzene-4'-isoth-
iocyanate (DABITC) derivatives of amino acids have
been also investigated.

DNP-Amino Acids

The dinitrophenylation of amino acids, peptides, and
proteins and their separation by one-dimensional and
two-dimensional TLC have been reviewed by Rosmus
and Deyl [3]. DNP-amino acids are divided into those
which are ether extractable and those which remain in
the aqueous phase.

Water-soluble a-DNP-Arg, o-DNP-His, e-DNP-
Lys, bis-DNP-His, O-DNP-Tyr, DNP-cysteic acid
(CySO;H), and DNP-cystine (Cys), have been
identified on silica gel plates in the n-propanol-34%
ammonia (7:3 v/v) system. Although separation of
DNP-Arg and e-DNP-Lys is incomplete (R, values of
0.43 and 0.44, respectively), both of them can be de-
tected because of the color difference produced in
the ninhydrin reaction.

Ether-soluble DNP-amino acids have been investi-
gated by one-dimensional and TD chromatography.
This last technique offers the possibility of almost com-
plete separation of the two groups of derivatives.

The yellow color of DNP-amino acids deepens upon
exposure to ammonia vapor and it is sufficiently in-
tense that 0.1 pg can be visualized. The detection limit
is lower (about 0.02 pg) under ultraviolet (UV) light
(360 nm with dried plates and 254 nm with wet ones),
but it increases for TD chromatography (about 0.5 p.g).
At present, the applications of DNP-amino acids are
limited.

PTH-Amino Acids

The formation of PTH-amino acids by the Edman
degradation [4] of peptides and proteins or by succes-
sive modifications of the method constitutes the most
commonly used technique for the study of the struc-
ture of biologically active polypeptides today.
Identification of PTH-amino acids in mixtures may be
successfully achieved by TLC. Quantitative determi-
nation is based on UV absorption (detection limit
0.1 pgat 270 nm). An alternative is offered by the chlo-
rine/tolidine test, which is very useful because the min-
imal amount required for detection is about 0.5 pg.
Using one-dimensional chromatography on alu-
mina, polyamide, and silica gel, difficulties are encoun-
tered in resolving Leu/Ile and Glu/Asp pairs as well as
other combinations of PTH-amino acids (e.g.,
Phe/Val/Met/Thr). The most common solvents used
on polyamide plates are n-heptane—n-butanol-acetic
acid  (40:30:9), toluene—n-pentane—acetic acid
(60:30:35), ethylene chloride—acetic acid (90:16), and
ethylacetate—n-butanol—acetic acid (35:10:1), and
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those onsilica gel are n-heptane—methylene chloride—
propionic acid (45:25:30), xylene—methanol (80:10),
chloroform—ethanol (98:2), chloroform—ethanol-
methanol (89.25:0.75:10), chloroform-n-butylacetate
(90:10), diisopropil ether—ethanol (95:5), methylene
chloride—ethanol—acetic acid (90:8:2), n-hexane—n-
butanol (29:1); n-hexane—n-butylacetate (4:1), pyri-
dine—benzene (2.5:20), methanol-carbon tetrachlo-
ride (1:20), and acetone—methylene dichloride (0.3:8).
The complete resolution of specific mixtures is possi-
ble with TD chromatography by the use of certain sol-
vent systems given above.

The characteristic colors of PTH-amino acids, fol-
lowing ninhydrin spray and the colored spots observed
under UV light on polyamide plates containing
fluorescent additives, are very useful in identifying
those amino acids that have nearly identical Ry values.

Thin-layer chromatography of PTH-amino acids
has been reviewed by Rosmus and Deyl [3].

Dns-Amino Acids

Dansylation reaction in bicarbonate buffer (pH = 9.5)
is widely used for identification of N-terminal amino
acids in proteins and it is the most sensitive method for
quantitative determination of amino acids because
dansyl derivatives are fluorescent under an UV lamp
(254 nm).

Much research has been focused on silica gel and
polyamide plates, using both one-dimensional and TD
chromatography.

No solvent system resolves all the Dns-amino acids
by one-dimensional chromatography and, also, TD
chromatography requires more than two runs for a
complete resolution. The most common used eluents
on polyamide layers are benzene-—acetic acid (9:1),
toluene—acetic acid (9:1), toluene—ethanol-acetic
acid (17:1:2), water—formic acid (200:3), water—
ethanol-ammonium hydroxide (17:2:1 and 14:15:1),
ethylacetate—ethanol-ammonium hydroxide
(20:5:1), n-heptane—n-butanol-acetic acid (3:3:1),
chlorobenzene—acetic acid (9:1), and ethylacetate—
acetic acid—methanol (20:1:1).

A widely employed chromatographic system is
based on polyamide plates eluted with water—formic
acid (200:3 v/v) in the first direction and benzene—
acetic acid (9:1 v/v) in the second direction.

A third run in 1M ammonia—ethanol (1:1, v/v) or
ethylacetate—acetic acid—methanol (20:1:1, v/v/v) re-
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solves especially basic Dns-amino acids or Glu/Asp
and Thr/Ser pairs, respectively.

DABTH-Amino Acids

These derivatives are obtained in basic medium by the
reaction of DABITC with the primary amino group of
N-terminal amino acids in peptides. The color differ-
ence between DABITC (or its degradation products)
and DABTH-amino acids facilitates identification on
TLC. These derivatives are colored compounds and,
because of their stability and sensitivity, are usually
used for qualitative and quantitative analyses of amino
compounds such as amino acids and amines.

All DABTH-amino acids except the Leu/Ile pair
can be separated by TD chromatography on layers of
polyamide, with water—acetic acid (2:1, v/v) and
toluene-n-hexane—acetic acid (2:1:1, v/v/v) as sol-
vents 1 and 2, respectively.

Resolution of the DABTH-Leu/DABTH-Ile pair
on polyamide is possible with formic acid—ethanol
(10:9, v/v) and on silica plates using chloroform-
ethanol (100:3, v/v), as eluent.

Cbo- and BOC-Amino Acids

Carbobenzoxy (Cbo) and fert-butyloxycarbonyl
(BOC) amino acids are very useful in the synthesis of
peptides and, consequently, their separation from each
other and from unreacted components used in their
preparation is very important.

For this separation, various mixtures of n-butanol—
acetic acid—-5%ammonium hydroxide and of n-bu-
tanol—acetic acid—pyridine with or without the addi-
tion of water were used on silica gel.

The BOC-amino acids give a negative nihydrin test;
however, if the plates are heated at 130°C for 25 min
and immediately sprayed with a 0.25% solution of nin-
hydrin in butanol, a positive test is obtained.

Resolution of Enantiomeric Amino
Acids and Their Derivatives

Amino acids are optically active, and the separation of
the enantiomeric pairs is an important task. The topic
is discussed in the article Enantiomeric Separations by
TLC.
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Introduction

Amino acids, peptides, and proteins are analyzed by a
variety of modes of capillary electrophoresis (CE)
which employ the same instrumentation, but are dif-
ferent in the mechanism of separation. A fundamental
aspect of each mode of CE is the composition of the
electrolyte solution. Depending on the specific mode
of CE, the electrolyte solution can consist of either a
continuous or a discontinuous system. In continuous
systems, the composition of the electrolyte solution is
constant along the capillary tube, whereas in discon-
tinuous systems, it is varied along the migration path.

Capillary zone electrophoresis (CZE), micellar cap-
illary electrokinetic chromatography (MECC), capil-
lary gel electrophoresis (CGE), and affinity capillary
electrophoresis (ACE) are CE modes using continu-
ous electrolyte solution systems. In CZE, the velocity
of migration is proportional to the electrophoretic mo-
bilities of the analytes, which depends on their effec-
tive charge-to-hydrodynamic radius ratios. CZE ap-
pears to be the simplest and, probably, the most
commonly employed mode of CE for the separation of
amino acids, peptides, and proteins. Nevertheless, the
molecular complexity of peptides and proteins and the
multifunctional character of amino acids require par-
ticular attention in selecting the capillary tube and the
composition of the electrolyte solution employed for
the separations of these analytes by CZE.

Discussion

The various functional groups of amino acids, peptides,
and proteins can interact with a variety of active sites
on the inner surface of fused-silica capillaries, giving
rise to peak broadening and asymmetry, irrepro-
ducible migration times, low mass recovery, and, in
some cases, irreversible adsorption. The detrimental
effects of these undesirable interactions are usually
more challenging in analyzing proteins than peptides
or amino acids, owing to the generally more complex
molecular structures of the larger polypeptides. One of
the earliest, and still more adopted, strategy to pre-
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clude the interactions of peptides and proteins with the
wall of bare fused-silica capillaries is the chemical coat-
ing of the inner surface of the capillary tube with neu-
tral hydrophilic moieties [1]. The chemical coating has
the effect of deactivating the silanol groups by either
converting them to inert hydrophilic moieties or by
shielding all the active interacting groups on the capil-
lary wall. A variety of alkylsilane, carbohydrate, and
neutral polymers can be covalently bonded to the silica
capillary wall by silane derivatization [2]. Polyacry-
lamide (PA), poly(ethylene glycol) (PEG), poly(ethyl-
ene oxide) (PEO), and polyvinylpyrrolidone (PVP)
can be successfully anchored onto the capillary surface
treated with several different silanes, including 3-
(methacryloxy)-propyltrimethoxysilane, 3-glyci-
doxypropyltrimethoxysilane, trimethoxyallylsilane,
and chlorodimethyloctylsilane. Alternatively, a poly-
mer can be adsorbed onto the capillary wall and then
cross-linked in situ. Other procedures are based on si-
multaneous coupling and cross-linking. Alternative
materials to fused silica such as polytetrafluorethylene
(Teflon) and poly(methyl methyacrylate) (PMMA)
hollow fibers has found limited application.

The deactivation of the silanol groups can also be
achieved by the dynamic coating of the inner wall by
flushing the capillary tube with a solution containing a
coating agent. A number of neutral or charged poly-
mers with the property of being strongly adsorbed at
the interface between the capillary wall and the elec-
trolyte solution are employed for the dynamic coating
of bare fused-silica capillaries. Modified cellulose and
other linear or branched neutral polymers may adsorb
at the interface between the capillary wall and the elec-
trolyte solution with the main consequence of increas-
ing the local viscosity in the electric double layer and
masking the silanol groups and other active sites on the
capillary surface. This results in lowering or suppress-
ing the electro-osmotic flow and in reducing the inter-
actions with the capillary wall.

Polymeric polyamines are also strongly adsorbed in
the compact region of the electric double layer as a
combination of multisite electrostatic and hydrophobic
interactions. The adsorption results in masking the
silanol groups and the other adsorption active sites on

1
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the capillary wall and in altering the electroosmotic
flow, which is lowered and, in most cases, reversed from
cathodic to anodic. One of the most widely employed
polyamine coating agents is polybrene (or hexa-
dimetrine bromide), a linear hydrophobic polyquater-
nary amine polymer of the ionene type [3]. Alternative
choices are polydimethyldiallylammonium chloride,
another linear polyquaternary amine polymer, and
polyethylenimine (PEI). Very promising is the efficient
dynamic coating obtained with ethylenediamine-de-
rivatized spherical polystyrene nanoparticles of 50-100
nm diameter, which can be successively converted to a
more hydrophilic diol coating by in situ derivatization
of the free amino groups with 2,3-epoxy-1-propanol [4].

In most cases, the electrolyte solution employed in
CZE consists of a buffer in aqueous media. Although
all buffers can maintain the pH of the electrolyte solu-
tion constant and can serve as background elec-
trolytes, they are not equally meritorious in CZE. The
chemical nature of the buffer system can be responsi-
ble for poor efficiency, asymmetric peaks, and other
untoward phenomena arising from the interactions of
its components with the sample. In addition, the com-
position of the electrolyte solution can strongly
influence sample solubility and detection, native con-
formation, molecular aggregation, electrophoretic
mobility, and electro-osmotic flow. Consequently, se-
lecting the proper composition of the electrolyte solu-
tion is of paramount importance in optimizing the sep-
aration of amino acids, peptides, and proteins in CZE.
The proper selection of a buffer requires evaluating
the physical-chemical properties of all components of
the buffer system, including buffering capacity, con-
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ductivity, and compatibility with the detection system
and with the sample.

Nonbuffering additives are currently incorporated
into the electrolyte solution to enhance solubility,
break aggregation, modulate selectivity, improve reso-
lution, and allow detection, which is particularly chal-
lenging for amino acids and short peptides. In addi-
tion, a large number of amino compounds, including
monovalent amines, amino sugars, diaminoalkanes,
polyamines, and short-chain alkylammonio quater-
nary salts are successfully employed as additives for
the electrolyte solution to aid in minimizing interac-
tions of peptides and proteins with the capillary wall in
bare fused-silica capillaries. Other additives effective
at preventing the interactions of proteins, peptides,
and amino acids with the capillary wall include neutral
polymers, zwitterions, and a variety of ionic and non-
ionic surfactants [5]. Less effective at preventing these
untoward interactions are strategies using electrolyte
solutions at extreme pH values, whether acidic, to sup-
press the silanol dissociation, or alkaline, to have both
the analytes and the capillary wall negatively charged.

Selectivity in CZE is based on differences in the elec-
trophoretic mobilities of the analytes, which depends on
their effective charge-to-hydrodynamic radius ratios.
This implies that selectivity is strongly affected by the pH
of the electrolyte solution and by any interaction of the
analyte with the components of the electrolyte solution
which may affect its charge and/or hydrodynamic radius.

Additives can improve selectivity by interacting spe-
cifically, or to different extents, with the components of
the sample. Most of the additives employed in amino
acid, peptide, and protein CZE are amino modifiers,
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Fig.1 Detection of microheterogeneity of albumin chicken egg by capillary zone electrophoresis. Capillary, bare fused-silica (50 pm
X 37 cm, 30 cm to the detector); electrolyte solution, 25 mM Tris-glycine buffer containing 0.5% (v/v) Tween-20 and 2.0 mM putres-

cine; applied voltage, 20 kV; UV detection at the cathodic end.
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Fig.2 Separation of impurities from a sample of synthetic human calcitonin for therapeutic use by CZE. Capillary, bare fused-silica
(50 pm X 37 cm, 30 cm to the detector); electrolyte solution, 40 mM N,N,N’,N'-tetramethyl-1,3-butanediamine (TMBD)), titrated to
pH 6.5 with phosphoric acid; applied voltage, 15 kV; UV detection at the cathodic end.

zwitterions, anionic or cationic ion-pairing agents, in-
clusion complexants (only for amino acids and short
peptides), organic solvents, and denaturing agents.
The capability of several compounds to ion-pair
with amino acids, peptides, and proteins is the basis for
their selection as effective additives for modulating the
selectivities of these analytes in CZE [5]. Selective ion-
pair formation is expected to enlarge differences in the
effective charge-to-hydrodynamic radius ratio of these
analytes, leading to enhanced differences in their
electrophoretic mobilities, which determine improved
selectivity. Several diaminoalkanes, including 1,4-di-
aminobutane (putrescine), 1,5-diaminopentane (ca-
daverine), 1,3-diaminopropane, and N,N,N',N’'-
tetramethyl-1,3-butanediamine (TMBD) can be
successfully employed as additives for modulating the
selectivity of peptides and proteins (see Figs. 1 and 2).
Moreover, several anions, such as phosphate, citrate,
and borate, which are components of the buffer solu-
tions employed as the background electrolyte, may
also act as ion-pairing agents influencing the electro-
phoretic mobilities of amino acids, peptides, and pro-
teins and, hence, selectivity and resolution. Other
cationic ion-pairing agents include the ionic polymers
polydimethyldiallylammonium chloride and poly-
brene, whereas myoinositol hexakis-(dihydrogen
phosphate), commonly known as phytic acid, is an in-
teresting example of a polyanionic ion-pairing agent.
Surfactants have been investigated extensively in
CE for the separation of both charged and neutral
molecules using a technique based on the partitioning
of the analyte molecules between the hydrophobic mi-
celles formed by the surfactant and the electrolyte so-
lution, which is termed micellar electrokinetic capil-

lary chromatography (MECC or MEKC). This tech-
nique is widely used for the analysis of a variety of pep-
tides and amino acids [6], but it is less popular for pro-
tein analysis [7]. The limited applications of MECC to
protein analysis may be attributed to several factors,
including the strong interactions between the hy-
drophobic moieties on the protein molecules and the
micelles, the inability of large proteins to penetrate
into the micelles, and the binding of the monomeric
surfactant to the proteins. The result is that, even
though the surfactant concentration in the electrolyte
solution exceeds the critical micelle concentration, the
protein—surfactant complexes are likely to be not sub-
jected to partitioning in the micelles, as do amino
acids, peptides, and other smaller molecules.
However, surfactants incorporated into the elec-
trolyte solution at concentrations below their critical
micelle concentration (CMC) may act as hydrophobic
selectors to modulate the electrophoretic selectivity of
hydrophobic peptides and proteins. The binding of
ionic or zwitterionic surfactant molecules to peptides
and proteins alters both the hydrodynamic (Stokes) ra-
dius and the effective charges of these analytes. This
causes a variation in the electrophoretic mobility,
which is directly proportional to the effective charge
and inversely proportional to the Stokes radius. Varia-
tions of the charge-to-hydrodynamic radius ratios are
also induced by the binding of nonionic surfactants to
peptide or protein molecules. The binding of the sur-
factant molecules to peptides and proteins may vary
with the surfactant species and its concentration, and it
is influenced by the experimental conditions such as
pH, ionic strength, and temperature of the electrolyte
solution. Surfactants may bind to samples, either to the
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same extent [e.g., protein—sodium dodecyl sulfate
(SDS) complexes], or to a different degree, which can
enlarge differences in the electrophoretic mobilities of
the separands.

In CGE, the separation is based on a size-depend-
ent mechanism similar to that operating in polyacry-
lamide gel electrophoresis (PAGE), employing as the
sieving matrix either entangled polymer solutions or
gel-filled capillaries [8]. This CE mode is particularly
suitable for analyzing protein complexes with SDS.
The separation mechanism is based on the assumption
that fully denatured proteins hydrophobically bind a
constant amount of SDS (1.4 g of SDS per 1 g of pro-
tein), resulting in complexes of approximately con-
stant charge-to-mass ratios and, consequently, identi-
cal electrophoretic mobilities. Therefore, in a sieving
medium, protein—SDS complexes migrate proportion-
ally to their effective molecular radii and, thus, to the
protein molecular weight. Consequently, SDS-CGE
can be used to estimate the apparent molecular masses
of proteins, using calibration procedures similar to
those employed in SDS-PAGE.

Continuous electrolyte solution systems are also
employed in ACE [9], where the separation depends
on the biospecific interaction between the analyte of
interest and a specific selector or ligand. The molecules
with bioaffinity for the analyte (the selector or ligand)
can be incorporated into the electrolyte solution or can
be immobilized, either to an insoluble polymer filled
into the capillary or to a portion of the capillary wall.
ACE is a useful and sensitive tool for measuring the
binding constant of ligands to proteins and character-
izing molecular properties of peptides and proteins by
analyzing Dbiospecific interactions. Examples of
biospecific interactions currently investigated by ACE
include molecular recognition between proteins or
peptides and low-molecular-mass receptors, antigen—
antibody complexes, lectin—sugar interactions, and
enzyme—substrate complexes. ACE is also employed
for the chiral separation of amino acids using a protein
as the chiral selector.

Enantiomeric separations of amino acids and short
peptides are performed using either a direct or the in-
direct approach [10]. The indirect approach employs
chiral reagents for diasteromer formation and their
subsequent separation by various modes of CE. The
direct approach uses a variety of chiral selectors that
are incorporated into the electrolyte solution. Chiral
selectors are optically pure compounds bearing at least
one functional group with a chiral center (usually rep-
resented by an asymmetric carbon atom) which allows
sterically selective interactions with the two enan-
tiomers. Among others, cyclodextrins (CDs) are the
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most widely chiral selectors used as additives in chiral
CE. These are cyclic polysaccharides built up from D-
(+)-glucopyranose units linked by «-(1,4) bonds,
whose structure is similar to a truncated cone. Substi-
tution of the hydroxyl groups of the CDs results in new
chiral selectors which exhibit improved solubility in
aqueous solutions and different chiral selectivity.
Other chiral selectors include crown ethers, chiral di-
carboxylic acids, macrocyclic antibiotics, chiral cal-
ixarenes, ligand-exchange complexes, and natural and
semisynthetic linear polysaccharides. Chiral selectors
are also commonly employed in combination with
ionic and nonionic surfactants for enantiomeric sepa-
rations of amino acids and peptides by MECC.

In discontinuous systems, the composition of the
electrolyte solution is varied along the migration path
with the purpose of changing one or more parameters
responsible for the electrophoretic mobilities of the
analytes. The discontinuous electrolyte solution sys-
tems employed in capillary isoelectric focusing (CIEF)
have the function of generating a pH gradient inside
the capillary tube in order to separate peptides and
proteins according to their isoelectric points [11]. Each
analyte migrates inside the capillary until it reaches the
zone with the local pH value corresponding to its iso-
electric point, where it stops moving as a result of the
neutralized charge and consequent annihilated elec-
trophoretic mobility. CIEF is successfully employed
for the resolution of isoenzymes, to measure the iso-
electric point (pl) of peptides and proteins, for the
analysis of recombinant protein formulation, hemo-
globins, human serum, and plasma proteins. Discon-
tinuous electrolyte solution systems are also employed
in capillary isotachophoresis (CITP), where the ana-
lytes migrate as discrete zones with an identical veloc-
ity between a leading and a terminating electrolyte so-
lution having different electrophoretic mobilities.
CITP finds large applications as an on-line preconcen-
tration technique prior to CZE, MECC, and CGE. It
is also employed for the analysis of serum and plasma
proteins and amino acids [12].

The majority of amino acids and short peptides have
no, or only negligible, UV absorbance. Detection of
these analytes often requires chemical derivatization
using reagents bearing UV or fluorescence chro-
mophores. High detection sensitivity, reaching the atto-
molar (10?") mass detection limit can be obtained us-
ing fluorescence labeling procedures in combination
with laser-induced fluorescence detection [13]. A vari-
ety of fluorescence and UV labeling reagents are cur-
rently employed, including o-phthaldehyde (OPA),
fluorescein isothiocyanate (FITC), 1-dimethylaminon-
aphthalene-5-sulfonyl chloride (dansyl chloride), 4-
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phenylspiro[furan-2(3H)-1'phthalene (fluorescamine),
and naphthalene dicarboxaldehyde (NDA). However,
derivatization may reduce the charge-to-hydrodynamic
radius ratio differences between analytes, making sep-
arations difficult to achieve. In addition, precolumn de-
rivatization is not suitable for large peptides and pro-
teins, due to the formation of multilabeled products.
These problems can be overcome using postcolumn de-
rivatization procedures.

Another, very attractive alternative is indirect UV
detection [14]. This indirect detection procedure
makes use of a UV-absorbing compound (or
“probe”), having the same charge as the analytes, that
is incorporated into the electrolyte solution. Displace-
ment of the probe by the migrating analyte generates
a region where the concentration of the UV-absorb-
ing species is less than that in the bulk electrolyte so-
lution, causing a variation in the detector signal. In the
indirect UV detection technique, the composition of
the electrolyte solution is of critical importance, be-
cause it dictates separation performance and detec-
tion sensitivity.

Probes currently employed in the indirect UV de-
tection of amino acids include p-aminosalicylic acid,
benzoic acid, phthalic acid, sodium chromate, 4-(N,N’-
dimethylamino)benzoic acid, 1,2,4,-benzenetricar-
boxylic acid (trimellitic acid), 1,2,4,5-benzenetetracar-
boxylic acid (pyromellitic acid), and quinine sulfate.
Several of these probes are employed in combination
with metal cations and cationic surfactants, which are
incorporated into the electrolyte solution as modifiers
of the electro-osmotic flow.

Coupling mass spectrometry (MS) to capillary elec-
trophoresis provides detection and identification of
amino acids, peptides, and proteins based on the accu-
rate determination of their molecular masses [15]. The
most critical part of coupling MS to CE is the interface
technique employed to transfer the sample compo-
nents from the CE capillary column into the vacuum of
the MS. Electrospray ionization (ESI) is the dominant
interface which allows a direct coupling under atmos-
pheric pressure conditions. Another distinguishing
features of this “soft” ionization technique when ap-
plied to the analysis of peptides and proteins is the gen-
eration of a series of multiple charged, intact ions.

5

These ions are represented in the mass spectrum as a
sequence of peaks, the ion of each peak differing by
one unit of charge from those of adjacent neighbors in
the sequence. The molecular mass is obtained by com-
putation of the measured mass-to-charge ratios for the
protonated proteins using a “deconvolution algo-
rithm” that transforms the multiplicity of mass-to-
charge ratio signals into a single peak on a real mass
scale. Obtaining multiple charged ions is actually ad-
vantageous, as it allows the analysis of proteins up to
100-150 kDa using mass spectrometers with an upper
mass limit of 1500-4000 amu.

Concentration detection limits in CE-MS with the
ESI interface are similar to those with UV detection.
Sample sensitivity can be improved by using ion-trap-
ping or time-of-flight (TOF) mass spectrometers. MS
analysis can also be performed off-line, after appropri-
ate sample collection, using plasma desorption—mass
spectrometry (PD-MS) or matrix-assisted laser des-
orption—mass spectrometry (MALDI-MS).
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Introduction

Alcoholic beverages have been consumed by a
significant range of worldwide population since the be-
ginning of civilization until the present time. There-
fore, there should be a great interest on consumption
of beverages quality and, consequently, the usage of a
suitable analytical technique to verify and control this
desirable quality.

Alcoholic beverages are classified, in a general way,
in fermented beverages (such as beer, wine, sake, etc.)
and distilled ones (vodka, whisky, aguardente, tequila,
cognac, liquors, etc.). The main volatile substances
present in most alcoholic beverages belongs to the fol-
lowing chemical classes: alcohols (including ethanol,
methanol, isobutanol, 3-methyl butan-2-ol, etc.), esters
(such as ethyl acetate, methyl acetate, ethyl isobu-
tyrate, isoamyl acetate, etc.), aldehydes (propanal,
isobutanal, acetal, furfural, etc.), acids (acetic acid,
propionic acid, butyric acid, etc.) and ketones (ace-
tone, diacetyl, etc.).

Some of the substances are of greater concern than
the others due to its relative quantities or to its flavored
characteristic [1]. As an example, ethanol is the major
compound in the group of alcohols being responsible
for the formation of various other substances, such as
acetaldehyde, resulting from ethanol oxidation, and it
is the most abundant of the carbonylic compounds in
distilled beverages. For the same reason, acetic acid is
the major compound within its group, the carboxylic
acids.

Fusel alcohols (e.g., 1-propanol and 3-methyl bu-
tan-2-ol) as well as ethanol are also important sub-
stances in the alcohols group contributing to the flavor
of distilled beverages because their odor is very dis-
tinctive and characteristic. There is an enormous vari-
ety of substances in small concentrations belonging to
the esters group. Even so, ethyl acetate corresponds to
more than 50% of the esters within this group.

These compounds are responsible to important
characteristics as smell and taste, in which the large
fraction of these substances originates from fermenta-
tion or during beverages storage [1].
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Because gas chromatography (GC) is an analytical
technique in which separation and identification of
volatile compounds occurs, it might be considered the
best technique for this kind of sample [2].

Analysis by Gas Chromatography

Analysis of alcoholic beverages by gas chromatogra-
phy have as their main objectives to investigate flavor-
ing compounds and contaminants which might be in-
tentional or occasional. Whereas the former ones (the
flavors) are analyzed to control their favorable charac-
teristics to the beverage, the adulterants have to be
controlled due to their deleterious contribution. Adul-
teration includes the addition of certain compounds to
enhance a desirable flavor. Because these compounds
are usually added as a racemic mixture, their presence
can be verified using a suitable chiral column for enan-
tiomer separation [3]. On the other hand, occasional
contaminants are substances originating in small quan-
tities during beverage production and might be car-
cinogenic. The main source might be raw materials like
grape, sugar cane, and so forth contaminated with pes-
ticides [4] or as a result of the fermentation process it-
self [5,6].

Comments in each major part of the GC instrumen-
tation as used for beverage analysis are presented.

Sample Introduction

Distilled Beverages

Generally, samples are injected in the chromato-
graphic system without any dilution or pretreatment
step, using the split mode (i.e., with sample division),
which is suitable for the analysis of the major com-
pounds in beverages. When the objective of analysis
is the determination of compounds present in small
quantities (pg/L), some extraction and/or concen-
tration step is necessary, followed by the sample in-
jection in the splitless mode (without sample divi-
sion). This last sample introduction mode is usually
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combined with extraction techniques such as liquid—
liquid extraction (LLE), solid-phase extraction
(SPE) [4], and solid-phase microextraction (SPME)
[7.8].

Fermented Beverages

Sample introduction is basically the same compared to
the distilled one. Nevertheless, in many complex sam-
ples (i.e., some kind of wines), it is not advisable to in-
ject them into the chromatograph without a pretreat-
ment step.

Recently, SPME has provided many improvements
as the cleanup step of complex samples, particularly
for the analysis of volatile compounds by headspace
techniques [8]. SPME is a solventless extraction and
concentration technique which has advantages as a
simple and economic technique that reduces health
hazards and environmental issues.

Columns

Until 1960, all commercial chromatographic columns
were packed in wide-bore tubing and separations had
low resolution and low efficiency, taking a long time for
a run to be completed. Since then, there have been
significant improvements with the introduction of wall-
coated open tubular (WCOT) columns, whose inner
diameter was smaller than the packed ones are coated
with a thin film of the liquid phase [9].

When capillary fused-silica columns arose, a large
number of separations of complex samples have ob-
tained success as a result of the higher number of
plates (about 30 times over the packed columns in
average).

Despite the efficient separations, it has been no-
ticed that some low-boiling compounds of alcoholic
beverages coeluted because of the use of a polar sta-
tionary phase. This column separates mainly based
on the boiling temperatures of chemical substances,
but separation becomes very difficult if there are
some compounds with similar boiling temperatures.
A polar stationary phase like poly(ethylene glycol)
(PEG) is a better choice for this sort of problem be-
cause these separations are based on compound
structures. In all cases, cross-linked or immobilized
phases are recommended because they are more ther-
molabile and also resistant to most solvents. This is
particularly important when splitless injection is used
in combination with PEG-type phases because other-
wise a severe column bleeding might be observed af-
ter ~220°C.
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Detection Systems

The flame ionization detector (FID) is one of the most
commonly used detectors in beverage analysis by GC,
as it is suitable to most groups of compounds investi-
gated in alcoholic beverages [9]. This occurs because al-
most all compounds of interest in such samples are able
to burn in the flame, forming ions and producing a po-
tential difference measured by a collector electrode.
In trace analysis of contaminant substances, one can
use specific detectors for certain compounds, such as a
nitrogen—phosphorus detector (NPD), thus gaining
detection ability for nitrogenated and phosphorylated
compounds; the electron-capture detector (ECD)
shows excellent performance for chlorinated sub-
stances and the flame photometric detector (FPD) is
the most widely used for sulfur-containing compounds.
Gas chromatography-mass spectrometry (GC-
MS) combination has become one of the most impor-
tant coupling in analytical chemistry used for the
confirmation of results obtained by other detectors
[9]. This technique is based on the fragmentation of
the molecules that arrives into the detector. Ion for-
mation occurs and they are separated by the
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Fig.1 Gas chromatographic analysis of white wine sample

by fused-silica column poly(ethylene glycol) type (15.00 m X
0.53 mm X 1.00 wm). Chromatographic conditions: carrier gas:
hydrogen (3.6 mL/min); column temperature: 40°C (4 min) —
8°C/min - 270°C; injector port temperature: 250°C; detector
temperature: 300°C. Identity of the selected peaks: (1) acetalde-
hyde, (2) acetone, (3) ethyl acetate, (4) ethanol, (5) ethanol,
(6) propanol, (7) isoamyl acetate, (8) n-butanol, (9) heptanone,
(10) isoamyl alcohol, (11) acetic acid, (12) propionic acid,

(13) isobutyric acid, (14) 2,3 butanediol, (15) 1,2 propanediol,
(16) butyric acid, (17) isovaleric acid, (18) valeric acid.
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mass/charge ratio (m/z) generally detected by a elec-
tron multiplier. Quantitative analysis can be realized
through the single-ion monitoring (SIM) mode, where
some characteristic ions are selected and monitored
increasing the detection sensibility and selectivity. An-
other qualitative technique, gas chromatography—
sniffing [10] is very much used for flavor analysis, de-
spite discordance among researchers. In this case, the
volatile substances from a extract are separated by
GC, and as they leave the equipment through a spe-
cially designed orifice, a trained analyst is able to
smell some of the substances and tentatively identify
them.

More than 500 compounds have been found in con-
centrated flavor extracts in distilled beverages [1]. For
this reason, there is an obvious necessity to find and
optimize analytical techniques capable of investigating
and to keep trading control of the alcoholic beverages.
Among them, gas chromatography has been far from
any other preferred tool for the analysis of alcoholic
beverages.
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Analysis of Food Colors by Thin-Layer
Chromatography/Scanning Densitometry
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Yuko Ito
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INTRODUCTION

Many synthetic and natural colors are used in foods all
over the world. In Japan, 12 synthetic and 66 natural
colors are generally permitted for use in foods. The
Japanese government requires labeling on the package
concerning kinds of colors that have been used in the
contained foods. However, nonpermitted colors are also
frequently detected in food, and also unlabeled foods are
found in the market. Thus, the inspection of colors in
foods has been performed by a public health agency.

The analyses of colors in foods have been mainly
achieved by thin-layer chromatography (TLC), because
TLC is a simple and effective technique for the separa-
tion of components in a mixture. However, the only
useful information obtained from a TLC plate to iden-
tify a component is the Rf value; the identification of
the separated components is difficult unless an appro-
priate spectrometric method, such as ultraviolet-visible
absorption spectrometry, is used. A stepwise operation,
including individual component separation by TLC and
measurement of the spectrum, is laborious and time-
consuming, because it requires extra steps such as ex-
traction of the desired compound from the TLC plate
and elimination of adsorbents.

TLC/scanning densitometry is a useful tool for the
identification of the target compounds on a TLC plate,
because the combined methods can separate and then
directly measure ultraviolet-visible absorption spectra of
the compounds without the laborious and time-consuming
procedures described above. In this paper, we deal with
the identification of synthetic and natural colors in
foods using TLC/scanning densitometry.

SYNTHETIC COLORS

A simple and rapid identification method for synthetic
colors in foods has been established, using TLC/scanning
densitometry." Forty-five synthetic colors were able to
be completely separated on a C18 TLC plate by com-
plementary use of the following four solvent systems:
1) acetonitrile—methanol-5% sodium sulfate (3:3:10);
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2) methyl ethyl ketone—methanol-5% sodium sulfate
(1:1:1); 3) acetonitrile—methanol-5% sodium sulfate
(1:1:1); and 4) acetonitrile—dichloromethane—5% sodium
sulfate (10:1:5). We measured the visible absorption
spectra of the synthetic colors on the developed C18 TLC
plates by scanning densitometry to identify them. The
spectra of the colors purified from foods were in close
agreement with those of the standard colors, and the
reliability of identification was established.

Next, we successfully applied this technique to the
identification of an unknown synthetic color in a pickled
vegetable.”! This color was suspected to be orange II
(Or-1II), which is not permitted for use in foods in Japan.
It was difficult to identify Or-II by conventional analytical
methods for food colors, including TLC and high-
performance liquid chromatography (HPLC), because
there are actually three isomers in total: orange I (Or-I),
orange RN (Or-RN), and Or-II, due to differences in the
positions of hydroxyl groups in the molecules. Under
conventional TLC or HPLC conditions, it is hard to se-
parate these isomers from each other. As shown in Fig. 1
(left), the unknown color showed the same Rf value as
those of Or-II and Or-RN, although it showed a different
Rf value from Or-I. In order to identify the unknown
color, we measured the visible absorption spectrum of the
color using TLC/scanning densitometry and compared it
with those of Or-II and Or-RN. Both spectra of the un-
known color and Or-II gave maximum absorption at only
485 nm; however, that of Or-RN showed maximum ab-
sorption at 485 and 400 nm. Therefore, we identified the
unknown color in the pickled vegetable to be Or-II.

Thus, TLC/scanning densitometry is shown to be
effective for the identification of an unknown synthetic
color in foods.

NATURAL COLORS
Lac Color and Cochineal Color

Lac color is a natural food additive extracted from a stick
lac, which is a secretion of the insect Coccus laccae
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Fig. 1 Thin-layer chromatograms and visible absorption spectra of synthetic colors extracted from a pickled vegetable under TLC/
scanning densitometry. (A) Standards of tartrazine (Y-4), orange I (Or-1), and orange RN (Or-RN). (B) Standard of orange II (Or-II).
(C) Extract of the sample. TLC/scanning densitometric conditions. Plate: RP-18 (E. Merck). Solvent system: methyl ethyl ketone-
methanol-5% sodium sulfate (1:1:1). Apparatus: Shimadzu CS-9000. Wavelength scanning range: 370—700 nm. Slit size: 0.4 x 0.4

mm. Measuring mode: reflecting absorption.

(Laccifer lacca Kerr), and is widely used for coloring
food. It is known that the red color is derived from a
water-soluble pigment including laccaic acids A, B, C,
and E. Cochineal color extracted from the dried female
bodies of the scale insect (Coccus cacti L.) is water-
soluble and has a reddish color. The main coloring com-
ponent is carmic acid.

Because these colors are frequently used in juice, jam,
candy, jelly, etc., it is required to establish a simple and
rapid analysis method using TLC. However, as described
in the ‘‘Introduction,”” the only useful information
obtained from a TLC plate to identify a component is
the Rf value. Therefore, we applied TLC/scanning den-
sitometry to the identification of lac and cochineal colors
in foods."

TLC conditions

After various experiments, the best results were obtained
using methanol-0.5 mol/L oxalic acid (5:4.5) as the sol-
vent system, with a C18 TLC plate. As shown in Fig. 2
(left), the lac color standard was separated into two spots
at Rf values of 0.60 and 0.29, and cochineal color
standard gave a spot at Rf value of 0.52. Anthraquinone
compounds, such as lac and cochineal colors, showed
extreme tailing on the C18 TLC plate using conventional
TLC conditions. We have previously found that the use of
a solvent system containing oxalic acid is effective for
controlling the tailing of anthraquinone compounds.
Therefore, we decided to use a solvent system containing
oxalic acid and tried various TLC conditions. Finally, we
found the best conditions described above.

Measurement of visible absorption spectrum
by scanning densitometry

Reflection spectra of the spots of lac color standard at Rf
values of 0.60 and 0.29 and cochineal color standard at Rf
value of 0.52 on the TLC plate were taken under the
conditions described above. The obtained spectra showed
good agreement with the spectra obtained from methanol
solutions. Therefore, we considered that TLC/scanning
densitometry is effective for the identification of these
natural colors.

Application to commercial food

Reproducibility of the Rf Value by Reversed Phase
TLC. In order to examine the effects of the contaminants
contained in the sample on the Rf value, 122 commercial
foods (41 foods for lac color and 81 foods for cochineal
color) were analyzed by C18 TLC as described above. The
obtained Rf values of the spots were then compared. The
difference between the Rf value of the standard color and
the Rf value of the color in the sample was expressed as the
ratio between the Rf value of the color in the sample (Ra)
and the Rf value of the standard color (Rs); the
reproducibility was evaluated according to the coefficient
of variation of this ratio.”*! With respect to lac color, the
average Ra/Rs values were 0.99 with a coefficient of
variation of 8.1% and 1.00 with 4.6% for spots at Rf values
of 0.29 and 0.60, respectively. Cochineal color gave an
average Ra/Rs value of 0.99 with a coefficient of variation
of 5.9%. These results suggest that the spots extracted from
the samples appear nearly at the same positions as those of
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Fig. 2 Thin-layer chromatograms and visible absorption spectra of lac color and cochineal color extracted from commercial foods
under TLC/scanning densitometric conditions. (A) Lac color standard. (B) Extract of jelly. (C) Cochineal color standard. (D) Extract of
spagetti sauce. Plate: RP-18 (E. Merck). Solvent system: methanol-0.5 mol/L oxalic acid (5.5:4.5). Other conditions: see Fig. 1.

the lac color and the cochineal color standard without being
affected by contaminants in the sample, and that the
identification of the color is reliable and reproducible.

Identification by TLC/Scanning Densitometry. The
visible absorption spectra of the spots of the lac and
cochineal colors on the C18 TLC plates, for which the
reproducibility of the Rf value had been evaluated, were
measured using a scanning densitometer. Fig. 2 shows the
typically obtained TLC chromatograms and spectra ob-
tained from the spots. The spectra of the colors purified
from foods were in good agreement with those of the
standard colors; thus, the reliability of identification was
then established.

Paprika Color

Paprika color is obtained by extraction from the fruit of
red peppers (Capsicum annuum) and contains capsanthin
and its esters, formed from acids, such as lauric acid,
myristic acid, and palmitic acid, in large amounts as its
color components. Commercially available paprika colors
are known to have different compositions of these color
components, depending on the material from which the
paprika color is extracted; this makes the identification of
paprika color, based on the analysis of the color
components, impossible, causing difficulty in developing
a simple, rapid, and reliable identification method for the

paprika color in foods. Therefore, we investigated a TLC/
scanning densitometric method for the identification of
paprika color using capsanthin, which is a main product of
saponification, as an indicator.”

TLC conditions

When a paprika color standard, before saponification, was
subjected to C18 TLC, a number of overlapping spots
were observed, and a satisfactory separation could not be
obtained. This was probably due to the paprika color
containing a large number of esters. Paprika color is
known to be hydrolyzed into a carotenoid and a fatty acid
when saponified under mild conditions. Thus, a paprika
color standard, after saponification, was subjected to TLC
using a solvent system of acetonitrile—acetone—n-hexane
(11:7:2) on a C18 plate. It was found that the paprika
color standard, after saponification, was satisfactorily se-
parated into a main spot having an Rf value of 0.50 and
two subspots having Rf values of 0.60 and 0.75 (Fig. 3A).
The main spot was identical with the spot of the cap-
santhin standard in terms of its Rf value, color, and shape
(Fig. 30).

As described above, it was suggested that the paprika
color is hydrolyzed into a carotenoid and a fatty acid by
saponification under mild conditions. Next, the saponi-
fication conditions were investigated; based on various
experimental results, the following saponification condi-
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Fig. 3 Thin-layer chromatograms and visible absorption spectra of hydrolyzed paprika colors extracted from commercial foods under
TLC/scanning densitometric conditions. (A) Hydrolyzed paprika color standard. (B) Hydrolyzed extract of rice-cracker. (C) Capsanthin.
Plate: RP-18 (E. Merck). Solvent system: acetonitrile-acetone-n-hexane (11:7:2). Other conditions: see Fig. 1.

tions were selected: reaction time, 24 hr; amount of 5%
sodium hydroxide—methanol solution, 2 mL.

Measurement of visible absorption spectrum by
scanning densitometry

The separated spots, obtained by subjecting a paprika co-
lor standard, after saponification, to C18 TLC under the
conditions described above, were then subjected to scan-
ning densitometry. The visible absorption spectra were
scanned in the wavelength range of 370—700 nm, and ex-
cellent visible absorption spectra were obtained (Fig. 3A).
The spectrum of the main spot (Rf=0.50) of the paprika
color, after saponification, showed its maximum absorp-
tion wavelength at 480 nm, which identically matches the
spectrum of the capsanthin standard (Fig. 3C).

Application to commercial foods

Reproducibility of the Rf Value by Reversed-Phase
TLC. The paprika color in 42 samples from commer-
cially available foods, that had a label stating the use of
paprika color, were analyzed by C18 TLC to examine the
influence of the coexisting substances from the sample on
the Rf value. The obtained Rf values of the main spot
(Rf=0.50) of saponified paprika color were then com-
pared, and Ra/Rs value was computed. The average Ra/Rs
value was 1.01 with a coefficient of variation of 2.6%,
suggesting that the spot extracted from the samples appear
nearly at the same position as that of the paprika color
standard without being affected by contaminants in the
sample and that the identification of the color is reliable
and reproducible.

Identification by Reversed-Phase TLC/Scanning Densi-
tometry. The visible absorption spectra of the main spot
of the saponified paprika color on the C18 TLC plates, for

which the reproducibility of the Rf value had been eva-
luated, were measured using a scanning densitometer.
Fig. 3 shows the typically obtained TLC chromatograms
and spectra obtained from the spots. The spectra of the
colors purified from foods were in good agreement with
those of the standard colors, and the identification relia-
bility was then established.

Gardenia Yellow

Gardenia yellow is a yellow color obtained by extracting
or hydrolyzing the fruit of the Gardenia augusta MERR.
var. gardiflora HORT. with water or ethanol and is wide-
ly used for the coloring of noodles, candies, and candied
chestnuts. The yellow color is derived from the caroti-
noids crocin and crocetin. Crocetin is the hydrolysis pro-
duct of crocin. Gardenia yellow has been conventionally
analyzed by a method based on reversed-phase chromato-
graphy/scanning densitometry using crocin as the indic-
ator. However, when this method was applied to samples
containing caramel or anthocyanins, their spots over-
lapped with that of crocin, which made it difficult to
identify the gardenia yellow. Therefore, we evaluated an
analytical method for gardenia yellow based on C18 TLC/
scanning densitometry using crocetin as the indicator by
hydrolyzing crocin, extracted from food samples, into
crocetin.'!

Hydrolysis and TLC conditions

In order to examine the optimal hydrolysis conditions of
crocin, a standard crocin solution was hydrolyzed by
varying the pH of the solution, temperature, and incu-
bation time; the degree of hydrolysis was followed by
C18 TLC as described below. Samples of crocin were
completely hydrolyzed to crocetin by adjusting the pH to
11 or above with 0.1 mol/L sodium hydroxide and incu-
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Fig. 4 Thin-layer chromatograms and visible absorption spectra of the hydrolyzed gardenia yellow extracted from commercial foods
under TLC/scanning densitometry. (A) Hydrolyized gardenia yellow standard. (B) Candy containing gardenia yellow and anthocyanin.
(C) Crocetin. Plate: RP-18 (E. Merck). Solvent system: acetonitrile-tetrahydrofuran-0.1 mol/L oxalic acid (7:8:7). Other conditions: see

Fig. 1.

bating them at 50°C for 30 min. Therefore, we applied
these conditions to hydrolyze crocin to crocetin in the
subsequent work.

Next, we investigated the optimal TLC conditions for
the separation of crocin and crocetin and found that the
combined use of a C18 TLC plate and solvent system of
acetonitrile—tetrahydrofuran—0.1 mol/L oxalic acid
(7:8:7) gave a satisfactory separation. Under these TLC
conditions, crocin gives three spots at Rf values of 0.74,
0.79, and 0.83, and crocetin gives one spot at an Rf value
of 0.51 (Fig. 4, left).

Measurement of visible absorption spectrum
by scanning densitometry

Reflection spectra of the spots on the TLC plates sepa-
rated under the conditions described above were meas-
ured at scanning wavelengths of 370-700 nm. Fig. 4
(right) shows the visible absorption spectra obtained; the
maximum absorption wavelengths were 435 and 460 nm,
being in complete agreement with the visible absorption
spectrum for the standard preparation of crocetin.

Application to commercial foods

As described above, foods that contained caramel or
anthocyanins, for which the identification of gardenia
yellow was impossible by the analytical method using
crocin as an indicator due to the appearance of interfering
spots at the same positions as the spots of crocin on the
C18 TLC plates, were analyzed by the present method. As
shown in Fig. 4 (left), crocetin appeared as a clear spot on
the plate, and the shape and Rf value of the spot were in

close agreement with those of the standard preparation.
Hence, gardenia yellow can be identified using crocetin as
the indicator.

Reproducibility of the Rf Value by Reversed-Phase
TLC. To examine the influence of the contaminants
contained in the sample on the Rf value, 37 commercial
foods were analyzed by C18 TLC. The obtained Rf values
of the spots were then compared. The mean value of Ra/
Rs was 0.99, and the coefficient of variation was 2.5%.
These results suggest that the spots of crocetin generated
by hydrolysis appear nearly at the same positions as those
of the standard color, without being affected by con-
taminants in the sample, and that the identification of the
color is reliable and reproducible.

Identification by Reversed-Phase TLC/Scanning Densi-
tometry. The visible absorption spectra of the crocetin
spots on the reversed-phase TLC plates, for which the
reproducibility of the Rf value had been evaluated, were
measured using a scanning densitometer. Fig. 4 shows the
typically obtained TLC chromatograms and spectra ob-
tained. The spectra of the colors purified from foods were
in close agreement with that of the standard dye, and the
identification reliability was then established.

CONCLUSIONS

We introduced the identification of food colors in foods
using TLC/scanning densitometry and consider the
method to be sufficiently applicable to routine analyses
at facilities such as the Centers of Public Health and the
Food Inspection Office. Also, we consider that TLC/
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scanning densitometry is applicable to the identification
of various food additives, drugs, and pesticides in foods.
However, TLC/scanning densitometry has a limitation: It
can be applied only to samples which have chromophores
in the molecules. Recently, applications of the TLC/
matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (TOF MS),l”! TLC/fast atom bom-
bardment MS,”! and TLC/multiphoton ionization TOF
MS™®! have been reported. Combined uses of these tech-
niques and TLC/scanning densitometry can develop fur-
ther applications of TLC.
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Analysis of Mycotoxins by TLC
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Introduction

Thin-layer chromatography (TLC) is a widely used an-
alytical technique for many investigative purposes. De-
tection of mycotoxins by means of TLC has been in use
for many years. Official methods of analysis often rely
on these techniques for both identification and
quantification of several mycotoxins [1].

Mycotoxins are natural toxins produced by fungi
contaminating foods and feeds. They may be ex-
tremely toxic [e.g., aflatoxin (Aspergillus flavus), which
is a potent carcinogen [2]. They may be found in plant-
derived products, but also in the tissues of exposed an-
imals, where they can accumulate and, thus, be a seri-
ous health hazard for human beings. Consequently,
many analytical methods have been developed in or-
der to assess the potential contamination of food de-
rived either from plants or from food-producing ani-
mals. A third group of analytical techniques has been
developed for diagnostic purposes in animals without
any direct public health hazard. In this article, we will
briefly review some of the techniques available to ad-
dress these three goals.

Analysis of Plants and Plant-Derived
Products for Mycotoxins

Analysis of plants may yield very interesting results,
because they are the major carrier of fungi and of my-
cotoxins. The presence of a genus of fungus may or
may not be associated with the production of myco-
toxins, depending on the climatic conditions at the
time of harvest, for instance [3]. Therefore, it is ex-
tremely interesting to have qualitative as well as quan-
titative methods for the determination of mycotoxins
in these matrices. Numerous techniques have been de-
veloped to determine the nature and degree of con-
tamination of plants with mycotoxins; it would not be
possible to present all of them in a single article.
Extraction and cleanup procedures usually require
solid-phase extraction based on commercially avail-
able C4 cartridges, for instance, after liquid extraction
with common organic solvents (methylene dichloride,
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chloroform, acetonitrile [3-5]). This step appears to
be necessary to remove most of the interfering compo-
nents such as carotenoids or chlorophyls, which are
highly abundant in plants. Table 1 gives a list of some
of the mycotoxins which can be analyzed by TLC, to-
gether with analytical features (plate material, elution,
detection/visualization, limit of detection). Of particu-
lar interest are the following products: aflatoxins B1,
B2, G1, and G2, zearalenon, ochratoxin, and fumon-
isins B1 and B2 in maize. Recently, high-performance
TLC (HPTLC) techniques have also been applied to
forage samples commonly infected with an endophyte
considered as symbiotic but responsible for disorders
in animals [5]. These mycotoxins include lolitrems and
ergot alkaloids.

Thin-layer chromatographic plates used are gener-
ally silica gel plates, although C5 reversed-phase TLC
plates may occasionaly be used [4]. Elution may be
monodimensional or bidimensional [3]. The former is
more common. Recent automated gradient techniques
appear promising for the simultaneous determination
of several mycotoxins in a single sample. Solvents used
for elution depend on the type of plate used. Most of
the time, organic solvents (ethanol chloroform, ace-
tone) are used. One feature of HPTLC is that it uses
much less solvent than high-performance liquid chro-
matography (HPLC) and permits analysis of many
samples in a very short time [5].

Detection may be based on several techniques;
older systems used postelution derivatization [8] and
observation of colored spots. It is more common now
to use either ultraviolet (UV) [5] or even fluorescence
[3, 4] because these techniques allow quantification of
mycotoxin residues. More complex systems have been
tested (computer imaging [7]) for particular applica-
tions, but these techniques are not applied to routine
analysis of plants.

Analysis of Animal Tissues

Because animals may accumulate mycotoxins in their
tissues, and considering the high toxicity of some prod-
ucts, it is a public health concern to have analytical
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techniques available for routine detection and quanti-
tation of residues of these compounds in edible tissues
of food-producing animals. Analysis of animal tissues
may be difficult for several reasons:

1. Mycotoxins are poorly concentrated in many
tissues or biological fluids (e.g., muscle or milk)
and the analytical method employed should be
sensitive enough to detect down to a few micro-
grams mycotoxins per kilogram sample or even
less (aflatoxins in muscle samples, for instance
[2]).

2. Tissues and organs may contain interfering sub-
stances on chromatograms or densitograms.

For extremely toxic compounds like aflatoxins, ac-
ceptable daily intakes (ADI) have been defined and it
is, therefore, necessary to check suspected tissues to
monitor residues at this level.

Thin-layer chromatography and HPTLC offer many
advantages over other conventional methods (gas
chromatography, HPLC), such as rapidity, simplicity,
and sensitivity. However, it is usually necessary to ex-
tract and purify samples before spraying them onto
TLC plates. In the case of aflatoxins, for instance, a
commonly employed technique is based on liquid ex-
traction by an organic solvent (chloroform), followed
by purification on a silica gel column. The column has
to be washed to elute interfering substances (with
hexane and ether) and aflatoxins are eluted individu-
ally or all together with a specific combination of sol-
vents (chloroform and acetone) [2].

If the purpose of the TLC technology is only to
screen samples, the results may be merely qualitative.

Analysis of Mycotoxins by TLC

Older methods were usually based on the visual deter-
mination of dark spots on a bright fluorescent plate un-
der UV light. Another use of TLC in the determina-
tion of mycotoxin residues is as preparative TLC, in
which specific spots are visualized, scraped, and resol-
ubilized for further analysis (Association of Official
Analytical Chemistry).

More and more, however, quantitative analysis can
be performed by means of scanners (UV, fluores-
cence), and HPTLC does not need to be completed by
another analytical technique for the precise determina-
tion of residues. Today, most official methods of analy-
sis for the detection of mycotoxins in foods are based
on TLC technology.

Diagnostic Purposes

Mycotoxicoses may induce various pathological dis-
orders in animals as well as in human beings. Con-
sidering the poor specificity of the signs observed and
the very low concentrations of the toxic compounds
in most biological tissues or fluids, it is necessary to be
able to analyze, promptly and efficiently, biological
samples to evaluate the risk of mycotoxicosis. The
most common mycotoxins involved include aflatox-
ins, fumonisins, ochratoxin, zearalenon, and T2 toxin
[9]. Analysis is usually based on foods and feeds (ce-
reals, etc.). In swine, for instance, an epidemiological
study conducted on feed samples detected ochra-
toxin (mean 58.3 pg/kg) and zearalenon (mean 30.3
pg/kg) in corn. These concentrations were associ-
ated with respiratory disorders and also infertility
[10]. The advantage of TLC/HPTLC in such a situa-

Table 1 Examples of HPTLC Methods for the Determination of Mycotoxins in Biological Samples

Mycotoxin Plate Matrix Elution Detection Results Ref.
Aflatoxins Si60 Muscle, liver, 1-Hexane/tetrahydrofuran /ethanol Fluorescence LOD< 0.01 pg/kg 2
B1, G1,M1 kidney 2-CHCl;/methanol (B1,M1) LOD:
0.005 pg/kg (G1)
Fumonisin C18 Corn Methanol/KCl 4% in water Fluorescamin LOD: 0.1 (B2),0.5 4
B1,B2 Fluorescence (B1) pg/kg, re-
covery > 80%
Lolitrem Si60 Forage CH,Cl,/acetonitrile UV (268 nm) LOD: 0.1 mg/kg, 5
recovery > 90%
Patulin Si60 Fruit 1-Hexane/diethylether, UV (273 nm) LOD: 40-100 pg/kg 7
2-diethylether
Zearalenon Si60 Corn Toluene /ethylacetate/formic acid Fluorescence LOD: 2.6 pg/kg, 10

recovery > 63%

«LOD = limit of detection.
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tion is that it provides rapid and specific analysis of
food samples at a low cost and, therefore, a reason-
able cost/benefit ratio for breeders. If the diagnosis
has to be confirmed on animal/human tissues or
fluids, depending on the compound of interest,
HPTLC techniques may also be available and con-
venient (see above).

Conclusion

Thin-layer chromatography and HPTLC offer many
possibilites for the determination of mycotoxins in
plant or animal samples. Plant samples usually contain
higher concentrations of mycotoxins, but analysis of
animal tissues may be necessary either to confirm a
suspected mycotoxicosis or to detect potential residues
for human food. Many official methods are available,
based on TLC, and the recent development of HPTLC
also offers many possibilities for the detection and
quantitation of several mycotoxins in various biologi-
cal samples.
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Analysis of Plant Toxins by TLC
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Introduction

Analysis of plants is a vast and complex field of analyt-
ical chemistry. There is a constant need for new com-
pounds or active ingredients for pharmaceutical or
other interesting properties. Plant chemistry is such
that a wide variety of compounds may be produced
within the different organs. Toxins usually represent
only a small fraction of the total organic matter of the
plant. It is important, however, to be able to analyze
and detect those toxins, especially when poisoning
cases are suspected. Although vegetal toxins are ex-
tremely diverse in nature, a common feature among
them is that they are heatunstable. Consequently, stan-
dard gas chromatographic (GC) or GC-MS (mass
spectrometric) procedures cannot be routinely used to
detect them, and the use of liquid chromatography ap-
pears of benefit.

Analysis of plant toxins is required in the following
circumstances:

1. When plant poisoning is suspected in human
beings or in animals: In this situation, the ana-
lyst must be able to separate the plant toxin
from its plant matrix and/or from an animal tis-
sue of fluid. The toxin is also diluted as com-
pared with the plant product.

2. For research or development purposes: when a
family of plants is under investigation and the
presence of a toxin is suspected and not ex-
pected (therapeutic use).

3. When a family of toxins is wellknown, like the
pyrrolizidine alkaloids [1], it is highly interest-
ing to screen suspected plants for their pres-
ence when poisoning is suspected in animals
and there may be some residues in food, even in
animals which did not present any disorder.

In this article, we will review some examples of
these three areas of plant chemistry and see how thin-
layer chromatography (TLC) or high-performance
thin-layer chromatography (HPTLC) can fulfill the
various requirements.

Encyclopedia of Chromatography
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Investigation of Suspected Poisoning Cases

Poisoning by plants can occur with various animal spe-
cies, including human beings. It obviously occurs most
frequently in herbivores like cattle or sheep and exam-
ples of analytical investigation are more common in
these species. Unfortunately, it is generally necessary
to screen rumen content for plant toxins and this ma-
trix is extremely rich in organic constituents, including
natural pigments. Careful and adapted cleaning steps
are necessary. When alkaline or acidic substances are
to be determined, pH-based liquid-liquid separation
may be used.

Our first example is based on a very severe acute
poisoning case with yew trees (7axus sp.). These trees
contain a highly toxic group of toxins known as taxins.
Cattle or sheep usually do not eat the leaves or
branches of yew trees because of their bitter taste. Un-
fortunately, bitterness tends to disappear when the
leaves are dessicated, but toxicity remains and animals
may eat enough to become deadly sick. One published
example mentioned poisoning in 43 cattle, with 17
dead before any treatment or diagnosis could be at-
tempted [2]. Diagnosis may rely on the epidemiologi-
cal evidence of poisoning (cut branches) or on
necropsy (branches in the rumen), but these elements
may not necessary be conclusive and analytical tech-
niques may represent the only way of confirming a ten-
tative diagnosis. The published method for yew tree
analysis in cattle relied on the analysis of rumen con-
tents and identification of taxol. This alcohol is specific
of the Taxus genus, although it may not be the toxic
substance, but it is easily obtained from commercial
dealers, whereas taxins have to be extracted and
purified.

The development of scanners for HPTLC also of-
fers better potential and we have further developed the
method of Panter et al. [2] with ultraviolet (UV) scan-
ning (at 238 nm) and quantification prior to derivatiza-
tion (confirmatory analysis). Eventually, diagnosis re-
lies on the determination of Taxins (primarily taxin B)
in the rumen content. As an example, Fig. 1 provides a
densitogram of a rumen content with identification of
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Fig. 1 Rumen content with taxin B (arrow) and its UV spectrum.

taxin peaks and the solid-phase UV spectrum of this
compound in a case of confirmed yew tree poisoning.
The same technique could be applied to determine the
most toxic part of the plant, the effect of season on the
toxin content, and so forth. For example, it was found
that the leaves contained about 0.03% taxol, while the
stem and twigs contained around 0.001% and
0.0006%, respectively [2].

Identification of Toxins in Plant Screenings
for Research or Development Purposes

Some plants are famous for the presence of toxic sub-
stances. One major group of toxicants involved is the
pyrrolizidine alkaloids. These substances induce se-
vere poisoning manifested by emaciation, anemia, and
skin lesions which may develop over months or years
and may eventually result in the death of the poisoned
animals. These compounds represent both a toxic and
economic threat in some areas of the world, (e.g., in
the Himalayans [1]). Screening of plants may be highly
desirable to prevent these losses. Winter et al. [1] de-
veloped screening methods based either on high-per-
formance liquid chromatography (HPLC) or on TLC.
They used silica gel plates with a mixture of ethylac-
etate, acetone, ethanol, and ammonia (5/3/1/1) and
postchromatographic derivatization with o-chloranil
and Erlich’s reagent. This technique was only qualita-
tive but gave results in accordance with reference
HPLC techniques. With these two techniques, the au-

MARCEL DEKKER, INC.
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thors analyzed over 350 samples (various plants, plant
parts, and locations) to determine the presence and
amount of alkaloids.

Another example of the use of TLC in research is
given by Ma et al. [3], who used TLC as a taxonomic
tool to classify plants. Their example was based on the
lycopodium alkaloids of plants from the Lycopodiacae
family. The TLC technique used was qualitative and
also relied on postchromatographic derivatization with
Dragendorff’s reagent [3]. It should be stated that
plant toxins are usually recognized by means of quali-
tative TLC and visualization based on postchromato-
graphic derivatization procedures. Common solutions
rely on common reactions of alkaloids, and the use of
Dragendorff’s reagent is one of these solutions (com-
bined mixture of tartaric acid, bismuth nitrate, and
potassium iodide), and vanillin reagent enables the de-
tection of amines and amino acids.

The Chinese pharmacopoea uses a wide range of
plants and herbal medicines and Chinese scientists
have been publishing methods and techniques for
decades, identifying therapeutic substances or toxic in-
gredients of traditional remedies. The interested
reader should refer preferentially to the Journal of
Chinese Herbal Medicine to find analytical methods.

Identification of new compounds may start with TLC
analysis of plant extracts. For instance, Jakupovic et al.
[4] isolated and further identified several diterpenes
from Euphorbia segetalis. Similarly, chamomile essen-
tial oil (Chamomilla reticulata) was analyzed with 11 dif-
ferent development systems and the authors discussed
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both the most efficient (separation power) and the ideal
way they are to be used to identify an unknown compo-
nent in such a complex mixture, using the minimum
number of TLC systems [5]. This area of work still has
to be investigated, considering the wide variety of the
vegetal reign and of potential plant toxins.

Detection of Residues in Food

This part is certainly the least developed, to our knowl-
edge. Itis important to remember, however, that an an-
imal may ingest a toxic plant and may also survive. If
this is the case, and provided this animal or its produc-
tion are intended for human consumption, one should
be able either to analyze tissues and fluids for toxin
residues or to monitor fluids (plasma, milk, urine) to
determine whether this animal or its productions can
be considered safe for human consumption. There are
very limited examples of such occurrences. In our lab-
oratory, we analyzed muscular tissues after a
confirmed yew tree poisoning case (7axus baccata).
Three animals did not display any significant trouble
except for a transient depression, which resolved itself
after 12 h. These animals were butchered and muscle
samples were analyzed for taxin residues, as they were
known to be exposed to it. Our analytical technique
(extraction in alkalinized methylene dichloride) fol-
lowed by TLC development based on a modification
of a published technique (9685), showed that the mus-
cle samples contained between 0.012 and 0.015 pg/g
taxin (wet weight). The presence of taxin in muscle tis-
sues had never been previously reported in cattle after
moderate poisoning. Based on this result, the meat was

3

not considered edible. This example is, simply, to illus-
trate that residues of plant toxins in food-producing
animals should be part of a research or development
protocol whenever possible.

Conclusion

Plant toxins represent one of the most important areas
of analytical development and the few techniques re-
lated herein should only be considered as mere exam-
ples of the numerous possibilities of TLC in this field.
With the development of densitometry and multiple
development systems, the separation power of TLC
and its quantitative potential are increasing as well.
Considering the usual thermal instability of many
plant toxins and their high polarity, HPTLC certainly
offers one of the most powerful technologies for the
detection, identification, and quantification of plant
toxins.
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INTRODUCTION

Terpenes are among the most widespread and chemi-
cally diverse groups of natural products. Fortunately,
despite their structural diversity, they have a simple
unifying feature by which they are defined and by which
they may be easily classified. Terpenes are a unique
group of hydrocarbons, based on isoprene or an iso-
pentane structure.

Terpenes can be classified by the number of five-car-
bon units they contain: hemiterpene (Cs), monoterpene
(Ci0), sesquiterpene (C;s), diterpene (C,), triterpene
(C30), and tetraterpene (C4p). Like the monoterpenes,
most of the sesquiterpenes are considered to be essen-
tial oils because they belong to the steam distillable
fraction. Diterpenes have higher boiling points; they are
considered to be resins. Triterpenes include common
triterpenes, steroids, saponins, sterolins, and cardiac
glycosides. The most common tetraterpenoids are the
carotenoids. Sesquiterpenes exist in a variety of forms,
including linear, bicyclic, and ticyclic frameworks. The
type of cyclization can be with open chain, mono-, bi-
cyclic, etc. Also, the number and positions of the double
bonds, the asymmetric centers, and the type and number
of functional groups distinguish numerous components of
each group.

Terpenoids can be classified also into hydrocarbons,
alcohols, carbonyl compounds, phenols, acids, esters,
oxides, and peroxides.

CHROMATOGRAPHIC SEPARATION
Hydrocarbons

Generally speaking, thin-layer chromatography (TLC) has
a large number of applications. The first problem with
which the analyst is confronted concerns gathering
information regarding the mixture to be separated, in
terms of mixture polarity and the range of molecular
masses. In the case of hydrocarbons that have one no-
polar character, an adsorption separation technique is

Encyclopedia of Chromatography
DOIL: 10.1081/E-ECHR 120027339
Copyright © 2004 by Marcel Dekker, Inc. All rights reserved.

recommended. Terpene hydrocarbons (mono- and sesqui-
terpene) can be conveniently separated on layers of silica
gel or alumina. Moreover, highly active layers are
necessary. After the usual drying, they have to be stored
in a vacuum dessicator at 30 mm Hg, containing
potassium hydroxide as a desiccant. Because of the weak
polar nature of the compounds, solvents of low polarity
must be used as mobile phases for the separation. The
most frequently used solvents as the mobile phase are as
follows: petroleum ether, hexane, isopentane, dimethyl-
butane, cyclohexane, methylcyclohexane, benzene, chlo-
roform, benzene-acetone (95:5, v/v), benzene-ethyl
acetate (2:1, v/v), and toluene. The choice of solvent
depends upon the polarities of the components of the
terpene hydrocarbon mixtures on the desired separation.
For the detection (visualization) of the compounds after
separation, the solvent will be evaporated from the plate
and various zones will be indicated by spraying with
suitable reagents. On spraying with a fluorescein solution
and exposing to bromine vapor, compounds that absorb
bromine faster than the fluorescein show up as yellow
spots on a pink background. Other reagents can be used
for detection with good results; they include iodine vapor,
vanilin/H,SO,, or KMnO,/H,SO,4, and a chloroform
solution of antimony pentachloride. Very unreactive
compounds can be located by spraying with a concen-
trated sulfuric—nitric acid mixture and heating to cause
charring of the compounds.''*! Table 1 gives the hR;
values of some terpenes on silica gel and alumina in
various solvents used as mobile phases.

A good separation of sesquiterpene hydrocarbons has
been performed on alumina in combination with a
perfloroalkane (70°C to 80°C) mobile phase."!

To increase the resolution in TLC separation of some
monoterpenes, silver nitrate-impregnated silica gel, with
benzene as the mobile phase, was used. Three conclusions
were drawn from these studies:'”! 1) cyclic terpenes with a
single internal double bond did not readily form a =-
complex; 2) cyclic or acyclic terpenes with two nonter-
minal double bonds do not readily form n-complexes
unless the double bonds are cis conjugated; and 3) cyclic
or acyclic terpenes with exocyclic or terminal double
bonds do form m-complexes.
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Table 1 R; values of terpenes and color reaction with vanillin/H,SO, reagent

Silica gel
impregnated
AgNO;3
Vanillin/H2S04
Silica gel Alumina 25% 3.125% color after
Compound S] Sz S3 S4 Ss S] SG S7 Ss 30 min
Monoterpenes
Camphene 83 84 79 94 79 95 53 Light orange
p-Cymene 67 38 62 95 60 89 None
Limonene 41 54 96 66 35 62.5 Bluish green
d-Limonene 76 93 Bluish green
B-Myrcene 74 92 Blue
Mircene 20 50.5 Blue
a-Ocimene 71 91 Blue
t-B-Ocimene 71 91 Blue
Ocimene 35 52.0 Blue
a-Phellandrene 41 63.0 Blue
B-Phellandrene 79 93 50 Blue
a-Pinene 90 83 84 96 83 96 67 Blue
[-Pinene 88 80 75 95 46 Blue
o-Pyronene 80 90 Blue
B-Pyronene 80 90 Blue
Sabinene 75 93 29 Blue
Terpinolene 75 64 60 92 62 Bluish green
o-Terpinene 76 93 49 70.5 Bluish green
y-Terpinene 76 93 59 Bluish green
a-Thujene 80 95 Blue
Verbenene 81 95 Blue
Sesquiterpenes
F G
v-Bisabolene 71 10 8 93 50 33 Brownish green
§-Cadinene 72 20 12 93 71 35 Dark blue
B-Caryophyllene 74 30 16 94 65 44 Purple
a-Cedrene 89 44 36 96 73 56 Purple
a-Humulene 65 12 8 90 35 30 Lavender
B-Santalene 78 20 15 94 64 48 Dark blue
B-Selenene 78 17 13 94 41 33 Dark green
Valencene 76 21 17 93 51 32 Maroon
Yalangene 88 40 32 96 87 64 Lavender
B-Zingaberene 75 18 13 94 57 30 Dark green

S;=Skellysolve B (hexanes);'¥ S,=hexane; S3:cyclohexane;[4] Ss=benzene;™ S5=15% ethyl acetate in hexane;!”! Se¢=perfluoroalkene, b.p. 70—
80°C;1*! S, =low boiling perfluokerosene;®! Sg=benzene, 25% AgNOs,' and 3.125% AgNO;.""! Vanillin/H,SO,.*!

The silver nitrate-impregnated silica gel (25%) was
applied to the separation of some sesquiterpenes. It was
found that a mixture of B-selinene and caryophyllene
could be separated satisfactorily by development with n-
hexane and benzene—acetone (95:5, v/v) as mobile
phases.’®! After the development, the plates are dried in
air and then sprayed with a solution of chlorosulfonic acid
in acetic acid (1:2) and heated at 130°C. Usually, different

colored spots are observed, e.g., humulene, brown;
caryophyllene, blue; longifolene, pink.
Oxygenated Terpenes

The problem of identifying individual compounds from
essential oils is often complicated by the similarities in
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molecular structures and physical properties. In a very value with hexane as the mobile phase, whereas non-
important instance, the Ry values serve as a means of hydrocarbons have an Ry equal to zero (Table 2). By use
distinguishing two classes of material-hydrocarbons from of this property, it is possible to separate hydrocarbons
nonhydrocarbons. Hydrocarbons have an appreciable R; from oxygenated compounds for the preparation of

Table 2 hR; values of some oxygenated terpenes and other essential oil constituents on silica gel in various eluent systems

Eluent system

Compound Sy S, Ss Sy S5 Se S, Reagent
Alcohols

Citronellol 0 19 27 39 41 14 Yellow brown®
Nerol 0 14 26 38 42 16 Yellow brown®
Geraniol 0 12 20 40 43 15 Yellow brown®
Linaloo 0 15 36 47 45 25 Yellow brown®
a-Terpineol 0 8 29 34 36 16 Yellow brown®
Menthol 21

d-Neomentol 29 Yellow brown®
Borneol 17

Aldehydes

Citral 0 15 45 64 57 10 Yellow brown®
Lauric aldehyde 4 50 58 72 67

Cinnamaldehyde 0 9 31 70 68 Orange brown”
Vanillin 5 Yellow orange”
Asarylaldehyde 6 Orange®
Furfural 0 6 21 44 41 10 Violet”
Anisaldehyde 13 Yellow®
Cuminic aldehyde 25 Yellow®
Benzaldehyde 25

Ketones

Carvone 0 37 45 72 62 10 Gray brown”
Methyl heptenone 0 35 48 74 62 13 Gray brown”
Pulegone 0 60 58 65 76

Camphor 0 28 56 39 55

Fenchone 9 Gray brown”
Piperitone 8 Gray brown”
Menthone 20 Gray brown”
Methyl nonyl ketone 16 Gray brown”
Esters

Geranyl acetate 0 27 69 66 52 Gray blue®
Neryl acetate 0 39 69 56 50 Gray blue®
Citronellyl acetate 0 35 68 66 57

Octyl acetate 0 50 98 98 82

Terpinyl acetate 0 42 66 61 55 Gray blue®
Methyl anthranilate 0 26 52 65 53

Ethyl anthranilate 0 25 58 70 46

Carvyl acetate 0 64 69 79 67

Oxides

1,8-Cineol 0 12 48 68 68

Linalo6]l monoxide 0 3 21 20 20

Slzhexane;w S, =chloroform (alcohol-free);w S;=ethyl acetate—hexane (15:85, v/v);m S4=ethyl acetate—chloroform (alcohol-free) (10:90, v/v);[4J
Ss=ethyl acetate—benzene (15:85, viv);4 Se¢=ethyl acetate—benzene (5:95, viv);®! S, =benzene.*!

“Antimony pentachloride.

bo-Dianisidine.

“Vanillin/H,SO,.

Copyright © Marcel Dekker, Inc. All rights reserved.
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terpene oils. Table 2 contains the hR; values of oxy-
genated terpenes on a silica gel thin-layer plate in dif-
ferent solvents that have been found useful for char-
acterizing these types of materials.

Terpene Alcohols

The alcohols were chromatographed on silica gel using
various eluent systems. The compounds were detected
with the fluorescein—bromine reagent. The phosphomo-
lybdenic acid reagent is very sensitive but nonspecific.
The anisaldehyde-sulfuric acid reagent is of higher
sensitivity and specificity.

It is possible to achieve a separation of the stereoiso-
meric menthols on silica gel G layers using chloroform
and a series of solvents that are nearly isoeluotropic with
chloroform.”! The following hR; values were obtained:
menthol, 32; isomenthol, 29; neomenthol, 40; and
neoisomenthol, 36. With anisaldehide-sulfuric acid, a
blue violet color is obtained. Another example is the
stereoisomeric separation of trans, trans-farnesol, and cis,
trans-farnesol on silica gel using ethyl acetate—benzene
(5:95, v/v) as the mobile phase, giving hR¢ values of 27
and 36, respectively. For the detection of these substances,
the vanillin/H,SO4 reagent proved suitable.!'” This
system, slightly modified, which used benzene-ethyl
acetate (80:20, v/v), gives a good separation of all the
stereoisomers of farnesol present in a commercial
mixture, as well as other terpene alcohols.! !

The silver nitrate-impregnated silica gel G was used to
obtain a separation with a group of tetracyclic triterpene
alcohols, which could not be separated on untreated silica
gel. However, on silica gel G (Ag impregnated), the Ry
values were sufficiently different so as to enable the
substances to be identified separately. Chloroform was
used as the mobile phase. The tetracyclic triterpenes were
detected by spraying with one of the three reagents: 50%
sulfuric acid in water or 10% phosphomolibdic acid in
ethanol or chlorosulfonic and acetic acids (1:2) followed
by heating in an oven at 150°C.!"?!

Besides normal-phase TLC, reversed-phase TLC was
used by impregnating the silica gel layer with paraffin or
silicone oil and using hydrophilic solvents as mobile
phases. By this method, it is possible to achieve a good
separation of alcohols belonging to groups with the same
number of carbon atoms.

Acids and Esters

Essential oils often contain esters of terpene alcohols; the
most common are the acetates, formates, propionates, etc.
The separation of different esters was performed on silica
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gel layers, using benzene, chloroform, and other similar
solvents as mobile phases. All of the color reactions for
terpene alcohols can be used for the detection of their
esters. No differences have been observed in the color
esters function as a result of their acid nature.

A group of triterpenic acids were found in Brede-
meyera floribunda, Alphitonia excelsa, and Crataegus
oxyacantha."®' The separation was carried out on silica
gel layers using diisopropyl ether—acetone (5:2, v/v). In
this case, oleanic, oleanonic, ursolic, and betulinic acids
showed the same hR; value, i.e., 68. As cochalic,
bredemolic, and machaerinic acids gave tailings in this
eluent, addition of 5% pyridine to the same solvent gave
the following Ry values: 15, 62, and 27, respectively. The
compounds were detected with chlorosulfonic acid.

Another example of applications concerning separa-
tion of piperonylic, 5-, 2-, and 6-methoxypiperonylic
acids was performed on silica gel layers using ethyl
acetate—hexane-acetic acid (50:50:0.5, v/v) as the mobile
phase. Detection was performed by spraying with a
chromotropic—sulfuric acid reagent. With these conditions
the following hRy values of 64, 54, 47, and 37 were
obtained, respectively.''¥!

Aldehydes and Ketones

These compounds appear in various essential oils and are
distinguished by characteristic odors. Some of them are
easily produced by synthesis and are frequently used in
the perfume industry. Aldehydes and ketones can be
separated on silica gel thin-layer plates with solvents such
as hexane, chloroform, and benzene in different propor-
tions with ethyl acetate, or only in chloroform or benzene.
The detection of the aldehydes can be performed by
spraying with a solution of o-dianisidine in glacial acetic
acid. Some ketones can be detected with the fluorescein—
bromine spray, but compounds such as camphor, which
are very unreactive, could be detected only by spraying
with concentrated sulfuric acid containing nitric acid,
followed by heat. A 5% solution of AICl;3 in ethanol is
specific for sesquiterpene lactones. Other terpenes,
steroids, antrachinones, glycosides, and alkaloids do not
interfere, nor do other types of lactones such as cou-
marins, cardenolides, and saturated or unsaturated y-lac-
tones. The reaction gives a violet or brown color on the
layer, or yellow, brown, or green fluorescence under UV
radiation at 366 nm, after spraying a plate with reagent
solution and heating at 120°C for 10 to 15 min.!'>!

The 2,4-dinitrophenylhydrazones have also been used
as a means of separating terpene carbonyl compounds.
The oxo-terpene was separated by means of these
derivatives using silica gel with chloroform-carbon

MARCEL DEKKER, INc. m
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tetrachloride in various proportions (1:19, 1:9, 1:5.6 v/v)
as well as petroleum ether-benzene (3:7, v/v). No spraying
agent was used, as the spots themselves were distinctly
colored.!"®!

The ionone derivatives and pseudoionones were
separated on silica gel layers with benzene as the mobile
phase. The compounds, after development, were detected
by spraying with either 2,4-dinitrophenylhydrazine or a
vanillin-sulfuric acid mixture. The following mean R; val-
ues were obtained: pseudoionone, 0.384; a-ionone, 0.580;
B-ionone, 0.505; a-methylionone, 0.756; and B-methyl-
ionone, 0.699.1'71 For improved separation, 14 terpenoids,
e.g., o- and B-ionone, were subjected to TLC on silica
gel impregnated with 15% AglO;, with benzene-ethyl
acetate (4:1, v/v) as the mobile phase. The spots were
detected by spraying the dried plate with methanol-sul-
furic acid and heated at 110°C. The R; values obtained
were approximately equal to or considerably higher
than those obtained on AgNOs-impregnated plates.''®!

Oxides and Peroxides

Oxides and peroxides can occur in many essential oils by a
photochemical reaction. 1,8-Cineol and linalool monoxide
can be readily separated on silica gel thin layers with 1-
nitropropane-hexane (1:1, v/v), as the mobile phase.'! In
this case, they have exhibited Ry values of 73 and 8§,
respectively.[4] Another pair of compounds, ascaridole and
1,8-cineol, can be easily separated on a silica gel layer,
obtaining a value for chloroform as the mobile phase of 63
and 54, respectively.”?! The antimony chloride reagent
gives a gray color. The potassium iodide-acetic acid-starch
test is usually better than ferrous thiocyanate.

Phenylpropane and Phenol Derivatives

The separation of the hydroxyphenylpropane derivatives
used in medicine and the perfume industry is of particular
interest. Today, many useful drugs can be obtained from
plants. Thin-layer chromatography is one of the most
rapid methods for the identification of the active
substances in medicinal plant extracts containing hydro-
xyphenyl propane derivatives. Using silica gel plates with
benzene solvent as the mobile phase could separate a
series of these compounds. Besides silica gel thin layers,
alumina and polyamide layers were used in combination
with different solvents as mobile phases, for instance,
chloroform, petroleum ether—acetic acid (95:5, v/v), or
petroleum ether—pyridine (95:5, v/v). There are many
different color reagents that can be used for the detection
of the spots. A blue coloration is obtained after spraying
with the phosphomolybdic acid reagent. The clearest color
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distinction is obtained by spraying a mixture of antimony
tri- and penta-chloride (1:1), or anisaldehyde-sulfuric
acid. Antimony trichloride solution makes the colors
intense, but the spots do not show fluorescence immedi-
ately in long-wave UV light; but it does appear in about 1
day. Besides the Ry values, the colors of fluorescence can
contribute to the identification of some compounds. For
instance, eugenol methyl ether gives a greenish-yellow
fluorescence, and isoeugenol methyl ether (cis—trans
mixture) shows up reddish brown.!"!

The following rules were obtained from the R; values
of a large group of phenylpropane and phenol derivatives
under the conditions described above: 1) The polarity of
the compound increases with increasing number of free
phenol groups (OH). 2) Methylation of the hydroxyl group
(OCH3) decreases the polarity. The Ry values decrease
with increasing of the methoxy number. For silica gel with
benzene as the mobile phase in a saturation chamber:
anethol, 1 OCHj3;, hRy=56; eugenolmethyl ether, 2 OCH3,
hR¢=15; and asarone, 3 OCHj3, hRy=10. 3) The effect of
hydrogen bond formation between two adjacent phenolic
groups and the consequent decrease in the polarity: ortho-
compound <p-compound (safrol, hRy=57, and catechol,
hR¢=0). 4) Increase in the size of the alkylating group
decreases the polarity: propenyl guaetol<benzyleuge-
nol<methyleugenol. 5) When functional groups are
situated closely together, the adsorption affinity of each
is decreased and the R; value of the compound increases.
6) The introduction of an aliphatic side chain on the
nucleus has a negligible effect on the Ry values.'?!

Phenylpropane derivatives (feluric, caffeic, and chloro-
genic acids) and flavonoids were identified in a meth-
anolic extract from flowers of Sambuci nigra by using
TLC on silica gel 60 F,s4. The efficiency of 10 TLC
eluent systems was investigated by three mathematical
techniques. It has been established that the favorable
mobile phases for TLC of compounds investigated are
ethyl acetate—methanol-water (100:13.5:2.5:10, v/v) and
ethyl acetate—formic acid-water (8:1:1, viv)."1 In the
same manner, there were selected optional solvent
systems for the separation of caffeic acid, chlorogenic
acid, and some flavonoids from methanolic extracts
from Lavandula flos. It has been shown that the best
eluent systems are ethyl acetate—formic acid acetic acid—
water (100:11:11:27, v/v) and ethyl acetate formic acid-
water (8:1:1, v/v).lzoJ Also, for TLC separation of the
methanolic extract from Rosmarinus officinalis L. the
system ethyl acetate—formic acid—acetic acid-water
(100:11:11:27, v/v) has been found.*"! Detection of the
phenolic acids and flavonoids was achieved by spraying
the plates with 1% methanolic diphenylboryloxyethyl-
amine, then 5% ethanolic polyethylene glycol 4000. The

chromatograms were evaluated in UV light at 366 nm -
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(phenolic acids appeared as blue spots and flavonoids as

orange-yellow fluorescent spots
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INTRODUCTION

Chromatographic separations are mainly used for analyt-
ical purposes and, as such, are termed analytical chroma-
tography. Chromatography, however, is gaining increasing
importance as a tool that enables isolation of preparative
amounts of the desired substances. Such  ‘preparative chro-
matography’’ is usually achieved with LC and HPLC, but
also occasionally with thin layer chromatography (TLC).

Each separation occurs because of the different inter-
actions of each species with a sorbent. To describe the
partitioning process, knowledge of the isotherm involved
is needed. In analytical chromatography, the concentra-
tion of a species in an analyzed sample is very low, so
description of the retention process typically requires
knowledge of the slope of the isotherm when the concen-
tration is zero.

When chromatography is used in the preparative mode,
the entire dependence of the equilibrium on the concen-
trations of adsorbed and nonadsorbed solute must be es-
tablished. The equilibrium isotherm is usually nonlinear
and analysis of such isotherms is a necessary prerequisite
to enable prediction of the retention mechanism.

OVERVIEW

Physicochemical description of retention processes in
liquid chromatography (planar chromatography included)
is far from complete and, therefore, new endeavors are
regularly undertaken to improve existing retention models
and/or to introduce the new ones. The excessive simplicity
of already established retention models in planar chroma-
tography is—among other reasons—because some types
of intermolecular interaction in the chromatographic sys-
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tems are disregarded. For example, none of the validated
models focusing on prediction of solute retention takes
into consideration so-called ‘‘lateral interactions,”” the
term used to denote self-association of solute molecules.

The aim of this report is to give insight into the role of
lateral interactions in TLC band formation.

THEORY OF CHROMATOGRAPHIC
BAND FORMATION

Study of the mechanism of adsorption in TLC is more
difficult than in column liquid chromatography. The non-
linear isotherm model in TLC can be designed in a quali-
tative way only, after investigation of chromatographic
band shape and of the concentration distribution within this
band; phenomena characteristic of TLC band formation
can also have a major effect on the mechanism of retention.

Transfer Mechanism in TLC

In TLC, as most frequently practiced, transfer of mobile
phase through the thin layer is induced by capillary flow.
Solvents or solvent mixtures contained in the chromato-
graphic chamber enter capillaries in the solid bed,
attempting to reduce both their free surface area and their
free energy. The free-energy gain AE,, of a solvent
entering a capillary is given by the relationship:

29Vy
r

AEm = - 1)
where ) is the free surface tension, V,, denotes the molar
volume of the solvent, and r is the capillary radius.
From Eq. 1, it follows that the capillary radius r has a
very important effect on capillary flow; a smaller radius

1
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leads to more efficient flow. The methods used for
preparation of commercial stationary phases and supports
cannot ensure all pores are of equal, ideal diameter; this
results in side effects that contribute to the broadening of
chromatographic spots. Other mechanisms of spot broad-
ening are described below.

Broadening of Chromatographic Bands
as a Result of Eddy Diffusion and
Resistance to Mass Transfer

The most characteristic feature of chromatographic bands
is that the longer the development time and the greater the
distance from the start, the greater become their surface
areas. This phenomenon is not restricted to planar
chromatography—it occurs in all chromatographic tech-
niques. Band broadening arises as a result of eddy and
molecular diffusion, the effects of mass transfer, and the
mechanism of solute retention.

Eddy diffusion of solute molecules is induced by
the uneven diameter of the stationary phase or support
capillaries, which automatically results in uneven mobile
phase flow rate through the solid bed. Some solute mol-
ecules are thus displaced more quickly than the aver-
age rate of displacement of the solute, whereas others
are retarded.

Molecular diffusion is the regular diffusion in the
mobile phase, the driving force of each dissolving process
and, therefore, needs no further explanation.

The effects of mass transfer are different in the
stationary and mobile phases. The resistance to mass
transfer in the mobile phase varies with the reciprocals of
mobile phase velocity and the diffusivity of the species.
The resistance to mass transfer inside the stationary phase
varies with the reciprocal of diffusivity and is proportional
to the radius of the adsorbent granules attached to the
chromatography plate, or the structural complexity of the
internal pores in chromatographic paper. For both types
of mass-transfer resistance, band stretching is propor-
tional in each direction, as measured from the geomet-
rical spot center, and increases in magnitude the greater
the resistance.

All the aforementioned phenomena, which contribute
jointly to spot broadening, are used to be described as
the effective diffusion. Effective diffusion is a conve-
nient notion, which, apart from being concise and
informative, emphasizes that all the contributory
phenomena occur simultaneously.

Broadening of Chromatographic Bands as a
Result of the Mechanism of Retention

Mechanisms of solute retention, which are also responsi-
ble for spot broadening, differ from one chromatographic
technique to another, and their role in this process is far
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direction of development

concentration
(o n

distance from the startline

Fig. 1 Three examples of concentration profiles along the
chromatographic stationary phase bed: (a) symmetrical without
tailing, (b) skewed with tailing toward the mobile-phase front,
and (c) skewed with tailing toward the origin.

less simple than that of diffusion and mass transfer. Use of
densitometric detection has, however, furnished insight
into concentration profiles across the chromatographic
band, enabling estimation of the role of solute retention in
peak broadening and prediction of the retention mecha-
nism. Figure 1 shows three examples of such concentra-
tion profiles in the absence of mass overload.

Numerous efforts have been made to describe the band
broadening effect and the formation of the concentration
profiles. The most interesting models are those that
consider band broadening as a two-dimensional process.

Two models of two-dimensional band broadening were
established by Belenky et al.!""* and by Mierzejewski.!*!
In these models, nonlinearity of the adsorption isotherm
was neglected so that elliptical spots only, with symmet-
rically distributed concentration (as shown in Fig. 1a),
could be modeled. We will now focus our attention on the
effect of the adsorption mechanism on the concentration
profiles of chromatographic bands.

ADSORPTION EQUILIBRIUM ISOTHERMS

Isotherm models reflect interactions between active sites
on the sorbent surface and the adsorbed species and,
simultaneously, interactions occurring exclusively among
the adsorbed species. The dependence of isotherm shapes
on concentration profiles in TLC is fully analogous to
relationships between HPLC peak profiles and the
isotherm models, which have been discussed in depth by
Guiochon et al.'

Let us briefly recall several chromatographic models
and analyze the correspondence between concentration
profiles and types of isotherm. The simplest isotherm
model is furnished by Henry’s law.

g = HC )
where ¢ is the concentration of the adsorbed species, H is

Marcer DekkER, Inc.
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Henry’s constant, and C is the concentration in the mobm
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phase. This isotherm is also called the linear isotherm, and
concentration profiles obtained with its aid are similar to
that shown in Fig. la. It should be stressed that, for the
linear isotherm, peak broadening results from eddy
diffusion and from resistance of the mass transfer only;
it does not depend on Henry’s constant. In practice, such
concentration profiles are observed only for analyte
concentrations that are low enough for the equilibrium
isotherm to be regarded as linear.

One of the simplest nonlinear isotherm models is the
Langmuir model.

q;KC

T 1+ KC G)

where g, is the saturation capacity and K the equilibrium
constant. To make use of this isotherm, ideality of the
liquid mixture and of the adsorbed phase must be
assumed. Concentration profiles obtained with the aid of
this isotherm are similar to that presented in Fig. 1c. The
larger the equilibrium constant, the more stretched is the
concentration tail (and the chromatographic band).

More complicated models take into account lateral
interaction between the adsorbed molecules. One of these
models was designed by Fowler and Guggenheim.”! It
assumes ideal adsorption on a set of the localized sites,
with weak interactions among molecules adsorbed on
neighboring sites. It also assumes that the energy of
interactions between two adsorbed molecules is so small
that the principle of random distribution of the adsorbed
molecules on the sorbent surface is not significantly
affected. For liquid—solid equilibria, the Fowler and
Guggenheim isotherm is empirically extended and written
in the form:

0
1-0°

KC = -0 (4)
where y denotes the empirical interaction energy be-
tween two molecules adsorbed on nearest-neighbor sites,
and 0 is the degree of the surface coverage. For y=0,
the Fowler—Guggenheim isotherm simply becomes the
Langmuir isotherm.

Another model, which takes into account lateral
interaction and surface heterogeneity, is the Fowler—
Guggenheim—Jovanovic isotherm.'®!

0 =1 — e« 5)

where a is a constant and y a heterogeneity term.

The next model, which assumes single-component
localized monolayer adsorption with specific lateral
interactions among all the adsorbed molecules, is the
Kiselev model.””~*! The final equation of this model is

0 K

= 0C ~ (1 - KK(I - 0)C) “

REPRINTS

where 0=g/q,, K is the equilibrium constant for ad-
sorption of analyte on active sites, and K, is the asso-
ciation constant.

All these isotherms can generate the concentration
profiles presented in Fig. 1b. The more pronounced the
tailing, the stronger the lateral interactions. The concen-
tration profiles presented in Fig. 1b could also be obtained
if the adsorbed species formed multilayer structures.'%'!]

Multilayer isotherm models can be derived from
the equations:

KiClgs — a1 — a2 — q3 — = qn)

-q =0 (7)
K;Cq1 — g2 = 0 (8)
KiCqy — g3 = 0 )
K.Cqn1 — gn = 0 (10)

where the first equation describes the equilibrium between
free active sites and adsorbed species, and subsequent
equations depict equilibria between adjacent analyte
layers. It is usually assumed that K,=Kj3=...=K,=K,.
This set of equations (i.e., Eqs. 7-10) results in
the isotherm:

KC(1 + 2K,C + 3(K,C)*)
1T KC 1 KCK,C + KC(K,C) -

(11)

The Retention Model

Qualitative modeling of the experimentally observed
densitometric profiles for any given adsorption isotherm
has been presented in Refs. [11] and [12] on the basis of
the model:

oC acC dq 9*C 9*C
< awE e - p St 4 p 2T
o o T %% o T Pop
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with the assumed boundary conditions:

ac ~ac

x|, oy =0

=0,x=uxl y=0,y =yl
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where Eq. 12 represents the differential mass balance for=
the mobile phase and the solid state, w is the averageg
mobile-phase flow rate, C and ¢ are, respectively, the
concentrations (mol dm %) of the analyte in the mobileg
phase and on the sorbent surface, D, and D, areg
respectively, the effective diffusion coefficients length-=
wise (x) and in the direction perpendicular to this direction.
(), @ is the so-called phase ratio, and x1 and yl are theS

plate length and width, respectively. It was assumeg
Marcer DekkER, Inc.
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at time #=0, analyte is concentrated in a rectangular spot
at the start of the chromatogram.

The Role of Intermolecular Interactions:
Multilayer Adsorption

When low-molecular—weight carboxylic acids are chro-
matographed on cellulose powder with a nonpolar mobile
phase, the densitograms obtained are similar to those
presented in Fig. 2. Carboxylic acids form associative
multimers by hydrogen bonding because of the presence
of the negatively polarized oxygen atom from the
carbonyl group and the positively polarized hydrogen
atom from the hydroxyl group. Direct contact of these
cyclic acidic dimers with a sorbent results in forced
cleavage of most of the dimeric rings (e.g., because of
inevitable intermolecular interactions by hydrogen bond-
ing with hydroxyl groups of the cellulose), thus consid-
erably shifting the equilibrium of self-association toward
linear associative multimers.

The tendency of carboxylic acid analytes to form
associative multimers can also be viewed as multilayer
adsorption. Analysis of the concentration profiles pre-
sented in Fig. 2 reveals that for low concentrations of the
analyte, peaks a and b are similar to the band profiles
simulated by use of the Langmuir isotherm, whereas peaks
c—f resemble profiles obtained by use of the anti-
Langmuir isotherm (tailing toward the front of the
chromatogram is more pronounced than tailing toward
the start of the chromatogram.).

More spectacular results are obtained with some
alcohols. Figures 3 and 4 depict the densitometric profiles
for 5-phenyl-1-pentanol chromatographed on Whatman
No. 3 and Whatman No. 1 chromatography papers.

In this instance, very steep concentration profiles
toward the start of the chromatogram are obtained; this is

300+
200+

1004

mAV

-100+

Fig. 2 Concentration profiles of 4-phenylbutyric acid on
microcrystalline cellulose at 15°C with decalin as mobile phase.
Concentrations of the analyte solutions in 2-propanol were
(a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.5, and (f) 1.0 M. The
volumes of sample applied were 3 pL. (From Ref. [13].)
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Fig. 3 Concentration profiles of 5-phenyl-1-pentanol obtained
on Whatman No. 3 chromatography paper at ambient temper-
ature with n-octane as mobile phase. Concentrations of the
analyte solutions in 2-propanol were (a) 0.5, (b) 1.0, (c) 1.5, and
(d) 2.0 M. The volumes of sample applied were 5 pL. (From
Ref. [14].)

indisputably indicative of some kind of interaction
among the adsorbed molecules. The concentration pro-
files presented in Figs. 2—4 can be obtained theoretically
from the model given by Eqs. 12 and 13 combined with
the isotherm (Eq. 11), assuming three-layer adsorption as
a maximum.

As an example, qualitative reproduction of the ex-
perimental concentration profiles shown in Figs. 3 and 4
is given in Fig. 5. The Eq. 11 constants of the adsorption
isotherm, the mobile phase velocity, and effective
diffusion coefficients were chosen to reproduce the shapes
of the lengthwise cross sections of the chromatographic
bands obtained in the experimental densitograms.

The calculations presented in graphical form in Fig. 5
were performed for ¢g,=1.5, K=0.5, K,=5, w=0.3
cm min~ 1, D,=0.007 cm? minfl, and an initial spot length
of 0.06 cm. The phase ratio @ was assumed to be 0.25.
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Fig. 4 Concentration profiles of 5-phenyl-1-pentanol obtained
on Whatman No. 1 chromatography paper at ambient temper-
ature with n-octane as mobile phase. Concentrations of the
analyte solutions in 2-propanol were (a) 0.25, (b) 0.50, (c) 0.75,
and (d) 1.0 M. The volumes of sample applied were 5 pL. (From
Ref. [14].)
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Fig. 5 The lengthwise cross section of the simulated
chromatogram for a hypothetical alcohol or acid, according to
the model given by Eqs. 12 and 13 in conjunction with the
isotherm given by Eq. 11. Concentrations of the applied
solutions were (a) 1.0, (b) 0.5, and (¢) 0.1 M.

From Fig. 5, it is apparent that the adsorption fronts are
considerably less steep than the desorption fronts, and that
the adsorption fronts simulated for different initial
concentrations of the spots overlap. Similar behavior is
apparent in the typical experimental densitograms, given
in Figs. 3 and 4. In all these densitograms, the adsorption
fronts for the different concentrations of acid also overlap.

CONCLUSION

Satisfactory qualitative agreement between experimental
and theoretical concentration profiles for polar analytes
suggests their retention is substantially affected by lateral
interactions, which are probably even more complex than
is assumed in this isotherm model. Overlapping of the
adsorption fronts can be explained solely on the basis of
the lateral interactions among the adsorbed molecules.
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Antibiotics: Analysis by TLC

Irena Choma
Marie Curie Sklodowska University, Lublin, Poland

Introduction

Antibiotics are an extremely important class of human
and veterinary drugs. Chemically, they constitute a
widely diverse group with different functions and
modes of operation. They can be derived from living
organisms or obtained synthetically. However, all of
them exhibit antibacterial properties (i.e., either in-
hibit the growth of, or kill, bacteria).

Background Information

Penicillin, the first natural antibiotic produced by
genus Penicillium, discovered in 1928 by Fleming, as
well as sulfonamides, the first chemotherapeutic
agents discovered in the 1930s, lead a long list of cur-
rently known antibiotics. Besides B-lactams (peni-
cillins and cephalosporines) and sulfonamides, the
list includes aminoglycosides, macrolides, tetracy-
clines, quinolones, peptides, polyether ionophores, ri-
famycins, linkosamides, coumarins, nitrofurans, nitro
heterocytes, chloramphenicol, and others.

In principle, antibiotics should eradicate patho-
genic bacteria in the host organism without causing
significant damage to it. Nevertheless, most antibi-
otics are toxic, some of them even highly. The toxicity
of antibiotics for humans is not only due to medical
treatment but also to absorption of those drugs along
with contaminated food. In modern agricultural prac-
tice, antibiotics are administered to animals, both for
treatment of diseases and for prophylaxis, as well as to
promote growth as feed or water additives. When
proper withdrawal periods are not observed, unsafe
antibiotic residues or their metabolites may be pres-
ent in edible products (e.g., in milk, eggs, and meat).
Some of them, like penicillins, can cause allergic reac-
tions in sensitive individuals. Therefore, monitoring
antibiotic residues should be an important task for
government authorities.

There are many analytical methods for determining
antibiotics in body fluids and food. They can be based
on microbiological, immunochemical, and physico-
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chemical principles. The most popular methods be-
longing to the latter group are chromatographic ones,
mainly liquid chromatography, including high-per-
formance liquid chromatography (HPLC) and thin-
layer chromatography (TLC).

High-performance liquid chromatography offers
high sensitivity and separation efficiencies. However, it
requires sophisticated equipment and is expensive.
Usually, before HPLC analysis, tedious sample pre-
treatment is necessary, such as protein precipitation,
ultrafiltration, partitioning, metal chelate affinity chro-
matography (MCAC), matrix solid-phase dispersion
(MSPD), or solid-phase extraction (SPE). Generally,
the sample cleanup procedures used before TLC sepa-
ration are the same as for HPLC. Nevertheless, they
can be strongly limited in the case of screening TLC or
when the plates with a concentrating zone are applied.

Thin-layer chromatography is less expensive and
less complicated than HPLC, provides high sample
throughput, and usually requires limited sample pre-
treatment. However, the method is generally less sen-
sitive and selective and offers poor resolution. Some of
these problems can be solved by high-performance
thin-layer chromatography (HPTLC) or forced-flow
planar chromatography (FFPC). Lower detection lim-
its can also be achieved using an autosampler for injec-
tion, applying special techniques of development and
densitometry as a detection method, and/or spraying
the plate after development with appropriate reagents.

There is also a possibility of coupling TLC with
mass spectrometry (MS). Then, TLC can reach selec-
tivity, sensitivity, and resolution close to those of
HPLC.

Thin-layer chromatography stripped of the above-
mentioned attributes may still serve as a screening
method (i.e., one which establishes the presence or ab-
sence of antibiotics above a defined level of concentra-
tion). Screening TLC methods show sensitivity similar
to microbiological assays, which are the most popular
screening methods, applied for controlling antibiotic
residues in food in many countries. Thin-layer chro-
matography—bioautography (TLC-B) is one of the
TLC screening methods. The developed TLC plates
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are placed on or immersed in a bacterial growth
medium which has been seeded with an appropriate
bacteria strain. The locations of zones of growth inhi-
bition provides the information about antibiotic
residues.

In relation to extremely diverse nature of antibi-
otics, a variety of different separation and detection
modes is used in analytical practice. Short characteris-
tics and some general rules of separation for the most
popular classes of antibiotics are presented next.

Penicillins

The basic structure of penicillins is a thiazolidine ring
linked to a B-lactam ring to form 6-aminopenicillanic
acid, the so-called “penicillin nucleus.” This acid, ob-
tained from Penicillium chrysogenum cultures is a pre-
cursor for semisynthetic penicillins produced by at-
taching different side chains to the “nucleus.” The
most widely used stationary phase for analysis of peni-
cillins is silica gel, but reversed-phase (RP) or cellulose
plates have also been employed. It is advantageous to
add acetic acid to the mobile phase and/or spotting
acetic acid before the sample injection in order to
avoid the decomposition of B-lactams on silica gel. RP
phases usually contain pH 5-6 buffer and organic sol-
vent(s). The most popular detection is bioautography
and ultraviolet (UV) densitometry, often coupled with
spraying with appropriate reagents.

Cephalosporines

Cephalosporines are  derived from natural
cephalosporin C produced by Cephalosporinum acre-
monium. They possess a cephem nucleus (7-amino-
cephalosporanic acid) substituted with two side chains.
They are commonly divided into three classes differing
in their spectra and toxicity. Cephalosporines can be
analyzed both by normal and reversed-phase TLC or
HPTLC; hence, more efficient separation is obtained
on silanized gel than on bare, untreated silica gel. Mo-
bile phases are polar and similar to those used for peni-
cillins. Acetic acid or acetates are very often compo-
nents of solvents for normal phase (NP) TLC, the
ammonium acetate—acetic acid buffer for RP TLC. All
cephalosporines can be detected at 254 nm. The detec-
tion limit can be diminished by applying reagents such
as ninhydrin, iodoplatinate, chloroplatinic acid, or io-
dine vapor. Alternative to UV detection is bioautogra-
phy with, for instance, Neisseria catarrhalis.
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Aminoglycosides

Aminoglycosides consist of two or more amino sugars
joined via a glycoside linkage to a hexose nucleus.
Streptomycin was isolated in 1943 from Streptomyces
griseus, then others were discovered in different Strep-
tomyces strains. Aminoglycosides are particularly ac-
tive against aerobic microorganisms and against Tu-
bercle bacillus, but because of their potential
ototoxicity and nephrotoxicity, they should be care-
fully administered. Aminoglycosides, due to their ex-
tremely polar, hydrophilic character, are analyzed
mostly on silica gel. Polar organic solvents (methanol,
acetone, chloroform) mixed with 25% aqueous am-
monia are the most popular mobile phases. Because
the majority of aminoglycosides lack UV absorption,
they must be derivatized by spraying or dipping after
development with, for instance, fluram, vanillin, or
ninhydrin solutions. Bioautography with Bacillus sub-
tilis, Sarcina lutea, and Mycobacterium phlei is also
possible.

Macrolides

Macrolides are bacteriostatic antibiotics composed of
a macrocyclic lactone ring and one or more deoxy sug-
ars attached to it. The main representative of the class,
erythromycin, was discovered in 1952 as a metabolic
product of Steptomyces erythreus. Now, erythromycin
experiences its renaissance because of its high activity
against many new, dangerous bacteria such as Campy-
lobacter or Legionella. The macrolide antibiotics
group is still being expanded due to the search for
macrolides of pharmacokinetic properties better than
erythromycin. Separation of macrolides is performed
on silica gel, kieselguhr, cellulose, and reversed-phase
layers. Silica gel and polar mobile phases are very fre-
quently applied, usually with the addition of methanol,
ethanol, ammonia, sodium, or ammonium acetate. Be-
cause of the absence of chromophore groups, bioauto-
graphy or postchromatographic derivatization is used,
mainly charring by spraying with acid solutions (e.g.,
anisaldehyde—sulfuric acid—ethanol) and heating.

Tetracyclines

Tetracyclines, consisting of a octahydronaphthacene
skeleton, are “broad-spectrum” antibiotics produced
by Streptomyces or obtained semisynthetically. They
can be separated both by RP and NP TLC. Cellulose,
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kiselguhr, or silica gel impregnated with EDTA or
Na,EDTA can be used. Impregnation is necessary due
to the very strong interaction of tetracyclines with hy-
droxyl groups and with trace metals in the silica sur-
face. Also, mobile phases, both for RP or NP TLC,
should contain chelating agents such as Na,EDTA, cit-
ric, or oxalic acid. Tetracyclines give fluorescent spots,
which can be detected by UV lamp, fixed at 366 nm or
by densitometry. Spraying with reagents, for instance
with Fast Violet B Salt solution, provides lower detec-
tion levels. Tetracyclines can also be detected by fast-
atom bombardment-mass spectrometry (FAB-MS)
and bioautography.

Quinolones

Nalidixic acid, discovered casually in 1962, was the first
member of this class, although of rather minor impor-
tance. In the 1980s, synthetic fluoroquinolones were de-
veloped and became valid antibiotics with broad spec-
tra and of good tolerance. Quinolones may be
analyzed on silica gel plates, preferably impregnated
with Na,EDTA or K,HPO,. Multicomponent organic
mobile phases are employed, usually with the addition
of aqueous solutions of ammonia or acids. Densitome-
try or fluorescence densitometry are preferred detec-
tion methods, sometimes preceded by postchromato-
graphic derivatization.

Peptides

Peptide antibiotics are composed of the peptide chain
of amino acids, D and L, covalently linked to other moi-
eties. Most peptides are toxic and are poorly absorbed
from the alimentary tract. Peptide antibiotics are
difficult to analyze in biological and food samples, as
they are similar to matrix components. They can be
separated on silica gel, amino silica gel, and silanized
silica gel plates. A variety of mobile phases are ap-
plied, from a simple one like chloroform—methanol to
a multicomponent one like n-butanol-butyl acetate—

3

methanol-acetic acid—water. Bioautographic detec-
tion can be employed with Bacillus subtilis and My-
cobacterium smegmatis or densitometry as well as
fluorescence densitometry after spraying the plate
with reagents such as ninhydrin or fluram.

Besides typical antibiotics analysis, focused on the
separation of antibiotics belonging to one or different
classes, there are many examples of diverse TLC appli-
cations such as the following:

1. Purity control of antibiotics

2. Purification of newly discovered antibiotics
before further testing

3. Examining stability and breakdown products
of antibiotics in solutions and dosage forms

4. Analysis of antibiotic metabolites

5. Studying interactions of antibiotics with cell
membrane or human serum albumin

6. Examining reactions of antibiotics with differ-
ent compounds

7. Separation of antibiotics derivatives, obtained
in the process of searching for new antibiotics

8. Quantitation of antibiotics by densitometry
without elution with a solvent

9. Thermodynamic study of the retention behav-
ior of antibiotics

10. Determining hydrophobicity parameters of
antibiotics by RP TLC
11. Applying some antibiotics as stationary or

mobile-phase additives

Suggested Further Reading

Barker, S. A., and C. C. Walker, J. Chromatogr. 624: 195 (1992).

Bobbitt, D. R. and K. W. Ng, J. Chromatogr. 624: 153 (1992).

Boison, J. O., J. Chromatogr. 624: 171 (1992).

Hoogmartens, J. (ed.), J. Chromatogr. A 812 (1998) (special
issue).

Lambert, H. P. and F. W. O’Grady, Antibiotics and Chemother-
apy, 6th ed., Longman Group UK Ltd., London, 1992.

Choma, L., in Sherma, J., and B. Fried (eds.), Handbook of Thin-
Layer Chromatography, 3rd ed., Marcel Dekker, Inc., New
York, 2003.

MARCEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 5

ght © Marcel Dekker, Inc. All rights reserved.

Copyri



™

ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

Antioxidant Activity: An Adaptation for

Measurement by HPLC

Marino B. Arnao

Manuel Acosta

Antonio Cano

University of Murcia, Murcia, Spain

INTRODUCTION

The determination of antioxidant activity (capacity or
potential) of diverse biological samples is generally based
on the inhibition of a particular reaction in the presence of
antioxidants. The most commonly used methods are those
involving chromogenic compounds of a radical nature: the
presence of antioxidant leads to the disappearance of these
radical chromogens. They are either photometric or fluo-
rimetric and can comprise kinetic or end-point measure-
ments. Recently, there has been increasing interest in the
adaptation of these methods for on-line determinations
using liquid chromatography. In this article, we present the
adaptation to high-performance liquid chromatography
(HPLC) of our methods for the determination of the
antioxidant activity in a range of samples. Advantages and
disadvantages of these methods are discussed.

A biological antioxidant is a compound that protects
biological systems against the potentially harmful effects
of processes or reactions that cause excessive oxidation.
Hydrophilic compounds, such as vitamin C, thiols, and
flavonoids, as well as lipophilic compounds, such as
vitamin E, vitamin A, carotenoids, and ubiquinols, are the
best-known natural antioxidants. Many of these com-
pounds are of special interest due to their ability to reduce
the hazard caused by reactive oxygen and nitrogen species
(ROS and RNS, some are free radicals), and have been
associated with lowered risks of cardiovascular diseases
and other illnesses related to oxidative stress.!"! Practic-
ally all the above mentioned compounds are obtained
through the ingestion of plant products such as fruits and
vegetables, nuts, flours, vegetable oils, drinks, and
infusions, taken fresh or as processed foodstuffs.?' A
common property of these compounds is their antioxidant
activity. The activity of an antioxidant is determined by:

1. Its chemical reactivity as an electron or hydrogen
donor in reducing the free radical.

2. The fate of the resulting antioxidant-derived radical
and its ability to stabilize and delocalize the unpaired
electron.

3. Its reactivity with other antioxidants present.
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Thus, antioxidant activity is a parameter that permits
quantification of the capacity of a compound (natural or
artificial) and/or a biological sample (from a wide range
of sources) to scavenge free radicals in a specific re-
action medium."*4

METHODS TO MEASURE
ANTIOXIDANT ACTIVITY

Antioxidant activity can be measured in a number of
different ways. The most commonly used methods are
those in which a chromogenic radical compound is used
to simulate ROS and RNS; it is the presence of an-
tioxidants that provokes the disappearance of these
chromogenic radicals, as shown in the reaction model
given in Scheme 1. In order for this method to be
effective, it is necessary to obtain synthetic metastable
radicals that can easily be detected by photometric or
fluorimetric techniques. Nevertheless, different strategies
for the quantification of antioxidant activity have been
utilized: e.g., decoloration or inhibition assays. Details of
these strategies and commonly used methods have been
presented and reviewed elsewhere.!>¥

When chromogenic radicals are used to determine
antioxidant activity, the simplest method is to:

1. Dissolve the radical chromogen in the appropriate
medium.

2. Add antioxidant.

3. Measure the loss of radical chromogen photometri-
cally by observing the decrease in absorbance at a
fixed time.

4. Correlate the decrease observed in a dose—response
curve with a standard antioxidant (e.g., trolox, as-
corbic acid), expressing the antioxidant activity as
equivalents of standard antioxidant, a well-established
parameter in this respect being Trolox Equivalent
Antioxidant Capacity (TEAC).!

2,2'-Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid
(ABTS) (Fig. 1) and a,0/-diphenyl-B-picrylhydrazyl radi-
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Scheme 1 Reaction model of antioxidant activity determina-
tion using chromogenic radicals.

cal (DPPH) are the two most commonly used synthetic
compounds in antioxidant activity determinations. ABTS,
when oxidized by the removal of one electron, generates
a metastable radical. The ABTS radical cation (ABTS" ")
has a characteristic absorption spectrum with maxima at
411, 414, 730, and 873 nm (Fig. 1), with extinction coef-
ficients of 31 and 13 mM ™' cm ™' at 414 and 730 nm,
respectively.”! In the reaction between ABTS * and
antioxidants, the radical is neutralized by the addition of
one electron (see the reaction presented in Scheme I).
This leads to the disappearance of the ABTS ¥, which
can be estimated by the decrease in absorbance (virtually
any wavelength between 400 and 900 nm can be selected
to avoid exogenous absorption interferences). Generally,
ABTS " is generated directly from its precursor in
aqueous media by a chemical reaction (e.g., manganese
dioxide, ABAP, potassium persulfate) or by an enzymatic
reaction (e.g., peroxidase, hemoglobin, met-myoglobin)
(see references in Ref. [5]).
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Recently, we have developed a method based on
ABTS ™ generated by horseradish peroxidase (HRP)
that permits the evaluation of the antioxidant activity of
pure compounds and plant-derived samples.'’’ The
method is easy, accurate, and fast to apply and presents
numerous advantages because it avoids undesirable side
reactions, does not require high temperatures to generate
ABTS radicals, and allows for antioxidant activity to be
studied over a wide range of pH values. This method is
capable of determining both hydrophilic (in buffered
media) antioxidant activity (HAA) and lipophilic (in
organic media) antioxidant activity (LAA).® In the
second case, ABTS ™ is generated directly in ethanolic
medium by HRP, which is a powerful oxidizing bio-
catalyst that can act in nonaqueous media—a capacity
that has been widely used in biotechnological applica-
tions. Thus, it is possible to estimate the antioxidant
activity of both antioxidant types in the same sample
(HAA and LAA). The antioxidant capacities of natural
compounds, such as ascorbic acid, glutathione, cysteine,
phenolic compounds (resveratrol, gallic acid, ferulic
acid, quercetin, etc.), or synthetic antioxidants, such as
BHT, BHA, or trolox (a structural analog of vitamin E),
have been estimated, as well those of plant extracts or
samples from other sources. Different applications of the
method have determined antioxidant activity in a range of
foodstuffs.'” The ABTS" * chromogen used in our method

25
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Fig. 1 Spectral characteristics of ABTS and its oxidation products, the ABTS radical (ABTS"*), showing absorbance of up to
1000 nm. The chemical structures show the nitrogen-centered radical cation of ABTS .
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has been compared with another widely used radical
chromogen, DPPH"; it was concluded that in the determi-
nation of the antioxidant potential of citrus and wine
samples, the DPPH" method could significantly under-
estimate TEAC by up to 36% compared to ABTS *.1*]
Also, we have applied the method to study the total
antioxidant activity of different vegetable soups, obtaining
relevant data on the relative contribution of hydrophilic
(ascorbic acid and phenols) and lipophilic (carotenoids)
components to their total antioxidant activity.” On the
other hand, our methods have been used in animal
physiological studies on changes in the plasma antioxidant
status caused by the hormone melatonin in rats ''°! and by
other authors on the effect of ‘‘in vivo’’ oxidant stress in
the rat aorta.!'"!

Under our assay conditions, ABTS * generation pro-
gresses quickly and only 1-5 min is necessary to reach
maximum absorbance. This is a decisive factor in the easy
and rapid application of the assay with minimal reagent
manipulation. In contrast, other assays that use ABTS " to
measure the activity of lipophilic antioxidants have cer-
tain drawbacks, among which are: lengthy time (up to 16
hr) to chemically generate and stabilize ABTS * via po-
tassium persulfate;!'?! a previous filtration step when
manganese dioxide is used; or, in the case of the assay that
uses ABAP, high temperatures (45-60°C) that tend to
affect ABTS ™ stability. The advantage of enzymatic
ABTS ™ generation, as opposed to chemical generation,
is that the reaction can be controlled by the amount of
H,O, added, while the exceptional qualities of HRP in
ABTS " generation is an important feature in both the
aqueous and the organic system.>® The most significant
limiting factor in this type of strategy is the fact that the
ABTS ™ must be stable during the analysis; we were able
to optimize the conditions to ensure >99% stability. Du-
ring optimization, it was verified that the concentration
ratio between radical (ABTS" *) and substrate (ABTS) is a
determining factor for the stability of ABTS *, although
pH and temperature are also important elements. With
respect to the sensitivity of these methods, the calibration
using L-ascorbic acid presented a detection limit of 0.15
nmol and a quantification limit of 0.38 nmol. For lipo-
philic antioxidants, LOD of 0.08 and LOQ of 0.28 nmol
of trolox were obtained. The LOD and LOQ of similar
values were obtained for a-tocopherol and B-carotene.

ANTIOXIDANT ACTIVITY BY HPLC

The possibility of automating antioxidant activity de-
termination and applying it to a large number of samples
was an interesting objective. Previously, we have adapted
our method as a microassay using a microplate reader
to determine total antioxidant activity."”’ Recently, other
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authors have adapted radical chromogenic tests into
methods that combine the advantages of rapid and sen-
sitive chromogen radical assays with HPLC separation
for the on-line determination of radical scavenging com-
ponents in complex mixtures. Specifically, the DPPH’
method and the method of Rice-Evans, which uses
ABTS " generated chemically with potassium persulfate,
have been adapted as such.!1314] Nonetheless, the
chemical generation of ABTS ™ via potassium persulfate
required 16—17 hr to complete. Our methods resulted in
faster and better controlled generation of stable ABTS
radical because ABTS ¥ was generated enzymatically in
only 2—-5 min, with perfect control over the amount of
ABTS * formed and its stability (ABTS/ABTS"*
ratios).!®) The speedy generation of ABTS * permitted
quick acquisition of the absorbance value desired in the
detector by the addition of aliquots of H,O, to the
ABTS solution.

The adaptation of the ABTS * method as an on-line
test required that the chromogen radical should be stable
for sufficient time in different solvents to permit the
utilization of isocratic or gradient elution programs. The
on-line reaction time between ABTS'™ and potential
antioxidants was an additional potential limiting factor.

For on-line measurement of the antioxidant activity of
samples using liquid chromatography, it is first necessary
to consider the basic equipment required. Thus, the
determination of antioxidant activities in separate com-
ponents of samples by HPLC in a postcolumn reaction of
analytes with preformed ABTS ™ requires at least:

1. Two pumps, one for the mobile-phase solutions
and another for the preformed ABTS ™ solution. A
pulse dampener is recommended to minimize pulse
oscillations.

2. A sample injector.

The chromatography column.

4. A reaction coil of adequate length to give the desired

reaction time.

A UV-visible (UV-VIS) detector.

6. An integration system (software) for data analysis.

e

e

Fig. 2 shows a schematic diagram of the equipment
used in this study. In this case, because only one diode
array detector was available, two injections of the sample
were necessary: one to obtain the UV profile (at 250 nm)
and another for the antioxidant activity profile at 600 nm
(negative peaks). If two UV-VIS detectors had been
used, only one injection would have been required to
obtain the dual-HPLC profile but the chromatograms
must be time-normalized.

In this type of analysis, a dual-HPLC profile was
obtained. The UV profile (injection one) was of interest
because all the main components of biological samples
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Fig. 2 Instrumental scheme for the determination of antioxidant activities by HPLC using ABTS" *

are absorbed in this wavelength range. The second
injection detected absorbance changes at 600 nm or
higher (see absorption spectrum of ABTS " in Fig. 1) to
give the antioxidant activity profile. The photodiode array
detector additionally recorded the absorption spectra of
peaks and, consequently, could also provide data on the
possible chemical nature of the analyzed compounds. The
HPLC-ABTS method can be used to characterize
hydrophilic (ascorbic acid, phenolic compounds, organic
acids, etc.) or lipophilic antioxidants (trolox, a synthetic
standard antioxidant analog of vitamin E or carotenoids
such as B-carotene, lycopene, xanthophylls, etc.). Using
standard antioxidants, the dual-HPLC profile as shown
in Fig. 3 could be obtained. In Fig. 3A, the upper
chromatogram (trolox detected at 250 nm) and the lower
chromatogram (the scavenging activity of trolox vs.
ABTS * measured at 600 nm) were correlated. A
calibration curve relating the antioxidant concentration
and the signal (600 nm, as peak areas) was obtained and
used as standard to express all data as TEAC. Generally, a
known amount of trolox was injected into HPLC in any
chromatographic conditions (to analyze hydrophilic or
lipophilic compounds) to quantify its antioxidant activity
and obtain the calibration curve. Thus, antioxidant ac-
tivity was calculated from the sum of the peak areas of the
chromatogram profile at 600 nm (negative peaks) and
expressed as trolox equivalents (TEAC) using the pre-
viously mentioned calibration curves. An example of
another important antioxidant (resveratrol) is shown in
Fig. 3B.

Another significant aspect was the stability of the
radical chromogen ABTS'* in different solvents, in
isocratic or gradient elution programs. We found that in
the mobile phases used in our determinations (saline
solutions and mixtures of organic solvents in different
proportions), the observed fall was less than 0.01
expressed as — AAbS730,m/min.!"'> This stability is high

as chromogenic radical.

enough to obtain accurate data, approximately 10 times
greater than the data reported in Ref. [14].

It was very important to guarantee at least 1 min of
on-line reaction time between ABTS * and the anti-
oxidants because fast antioxidants, such as trolox or
ascorbic acid, reacted with ABTS ™ almost immediately,
but other antioxidants required more time. In our case,
trolox and ascorbic acid presented TEAC values of 1.0
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Fig. 3 Dual-HPLC plots of two antioxidants: trolox and

resveratrol. Upper chromatograms show UV profiles registered
at 250 nm and lower chromatograms ABTS ¥ scavenging
(antioxidant activity) profiles registered at 600 nm (negative
peak). In (A), trolox was detected with a retention time of 6.2
min. Inset: Calibration curve of scavenging activity (peak areas
at 600 nm) for different amounts of trolox. In (B), resveratrol
was detected at 5.0 min.



ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016

™

Antioxidant Activity: An Adaptation for Measurement by HPLC

and 0.99, respectively, using the HPLC-ABTS method
(Table 1); similar values were obtained using the ABTS
end-point method or the method of Rice-Evans.”®! In
the method of Koleva et al.,"*! ascorbic acid presented
time dependence: at 30 s, 60% of TEAC was expressed.
In our system, and to guarantee sufficient on-line re-
action time, a stainless steel reaction coil of 1 mL
volume (2.5 m x 0.7 mm i.d.) coupled to a pump was
connected to the chromatographic system (between the
column and the diode detector) (Fig. 2). Thus, using a
suitable elution program (0.5-0.7 mL/min of mobile
phases) and introducing between 0.3 and 0.5 mL/min of
the preformed ABTS * (0.2 mM), a total on-line reac-
tion time of 1 min was obtained.

Under these conditions, a study of the antioxidant
potential of pure compounds could be carried out. Table 1
shows the values of antioxidant activity (expressed as
TEAC) of different compounds of interest, determined by
the on-line method (HPLC-ABTS method) and compared
with the values obtained by our conventional photometric
end-point method.'®! As can be observed, the two most
important standard antioxidants, trolox and ascorbic acid,
presented similar TEAC using either method. Thus, either
can be used as reference to express antioxidant activity,
except that trolox has the advantage because it can be
used in both hydrophilic and lipophilic assays. The TEAC
values of phenolic compounds were underestimated by
approximately half when the HPLC-ABTS method was
used as compared to the end-point method. This was due
to the different reactivities of antioxidants with ABTS ™,
and because, unfortunately, the time dependence of on-
line scavenging activity determinations made it very
difficult to obtain the total reaction for the slowest
antioxidants, resulting in a partial estimation of this
activity. Nevertheless, the HPLC-ABTS method provided
important additional information in the form of correla-
tion between the different peaks of a sample and their
antioxidant activities.

The HPLC-ABTS has been used in a study on the
HAA and the LAA of fresh citrus and tomato juices.!'!

Table 1 Antioxidant activities of different compounds
determined by the HPLC-ABTS and by the end-point method

Antioxidant activity (TEAC)

Compound HPLC-ABTS method End-point method®
L-Ascorbic acid 0.99 1.0

Trolox 1.0 1.0

Ferulic acid 0.87 1.94

Gallic acid 1.39 3.02
Resveratrol 1.32 2.34
Quercetin 2.83 4.30

%From Ref. [4].)
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The data obtained showed a good correlation between
vitamin C content and HAA and slight underestimations
of LAA. We are currently applying this method to dif-
ferent plant materials with the aim of finding out which
compounds apport significant antioxidant properties to
the foodstuffs studied.

CONCLUSIONS

Determinations of antioxidant activity are widely used in
phytochemistry, nutrition, food chemistry, clinical chem-
istry, as well as in human, animal, and plant physiology,
etc. Methods adapted to HPLC have appeared only re-
cently but can be expected to have multiple applications
in the future. ABTS " is an excellent metastable chro-
mogen for the detection and quantification of the HAA
and LAA of biological samples. Thus, using a simple
photometer (end-point method),!® a microplate reader
(multisample titration method),”! or HPLC equipment, a
broad range of possibilities are available for the char-
acterization of diverse samples (animal- or plant-derived).
Some applications of special interest could include:

1. Characterization of biological samples (e.g., plant
extracts, foods).

2. Studies on the changes in the antioxidant activity of
material during industrial or postharvest processing
(e.g., thermal processes, Maillard reactions, and cold
storage of foods, etc.).

3. The search for new natural antioxidants of vegetable
or marine origin.

4. Clinical determinations.
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Introduction

The Capillary Electrochromatography Technique

Capillary electrochromatography (CEC) has grown
considerably over the past few years, due to the devel-
opments in column technology and the appearance of
several articles demonstrating the high efficiencies
possible with this technique [1]. The literature has
shown that there can be numerous applications for this
technology, which was not possible with the earlier
separation methods. Tsuda published an article that
discussed the CEC technique in detail [2]. The tech-
nique itself is a derivative of high-performance capil-
lary electrophoresis (HPCE) and high-performance
liquid chromatography (HPLC), where the separa-
tions are performed using fused-silica tubes of 50—
100 pm inner diameter (i.d.), that are packed with ei-
ther a monolithic packing or small (3 um or smaller)
silica-based particles [3—5]. The packing is similar to
the conventional HPLC; however, the mobile phase is
driven by electro-osmosis, which results from the elec-
tric field applied across the capillary rather than by
pressurized flow. The mobile phase is made up of aque-
ous buffers and organic modifiers [e.g., acetronile,
(ACN)]. An electro-osmotic flow (EOF) of up to 3
Mm/s can be generated. It is a plug flow, where the lin-
ear velocity is independent of the channel width and
there is no column back-pressure [4]. Partitioning or
adsorption of the neutral analyte occurs in the same
way as in HPLC. The analytes are separated while
moving through the column with the EOF. Charged
solutes have additional electrophoretic mobility in the
applied electric field; therefore, the separation occurs
by electrophoresis and partitioning. The selectivity in
analysis of the charged analytes is increased by elec-
tromigration of the sample molecules. The flat flow
profile results in a more efficient radial mass transport
compared to the parabolic laminar flow in pressure-
driven liquid chromatography (LC), and this results in
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a significant enhancement in separation performance
and shorter analysis times [1,5,6]. The capillaries can
be made shorter to offer the same plate count as
HPLC, therefore reducing the back-pressure. The
packing material is smaller compared to HPLC, so
with the high electric fields, the efficiency of this tech-
nique is very high (up to about 500,000 plates/m) [1],
the peaks are sharp, the resolution is high, and the
process is highly selective. An article by Angus et al.
[7] demonstrated the separation efficiencies of
200,000-260,000 plates/m that were obtained by CEC
and were reproducible from column to column for
structurally related, polar neutral compounds of phar-
maceutical relevance. The sample capacity in CEC is
10-100 times higher than that of capillary elec-
trophoresis (CE), and this means that more sample
volume can be placed on the CEC column to give bet-
ter sensitivity. The high capacity comes from the high
column loadability that results from the stationary
phase’s retentive mechanism [8]. The absence of addi-
tives and predominantly organic mobile phases make
CEC better suited for use in mass spectrometry (MS).
In fact, nonaqueous CEC is already being practiced by
analysts [8]. A recent article by Hansen and Helboe
gives a detailed study of the possibility of using CEC to
replace gradients or ion-pairing reagents. The group
optimized the separation of six nucleotides using a
background analyte consisting of 5 mM acetic acid,
3 mM triethylamine (TEA), and 98% acetonitrile and
a C;g 3-um column. This was accomplished in half the
time taken for a similar separation in HPLC [9].

A variation of gradient CEC is pressurized-flow CEC
or PEC (pressurized flow electrochromatography). A
pump forms the gradient and then allows part of this
pressurized flow to pump the mobile phase through the
packed bed. In this way, one can perform isocratic or gra-
dient CEC with part of the mobile-phase driving force be-
ing pumped, part electrophoretic and part electroosmotic
flows [1,8,10].
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Detection of Biomolecules and Pharmaceuticals in CEC

There are many different types of detectors used for
pharmaceutical applications in CEC. They vary from
indicating just the presence of a sample [fluorescence
(FL)], to giving some qualitative information about a
sample [photodiode array UV/vis detection (PDA)], to
absolute sample determination of the analyte (MS).
The methods can be on-column, off-column, and end-
column. With on-column, the solutes are detected
while still on the capillary, in off-column, the solute is
transported from the outlet of the capillary to the de-
tector, and end-column is done with the detector
placed right at the end of the capillary. Some modes of
detection used in CEC are as follows:

1. UV/vis absorbance detection is widely used in
capillary electrophoresis. Absorptivity depends
on the chromophore (light-absorbing part) of
the solute, the wavelength of the incident light,
and the pH and composition of the run buffer.
A photodetector measures light intensities and
the detector electronics convert this into ab-
sorbance [11].

2. Fluorescence detection. When light energy
strikes a molecule, some of that energy may be
given off as heat and some as light. Depending
on the electronic transitions within a molecule,
the light given off may be fluorescent or phos-
phorescent [12]. Fluorescence occurs when an
electron drops from an excited singlet to the
ground state, as opposed to phosphorescence,
which occurs when an electron’s transition is
from an excited triplet to the ground state.

3. LIF detection, such as argon ion, helium-cad-
mium [5], and helium-argon lasers, can be used
for this detection method. The criterion for choos-
ing the laser is that the wavelength should be at or
near the excitation maxima for the solute to be de-
termined. The higher the power of the laser, the
higher the intensity and the peak height and the
laser’ ability to focus the beam to a small spot.

4. MS detection [4]. This is the only detector that
has high sensitivity and selectivity and can be
used universally; therefore, the increased inter-
est in interfacing this technology with CEC
compared to other detection methods. It can
detect all solutes that have a molecular weight
within the mass range of the MS. In the selected
ion-monitoring mode, it detects only solutes of
a given mass, and in the total ion chromatogram
mode, it detects all the solutes within a given
mass range.

dﬂ) MARCEL DEKKER, INC.
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Current applications of CEC use on-column UV or
laser-induced fluorescence detection; however, for UV,
the path length is quite short, which limits sensitivity, al-
though bubble, Z-shaped, and high-sensitivity cells have
helped to improve detection limits. However, UV and
fluorescence are only good for samples that fluoresce and
absorb light or are amenable to derivatization with fluo-
rescing or absorbing chromophores. These detectors im-
pose difficult cell volumes and sample size limits if high
separation efficiencies are to be realized, and they are very
expensive. All of these drawbacks are nonexistent for MS
techniques, which are expensive but provide more struc-
tural information and high sensitivity and appear to have
the greatest overall potential [8].

According to an issue of LC-GC [8], combining CEC
with detection techniques such as MS, MS—MS and in-
ductively coupled plasma (ICP)-MS are easier to accom-
plish, as the flow rates are at nanoliter per minute levels.
Analysts must add makeup solvent after the capillary
separation for certain ionization methods, and, because it
is added later, users can select solvents that are more com-
patible with the detection technique. CEC mobile phases
have a high organic solvent content that is more amenable
to MS. Also, the low CEC flow rates means less mainte-
nance and downtime for MS source cleaning.

In the references to the application of CEC to biopoly-
mers, most of the work discusses CEC—electrospray ioni-
zation(ESI)-MS, much less to direct CEC-UV/FL meth-
ods. However, much of the work has evolved from the use
of commercially available, prepacked capillaries, such as
C,3 or ion exchange or a mixed mode containing both ion
exchange and reversed phase. There are very few articles
that have actually attempted to develop new phases spe-
cifically for biopolymers.

When using MS, the actual CEC conditions never re-
ally need to be fully optimized because the MS accom-
plishes the additional resolution and specific identifica-
tion, as needed. The specific mobile-phase conditions in
CEC-MS may be quite different than for CEC-UV/FL
or HPLC, and thus optimization of CEC—-MS conditions
will be somewhat different than for CEC-UV/FL. This
would include, just as for LC-MS, the use of volatile or-
ganic solvents and organic buffers, low flow rates, no void
volumes, or loss of resolution in the CEC-MS interface
and the usual interfacing requirements already developed
and optimized for CE-MS [10,13-23].

Few descriptions of quantitation have been reported so
far. Most of the literature is qualitative by nature, simply
demonstrating suitable, if not fully optimized, experimen-
tal conditions that provide evidence of the presence of
certain biopolymers and their high resolution from other
components in that particular sample. Absolute quantita-
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tion and validation needs to be developed and fully opti-
mized for CEC, to become a more valuable and appli-
cable separation mode for biopolymers.

Separation of Proteins

Capillary electrochromatography can accomplish high
plate counts, as mentioned earlier; this means a high peak
capacity (number of peaks that can be fitted into a typical
separation time for a given length of column), therefore
highly complex materials can be separated. The implica-
tion of better peak capacities is a better resolution of the
peaks in a complex analyte. Because of the frequent over-
lap of peaks due to components in a complex sample, it is
difficult to demonstrate peak purity with other methods.
It is possible in CEC to quantitatively determine the pres-
ence of a particular analyte. CEC techniques have pro-
duced the separation of the enantiomers of amino acids
[24-27]. This is done with limited use of solvents, buffer
additives, salts, organics, chiral species, packing materials,
and total time of analysis. Other groups have successfully
utilized gradient elution to separate mixtures of dansy-
lated amino acid mixtures on the ODS (octadecylsilane)
stationary phase [24]. Also, microprocessor control of
pressure flow and voltage, automated sample injection,
automated data collection, automated capillary switching,
and the ability to interface with a variety of detection in-
strumentation make CEC an appealing technique for pro-
tein separation and peptide mapping.

Proteins and peptides are water-soluble complex mol-
ecules that are composed of amino acids linked by pep-
tidic and disulfide bonds. Proteins are really just larger
peptides of higher molecular weight, and antibodies are
larger proteins of specific conformations, shape, size
and immunogenicity, together with antigenic recognition
properties [28—31]. The type, number, and sequence of
amino acids in the chain determine the chemical charac-
teristics of a peptide. The amino acid sequence determines
the electrophoretic properties of the peptide. In addition
to the amine terminus of the sequence, the amine and
the guanidine residues of lysine and arginine are the main
carriers of the positive charges, and the negative charge
contribution is associated with the carboxylic acid termi-
nus and the acidic groups of the aspartic and glutamic
acids. The isoelectric and isoionic points of the peptide are
their important characteristics in electrophoresis. These
points are similar in peptides but not identical; the iso-
electric point is determined by the given aqueous medium,
whereas the isoionic point is related to the interactions
with protons. The relation of the electrophoretic mobility
of the peptides and their relative molecular weight is de-
scribed by Offord’s equation:

Hre1 = Z
rel = —  —
V()]
where | is the relative mobility, Z is the total net charge,
and M is the molar mass in gram per mole. Calculation of
the net charge cannot be done easily from the pK values
of the acidic and basic groups for large peptides, but addi-
tional factors such as conformational differences, primary
sequence, chirality, and so forth need to be considered.
The popular methods of analysis of proteins currently
are HPLC, HPCE, and MS. However, due to the com-
plexity of proteins, LC approaches show a single, broad,
ragged peak, which indicates that the method is unable to
resolve the individual species [1]. In CEC, the success of
the protein separation requires that the capillary pack-
ing material meet certain properties. Depending on the
ionic characteristics of the biopolymers, pH-dependent
“ideal” packings would be either reversed-phase (RP) or
ion-exchange chromatography (IEC) or a combination
of both [1,32—46]. There are several references that de-
tail the possible application of size-exclusion chromato-
graphic (SEC) packings in CEC, but these have mainly
been applied to synthetic organic polymers and much less
to biopolymers [47-50]. Regardless of which packing is ac-
tually utilized, it should contain a stationary (bonded, not
coated) phase that can successfully interact with the
biopolymers, as in RP—-HPLC, and prevent any unwanted
silanol interactions with the underlying silica or ionic sites.
It must also provide additional or programmable EOF,
besides that from the uncoated fused-silica capillary walls.
Perhaps an ideal packing would combine a cationic-
exchange material (cationic-exchange chromatography
(CIEC)] together with RP, in order to allow separations
based on RP (hydrophobicity) alone, a combination of RP
and IEC, or just IEC alone, mobile phase (buffer) de-
pendent. Also, that packing, be it single or mixed mode,
should prevent unwanted biopolymer (e.g., peptide amino
groups) interaction with the support, such as amine—sila-
nol hydrogen-bonding in RP-HPLC for amine containing
analytes (e.g., pharmaceuticals, peptides, and proteins).
Additional articles on open tubular CEC (OT-CEC) ap-
plications, where a coating is applied on the inner surface
of the capillary as in capillary gas chromatography (GC)
have appeared [51-54]. There are articles on packed-bed
CEC, where there is a real packing in the capillary [55,56].
Also, then there are methods that employ just CEC, with-
out any additional, pressure-driven flow [38,39], as well
as pressurized CEC or PEC, with additional pressurized
flow [4,51-53]. There is also electro-HPLC that utilizes
gradient elution with an applied voltage, but it is mainly
conventional HPLC with some voltage applied sporadi-
cally or continuously during the HPLC separation [54].
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CEC of Biopolymers (Proteins,
Peptides, and Antibodies)

The majority of the applications of CEC for biopolymers
have dealt with peptides, of varying sizes and complex-
ity, utilizing different modes of CEC (OT-CEC, conven-
tional isocratic CEC, gradient CEC, PEC, and others).
The following accounts are listed according to the work of
different authors in the field.

Palm and Novotny applied the polymeric gel beds
(monoliths) for peptide resolutions in CEC [5]. The pep-
tide separation used the above packing beds with 29% C;,
as the ligand. Additional CEC conditions are indicated in
Fig. 1, which depicts the separation of a series of tyrosine-
containing peptides, with detection at 270—-280 nm. In
this particular study, peptide elution patterns were very
sensitive to changes in pH and ACN concentrations. A
gradient elution technique, not employed here, would
have been more appropriate for such samples of peptides
having small differences in their constitution. Attempts to
elute protein samples were unsuccessful with these par-
ticular gel matrices, perhaps due to the high hydrophobic-
ity of the packings [5].

1.0-‘

0.724 1=system peak
2=Tyr-Arg
3=Gly-Gly-Tyr-Arg
4=Tyr-Ala-Gly-Phe-Leu-Arg-

( (D-Ala2)-Leucine Enkephalin-Arg)
0.48- 5=Tyr-Gly-Gly-Phe-Leu-NH2
(Leucine Enkephalinamide)

N

Absorbance (mAU)

0.244

(0N o) B I S B SR S
0.00 1.00 2.00 3.00 4.00 5.00
Time (min)

Fig.1 Isocratic electrochromatography of peptides in a capil-
lary filled with a macroporous polyacrylamide—polyethylene
glycol matrix, derivatized with a C;, ligand (29%) and contain-
ing acrylic acid. Conditions: mobile phase, 47% acetonitrile in
a buffer; voltage, 22.5kV (900 V/cm), 7 pm; sample concentra-
tion, 4-10 mg/mL; detection, UV absorbance at 270 nm; other
conditions are described in Ref. 5. (From Ref. 5; reproduced
with permission of the authors and the American Chemical
Society.)
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Fig.2 Separation of synthetic, protected tetrapeptide interme-
diates: (9) N-methyl C- and N-protected tetrapeptide; (10) non-
N-methyl C- and N-protected tetrapeptide. The structures of
these compounds is proprietary information and consequently
cannot be disclosed. Detection wavelength of 210 nm with a
10-nm bandwidth and a 1-s rise time. Electrochromatography
was performed on a 250 mm X 50 wm i.d. spherisorb ODS-1
packed capillary using an acetonitrile-Tris (50 mmol/L, pH 7.8)
buffer 80:20 v/v mobile phase, capillary temperature of 15°C,
and an electrokinetic injection of 5 kV/15 s. (a) Synthetic mix-
ture of protected tetrapeptides 9 and 10. Efficiency values of
124,000 and 131,000 plates/m were obtained for analytes 9 and
10, respectively. (b) Chromatogram of synthetically prepared 9,
the presence of residual nonmethylated tetrapeptide (10) can
be seen. (c) Chromatogram of synthetically prepared 9, spiked
with 10% of the nonmethylated tetrapeptide (10). Efficiency
values of 83,000 and 101,000 plates/m were obtained for ana-
lytes 9 and 10, respectively. (d) Chromatogram of synthetically
prepared 9, the presence of residual nonmethylated tetrapep-
tide (10) can be clearly seen at the 3% level. Additional condi-
tions are indicated in Ref. 38. (From Ref. 38; reproduced with
permission of the authors and John Wiley and Sons, Inc.)
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Euerby et al. reported the separation of an N-
methylated, C- and N-protected tetrapeptide from its
nonmethylated analog, (Fig. 2) [38]. These separations
utilized a Spherisorb ODS-1, 3-um packing material,
without pressure-driven flow (true CEC using a com-
mercially available CE instrument), and an ACN
buffer. Using nonoptimized, nonpressurized CEC con-
ditions (non-PEC, non-pressure-driven CEC), separa-
tion of the two tetrapeptides could be achieved in a run
time of 21 min with efficiency values of 124,000 and
131,000 plates/m. In comparison, when a pressurized
CE (buffer reservoirs and capillary were pressurized,
with pressure-driven flow of buffer) system was used,
separation of the components was achieved within
3.5 min. According to Euerby et al. the separation of
these two peptides using a pressure-driven HPLC gra-
dient analysis took 30 min and gave comparable peak
area results. Although this study illustrated the im-
proved efficiency of both nonpressurized CEC and
pressurized CEC over HPLC, no reasonable conclu-
sions can be drawn from this work.

The attempts that have been made to utilize true
chemometric optimization of operating conditions in
CEC are unclear in most of the studies done utilizing
CEC. This has been done for many years in GC and
HPLC, as well as in CE, but there are no obvious arti-
cles that have appeared which have utilized true
chemometric software approaches to optimization in
CEC [57-59]. It is not clear that any true method opti-
mization has been performed or what analytical figures
of merit were used to define an optimized set of condi-
tions for biopolymer analysis by CEC. It is also unclear
as to why a specific stationary phase (packing) was
finally selected as the optimal support in these partic-
ular CEC applications for biopolymers. In the future,
it is hoped that more sophisticated optimization rou-
tines, especially computerized chemometrics (expert
systems, theoretical software, or simplex /optiplex rou-
tines) will be employed from start to finish.

The coupling of ESI and MS with a pressurized CEC
system (PEC) has been shown to separate peptides [4].
This particular study of Schmeer et al. utilized a com-
mercial reversed phase silica gel, Gromsil ODS-2, 1.5-
pm packing material, already utilized in capillary
HPLC for peptide separations. It was never made per-
fectly clear why this particular packing material was se-
lected or why PEC was selected for MS interfacing over
conventional, isocratic CEC conditions. It is possible
that the EOF alone with this packing material was in-
sufficient to elute all peptides in a reasonable time
frame and, thus, pressurized flow was introduced. No
gradient elution PEC was demonstrated in this particu-

lar study. A mixture of enkephalin methyl ester and
enkephalin amide was separated using the packed cap-
illary column (Fig. 3). The coupling of these two meth-
ods showed enhanced sensitivity and detectability. Like
the Euerby study, this offered little insight into the ca-
pabilities of CEC to separate peptides; however, the
study does provide a nice example of a peptide separa-
tion based on chromatographic and electrophoretic
separation mechanisms, probably occurring simultane-
ously. This report also described the ability of easily
interfacing CEC and PEC with ESI-MS.

The coupling of an MS with CEC or PEC provides
several advantages. With the capillary columns of
100 mm inner-diameter (i.d.), flow rates of 1-2 L/min
are obtained, which are ideal for electrospray MS [4].
No interface like a liquid sheath flow is required and
the sintered silica gel frits allow direct coupling of the
packed capillary columns without additional transfer
capillaries. The spray is therefore formed directly at
the outlet side of the column. Verheij et al. carried out
the first coupling of a pseudoelectrochromatography
system to a fast-atom bombardment (FAB)-MS in
1991 [6]. However, this required transfer capillaries
that caused a loss in efficiency, which was also a prob-
lem with other experimentations with this technique.

Lubman’s group published several papers on the
PEC-MS system [51-54]. Reverse-phase open tubular
columns (RP-OTC), which were prepared by a sol—
gel process, were coated with an amine that enhanced
the EOF in an acidic buffer solution and reduced the
nonspecific adsorption between the peptides and the
column wall. A six-peptide mixture was separated to
baseline within 3 min using this system coupled to an
on-line ion-trap storage—time-of-flight mass spectrom-
eter (ITS-TOFMS). A full-range mass detection
speed of 8 Hz was used in all these experiments, which
was rapid to maintain the high efficiency and ultrafast
separation. A high-quality total ion chromatogram
could be obtained with only a couple of femtomoles of
peptide samples, due to the high-duty cycle of the MS
and the column path-length-independent and concen-
tration-sensitive feature of the ESI process. The con-
centration limit of detection was also improved to
about 1 X 107°M because of the preconcentration ca-
pability of the reversed-phase CEC. A tryptic digest of
horse myoglobin was successfully separated within
6 min on the gradient CEC system. The use of the MS
increased the resolving power of this system by clearly
identifying the coeluting components.

Another article by Wu et al. [52] dealt with a PEC
coupled to an ion-trap storage/reflectron TOFMS
(RTOFMS) for the analysis of peptide mixtures and
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Fig. 3 Interfacing of pressure-driven CEC (PEC) for the separation of two simple peptides, enkephalin methyl ester (5.58 min) and
enkephalin amide (7.39 min). (a) Extracted mass chromatogram of m/z 714 and 729 for the on-line peptide separation. Specific oper-
ating conditions are indicated in Ref. 4. (b) Mass spectra taken from the chromatographic peaks in (a), illustrating true M, and the
presence of M+H, M+Na, and M+K cations at appropriate m/z (amu) values. (From Ref. 4; reproduced with permission of the

authors and the American Chemical Society.)

protein digests. Taking advantage of the EOF, a high
separation efficiency has been achieved in PEC due to
arelatively flat flow profile and the use of smaller pack-
ing materials. With columns only 6 cm long, a tryptic
digest of bovine cytochrome-c was successfully sepa-
rated in about 14 min by properly tuning the applied
voltage and the supplementary pressure. A relatively

dﬂ) MARCEL DEKKER, INC.
s 270 Madison Avenue, New York, New York 10016

complex protein digest (tryptic digest) of chicken al-
bumin gave 20 peaks (resolved) in the total ion current
chromatogram in 17 min (Fig. 4). The sample concen-
trations were also on the order of about 1 X 107°M.
The detector increased the resolving power of PEC by
unambiguously identifying coeluting components. The
CEC was directly interfaced to the MS via an ESI,
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Fig. 4 The total ion chromatography (TIC) of the separation
of a tryptic digest of chicken ovalbumin with a sample injection
amount of 12 pmol corresponding to the original protein [52].
Column length, 6 cm. Conditions: 20 min, 0—40% acetonitrile
gradient: 1000 V applied voltage with a 40-bar supplementary
pressure. (From Ref. 52; reproduced with permission of the
authors and the American Chemical Society.)

which provided the molecular-weight information of
the protein digest products and structural information
via MS—-MS (Table 1). The device uses a quadrupole
ion trap as a front-end storage device, which converts
a continuous electrospray beam for TOF analysis. The
storage property of the ion trap provides ion integra-
tion for low-intensity signals, whereas the nonscanning
property of the TOFMS provides high sensitivity. A
description of the MS is provided in an article by Wu
et al. [54]. According to an article by Verheij et al.,
problems that were encountered earlier, like forma-
tion of bubbles, have been overcome by using liquid
junctions to apply the electric field over the column
[60].

A recent review article by the Lubman group points
out that there are some serious advantages in using an

open tubular column (OTC) for CEC as compared
with packed-bed CEC [54]. OTCs with inner diameters
around 10 pym have been found to have a smaller plate
height when compared to packed columns. This is due
to the lack of band-broadening effects associated with
the presence of packing materials and end-column
frits. OTC capillaries do not require end frits. High
concentration sensitivity is another advantage of
OTGCs, as columns with very small dimensions are
used. The small diameters of OTCs allow for the use of
a higher voltage in CEC, without significant Joule
heating. OTCs can also often provide more rapid sep-
arations than packed columns, by eliminating
intraparticle diffusion, which is an important elimina-
tion for ultrafast separations in packed columns. How-
ever, there are some grave difficulties involved in using
OTCs, perhaps because of the real difficulties with
sample injection and detection. The injection volume
of OTCs is in the low nanoliter or even picoliter range.
The very small inner diameters of most OTCs make
optical detection difficult, but they are very compatible
with a concentration-sensitive detection method, such
as ESI-IT-TOFMS. With peptide mixtures, however,
gradient elution CEC, with or without pressure-driven
flow, is almost required over isocratic or step-gradient
methods, because small changes in the mobile phase
composition results in large changes in peptide reten-
tion times.

In a later study, Pesek et al. reported the separation
of other proteins using a diol stationary phase [61-64].
The use of a diol stationary phase should result in a
surface that is more hydrophilic than a typical alkyl-
bonded moiety, like Cis or Cs. The overall results
showed significant variations in retention times due to
differences in solute-bonded phase interactions. Other
factors, such as pH, could also influence this interac-
tion, due to its influence on charge and protein confor-
mations. Combining all these factors in the separation
of peptides and proteins provides an experimentalist
with many decisions to be made in the optimized ex-
perimental conditions to be used. Other chemical
modifications of etched fused silica need to be studied
in order to provide a better understanding of their in-
teractions with proteins and peptides, as well as other
classes of biopolymers.

Conclusions

At the present time, although there are several appli-
cations of CEC-PEC to biopolymer classes, these are
to be considered only preliminary and not necessarily
fully optimized in all possible parameters. At times,
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significant improvements in peak shape, plate counts,
resolutions, efficiency, and the time of analysis can be
realized. However, final optimizations of these separa-
tions have not been realized or possible. Some workers
have utilized pressurized flow to solve the problems of
obtaining reasonable EOF without silanol—analyte in-
teraction; however, this does not solve the problem. It
just forces the analyte to elute and approaches electro-
HPLC, rather than true CEC. There are real differ-
ences between electro-HPLC, PEC and CEC that
need to be recognized. There does not, in general,

Application of Capillary Electrochromatography to Biopolymers and Pharmaceuticals

seem to have been any serious attempt to utilize any
chemometric software approaches in CEC-PEC for
biopolymer separation optimizations or rationale for
doing so. At this time, packings are simply used be-
cause they were on the shelf in a laboratory or com-
mercially available and not necessarily because they
were really the best for protein—peptide separations in
PEC-CEC. There remains a need for research-ori-
ented column choices from commercial vendors to
avoid the need to pack capillaries in-house with com-
mercial HPLC supports.

Table 1 Comparison of Calculated and Measured Tryptic Peptides of Chicken Ovalbumin

from PEC-MS
Tryptic Calculated Determined
No. peptides mass* mass*? Sequence
1 1-16 1709.0 1709.6 GSIGAASMEFCFDVFK
4,5 47-55 1080.2 1079.7 DSTRTQINK
5 51-55 602.7 602.9 TQINK
6,7 56-61 781.0 781.4 VVRFDK
7 59-61 408.5 408.4 FDK
10 105-110 779.8 780.1 IYAEER
11 111-122 1465.8 1466.3 YPILPEYLQCVK
12 123-126 579.7 579.7 ELYR
13 127-142 1687.8 1687.5 GGLEPINFQTAADQAR
16 182-186 631.7 631.6 GLWEK
16,17 182-189 996.1 995.9 GLWEKAFK
17 187-189 364.4 364.5 AFK
18 190-199 1209.3 1209.0 DEDTQAMPFR
20 219-226 821.9 821.7 VASMASEK
21 227-228 277.4 277.6 MK
23 264-276 1581.7 1581.3 LTEWTSSNVMEER
24,25 277-279 405.5 405.4 KIK
26 280-284 646.8 646.8 VYLPR
26,27 280-286 9242 924.4 VYLPRMK
27,28 285-290 813.0 813.1 MKMEEK
28 287-290 535.6 535.5 MEEK
30 323-339 1773.9 1774.2 ISQAVHAAHAEINEAGR
31 340-359 2009.1 2008.5 EVVGSAEAGVDAASVSEEFR
32 360-369 1190.4 1190.2 ADHPFLFCIK
33 370-381 1345.6 1345.3 HIATNAVLFFGR
33,34 370-385 1750.1 1749.5 HIATNAVLFFGRCVSP
34 382-385 404.5 404.4 CVSP

“Average masses.
b Average of all charge states observed.

Source: Ref. 52; reproduced with permission of the authors and the American Chemical Society.
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Applications of Evaporative Light-Scattering

Detection in HPLC
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Introduction

High-performance liquid chromatography (HPLC) is
mainly carried out using light absorption detectors as
ultraviolet (UV) photometers and spectrophotome-
ters (UVD) and, to a lesser extent, refractive index de-
tectors (RID). These detectors constitute the main
workhorses in the field [1]. The sensitive detection of
compounds having weak absorption bands in the range
200-400 nm, such as sugars and lipids is, however, very
difficult with absorption detectors. The use of the more
universal RID is also restricted in practice because of
its poor detection limit and its high sensitivity to small
fluctuations of chromatographic experimental condi-
tions, such as flow rate, solvent composition, and tem-
perature [2]. Moreover, if the separation of complex
samples requires the use of gradient elution, the appli-
cation of RID becomes almost impossible. Although
for some solutes the use of either a reaction detector
(RD) or a fluorescence detector (FD) is possible, this
is not a general solution. In this regard, the analysis
of complex mixtures of lipids or sugars by HPLC re-
mains difficult owing to the lack of a suitable detector.

The miniaturization of detector cells is also ex-
tremely difficult and the technological problems have
not yet been solved because the detection limit should
also be decreased or, at least, kept constant [2—6]. Some
progress in the design of very small cells for UVD and
FD has been reported [3-7], but the miniaturization of
RD and RID seems much more difficult in spite of some
suggestions [8]. Similarly, the development of open tu-
bular columns is plagued by the lack of a suitable detec-
tor with a small contribution to band broadening.

A nonselective detector more sensitive than the
RID and easier to use with a small contribution to
band broadening is thus desirable in HPLC. The mass
spectrometer would be a good solution if it were not so
complex [10] and expensive. The electron-capture de-
tector (ECD) [11] and flame-based detectors have
been suggested [12]. Both are very sensitive and could
be made with very small volumes. Unfortunately, the
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ECD can be used only with volatile analytes and it is
very selective. Both ECD and flame-based detectors
are very sensitive to the solvent flow rate, and noisy sig-
nals are often produced. The adaptability of these de-
tectors to packed columns is thus difficult. This proba-
bly explains why the ECD has been all but abandoned.

The evaporative light-scattering analyzer [13-14],
on the other hand, is an alternative solution which
seems very attractive for a number of reasons. As most
analytes in HPLC have a very low vapor pressure at
room temperature and the solvents used as the mobile
phase have a significant vapor pressure, some kind of
phase separation is conceivable.

Evaporative Light-Scattering Detector

Principle of Operation

The unique detection principle of evaporative light-
scattering detectors involves nebulization of the col-
umn effluent to form an aerosol, followed by solvent
vaporization in the drift tube to produce a cloud of
solute droplets (or particles), and then detection of the
solute droplets (or particles) in the light-scattering cell.

Detector Components

Nebulizer: The nebulizer is connected directly to
the analytical column outlet. In the nebulizer, the col-
umn effluent is mixed with a steady stream of nebuliz-
ing gas, usually nitrogen, to form an aerosol. The
aerosol consists of a uniform dispersion of droplets.
Two nebulization properties can be adjusted to regu-
late the droplet size of the analysis. These properties
are gas and mobile-phase flow rates. The lower the mo-
bile-phase flow rate, the less gas and heat are needed
to nebulize and evaporate it. Reduction of flow rate by
using a 2.1-ym-inner diameter column should be con-
sidered when sensitivity is important. The gas flow rate
will also regulate the size of the droplets in the aerosol.
Larger droplets will scatter more light and increase the
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sensitivity of the analysis. The lower the gas flow rate,
the larger the droplets. It is also important to remem-
ber that the larger the droplet, the more difficult it will
be to vaporize in the drift tube. An unvaporized mo-
bile phase will increase the baseline noise. There will
be an optimum gas flow rate for each method which
will produce the highest signal-to-noise ratio.

Drift tube: In the drift tube, volatile components
of the aerosol are evaporated. The nonvolatile particles
in the mobile phase are not evaporated and continue
down the drift tube to the light-scattering cell to be de-
tected. Nonvolatile impurities in the mobile phase or
nebulizing gas will produce noise. Using the highest-
quality gas, solvents, and volatile buffers, preferably a
filter, will greatly reduce the baseline noise. Detector
noise will also increase if the mobile phase is not com-
pletely evaporated. The sample may also be volatilized
if the drift-tube temperature is too high or the sample is
too volatile. The optimal temperature in the drift tube
should be determined by observing the signal-to-noise
ratio with respect to temperature.

Light-scattering cell: The nebulized column
effluent enters the light-scattering cell. In the cell, the
sample particles scatter the laser light, but the evapo-
rated mobile phase does not. The scattered light is de-
tected by a silicone photodiode located at a 90° from
the laser. The photodiode produces a signal which is
sent to the analog outputs for collection. A light trap is
located 180° from the laser to collect any light not scat-
tered by particles in the aerosol stream.

The signal is related to the solute concentration by
the function A = am", where x is the slope of the re-
sponse line, m is the mass of the solute injected in the
column, and a is the response factor.

Applications

Evaporative light-scattering detection finds wide appli-
cability in the analysis of lipids and sugars. The analy-
sis of lipids and sugars by HPLC has classicaly been
hampered due to the lack of absorbing chromophores
in these molecules. Accordingly, most analyses are car-
ried out by gas chromatography, requiring derivatiza-
tion in the case of the sugars or being especially
difficult like the separation of the high-molecular-
weight triglycerides, or even impossible for the impor-
tant class of phospholipids, which cannot withstand
high temperatures. Specific applications are as follows:

1. Use of evaporative light scattering detector in
reversed-phase chromatography of oligomeric
surfactants. Y. Mengerink, H. C. De Man, and S.
J. Van Der Wal, J. Chromatogr. 552: 593 (1991)
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2. A rapid method for phospholipid separation by
HPLC using a light-scattering detector: W. S.
Letter, J. Lig. Chromatogr. 15: 253 (1992)

3. Detection of HPLC separation of glycophos-
pholipids: J. V. Amari, P. R. Brown, and J. G.
Turcotte, Am. Lab. 23 (Feb. 1992)

4. Analysis of fatty acid methyl esters by using su-
percritical fluid chromatography with mass
evaporative light-scattering detection: S. Cooks
and R. Smith, Anal. Proc. 28, 11 (1991)

5. HPLC analysis of phospholipids by evaporative
light-scattering detection: T. L. Mounts, S. L.
Abidi, and K. A. Rennick, J. AOCS 69: 438 (1992)

6. Determination of cholesterol in milk fat by
reversed-phase high-performance liquid chro-
matography and evaporative light-scattering
detection: G. A. Spanos and S. J. Schwartz, LC—
GC 10(10): 774 (19XX)

7. A qualitative method for triglyceride analysis
by HPLC using ELSD: W. S. Letter, J. Liq.
Chromatogr. 16: 225 (1993)

8. Detect anything your LC separates, P. A. As-
mus, Res. Dev. 2: 96 (1986).

9. Rapid separation and quantification of lipid
classes by HPLC and mass (light scattering) de-
tection: W. H. Christie, J. Lipid Res. 26: 507
(1985)
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Applied Voltage: Effect on Mobility, Selectivity,
and Resolution in Capillary Electrophoresis

Jetse C. Reijenga
University of Technology, Eindhoven, The Netherlands

Introduction

Generally, migration times /» in capillary elec-
trophoresis (CE) are inversely proportional to the ap-
plied voltage; in terms of analysis time, the voltage
should, therefore, be as large as possible:

Under conditions optimized for limited power dissi-
pation, effective mobilities and selectivities (defined as
effective mobility ratios) are independent of the ap-
plied voltage.

Efficiency is also determined by the applied voltage,
but in a much more complicated manner (see Band

i
| M
10kV . I
ISRV US| IV N | ¥ ) ¥ | —
5kV
4 10 50
logarithmic migration time [min]

Fig.1 Analysis of a mixture of weak anions at three different
voltages. Suppressed EOF in a 400-mm capillary with negative
inlet polarity. Note: The time axis is logarithmic.
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Broadening in Capillary Electrophoresis). If efficiency
is limited by diffusion, a higher voltage also leads to a
higher efficiency. Limitations are due to insulation
properties and heat dissipation. Voltages larger than 30
kV should always be avoided because of danger of
sparking and leaking currents, even more so in cases of
significant atmospheric humidity. Excessive heat dissi-
pation leads to an average temperature increase inside
the capillary, which can be reduced by forced cooling.
What cannot be reduced is the contribution of heat dis-
sipation to band broadening. This can only be reduced
by a lower conductivity, a lower current density, or a
smaller inner diameter (see Band Broadening in Capil-
lary Electrophoresis). In the case of diffusion-limited
efficiency, the efficiency (as given by the plate number)
is directly proportional to the applied voltage:

N=V

The ultimate criterion for quality of separation is
the resolution R, given by the following relationship:

R At,,
4o

With the definition of plate number, it follows that
R=VV.

Figure 1 shows a computer simulation of the resolu-
tion and analysis time of a mixture of anions at 5 10 and
25 kV. In order to better visualize the effect on resolu-
tion, a logarithmic x axis was chosen.
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Aqueous Two-Phase Solvent Systems
for Countercurrent Chromatography

Jean-Michel Menet
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Introduction

Aqueous two-phase solvent (ATPS) systems are made
of two aqueous liquid phases containing various poly-
mers. Such systems are gentle toward biological mate-
rials and they can be used for the partition of biomol-
ecules, membrane vesicles, cellular organites, and
whole cells. They are characterized by a high content
of water in each phase, by very close densities and re-
fraction indices of the two phases, by a very low inter-
facial tension, and by high viscosities of the phases. As
a result, settling times are particularly long and may
last up to 1 h or longer.

The partition of a substance between the two phases
depends on many factors. Theoretical studies have
been carried out in order to better understand the rea-
sons for the separation in two aqueous phases, thanks
to the introduction of various polymers, and the role of
various factors on the partition of the substances.
However, no global theory is available to predict the
observed behaviors. Hopefully, some empirical knowl-
edge has been acquired which will help in the use of
these unique solvent systems.

Various devices have been used for the partition of
substances in ATPS systems. Countercurrent chro-
matography (CCC) has again revealed its unique fea-
tures, because it has enabled the use of such very vis-
cous systems at relatively high flow rates while
obtaining a satisfactory efficiency and a good resolu-
tion for the separation. Many applications have been
described in the literature for the use of ATPS systems
with CCC devices.

ATPS Systems

For further information on ATPS systems and the par-
titioning, we strongly recommend the books by Al-
bertsson [1] and Walter et al. [2], which are reference
books in this area.
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DOI: 10.1081/E-Echr 120004579

Polymers Used for ATPS Systems

Many ATPS systems contain a polymer which is sugar
based and a second one which is of hydrocarbon ether
type. Sugar-based polymers include dextran (Dx), hy-
droxy propyl dextran (HPDx), Ficoll (Fi) (a polysac-
charide), methyl cellulose (MC), or ethylhydroxyethyl
cellulose (EHEC). Hydrocarbon ether-type polymers
include poly(ethylene glycol) (PEG), poly(propylene
glycol) (PPG), or the copolymer of PEG and PPG. De-
rivatized polymers can also be useful, such as PEG-
fatty acids or di-ethylaminoethyl-dextran (Dx-DEAE).

Dextran, or a-1,6-glucose, is available in a mass
range from 10,000 to 2,000,000. Dx T500 fractions, also
called Dx 48 from Pharmacia (Uppsala, Sweden), are
among the best known: their weight-average molecular
weight (M,,) varies from 450,000 to 500,000. These
white powders contain about 5-10% of water. PEG is
a linear synthetic polymer which is available in many
molecular weights, the most common being between
300 and 20,000.

Physical Properties of the ATPS Phases

Common characteristics of ATPS phases are their high
content of water for both phases, typically 85-99% by
weight and very close densities and refraction indices
for the two phases. Moreover, both phases are viscous
and the interfacial tension is low, from 0.1 to 0.001
dynes/cm. The settling times in the Earth’s gravita-
tional field range from 5 min to 1 h.

Practical Use of ATPS

Because ATPS systems are particularly suited for pro-
tein separations, many research workers have worked
in this area and have tried to model their behavior
when varying the composition of these systems. How-
ever, there are still no theoretical models to calculate,
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a priori, the partition coefficient of a protein for a wide
range of molecular weights of polymers and concen-
trations in salts and polymers. However, it remains
possible to have qualitative explanations of the role of
key factors on the partition of the substances.

Choice of the ATPS System

The general principle for designing an ATPS system is
to try various systems, either made from two phases
containing polymers or from one phase containing a
polymer and the other component a salt. The nature of
the substances to be separated shall be taken into ac-
count: Fragile solutes may be denaturated by a too
high interfacial tension, as encountered in aqueous
polymer—salt systems. Some substances may even ag-
gregate in an irreversible way, or be altered in other
ways by their contact with some polymers or salts.
Moreover, some substances can require the specific use
of given salts, or pH, or temperature. When all the pre-
vious considerations have been taken into account, the
partition coefficients can then be determined in test-
tube experiments. Afterward, the composition of the
phases can be adjusted.

Systems Suited for the Separation of Molecules

A simple way consists in testing two ATPS systems,
dextran 40/PEG-8000 and dextran 500/PEG-8000,
which lead to a relatively quick settling and allow re-
producible results. For charged macromolecules, the
two key parameters are the pH with regard to the iso-
electric point of the product and the nature and con-
centration of the chosen salt. The composition in poly-
mer has a smaller influence, except for some neutral
compounds.

Systems Suited for the Separation of Cells and
Particles

The main parameter for such separations is the differ-
ence of concentrations of each polymer between the
two phases. If the concentrations in polymer are quite
high, particles tend to adsorb at the interface of the
two phases, without any specificity. For instance, all
human erythrocytes adsorb at the interface of the dex-
tran 500/PEG-8000 systems with respective concentra-
tions higher than 7.0% and 4.4% (w/w).

The goal is to find a system close to the critical point
(in the phase diagram) to achieve the separation, as the
partition coefficients all become close to 1. However,
this requires an increased attention to the experimen-
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tal conditions in order to obtain reproducible results. If
necessary, a change in the molecular weight of one of
the polymers allows one to choose the aqueous phase
in which the particle tends to accumulate. For instance,
most mammalian cells partition between the interface
and the upper phase rich in PEG in dextran 500/PEG-
8000 systems, whereas they partition between the in-
terface and the lower phase rich in dextran in dextran
40/PEG-8000 systems.

Adjustment of the Partition Coefficient

We note that the partition coefficient K is defined as
the ratio of the concentration of the substance in the
upper phase to its concentration in the lower phase. As
cells and particles tend to partition between one phase
and the interface, only molecules, such as proteins, are
the subject of this section.

First, the partition coefficient of the substance
should be determined in a standard system, such as
dextran 500 (7.0%, w/w)/PEG-8000 (5.0%, w/w) with
5-10 mM of buffer added. Then, the following empiri-
cal laws can be used for the adjustment:

1. K is increased by diminishing the molecular
weight of the polymer which is predominant in
the upper phase (e.g., PEG) or by increasing the
molecular weight of the polymer which is pre-
dominant in the lower phase (e.g., dextran). Re-
versing these changes decreases K.

2. K is significantly different than the unit value
only if the concentrations of the polymers are
high. K tends to the unit value when the con-
centrations of the polymers are decreased.

3. K can be adjusted by the addition of a salt, as
long as the proteins are not close to their iso-
electric points. For a negatively charged pro-
tein, K is decreased by following the series:
phosphate < sulfate < acetate < chloride <
thiocyanate < perchlorate and lithium < am-
monium < sodium < potassium (for instance,
lithium decreases K by a smaller amount than
sodium). The influence of the nature of the salt
may be amplified by an increase of the pH,
which increases the negative net charge of the
molecule. Positively charged proteins exhibit
the opposite behavior. All these rules apply
only for low concentrations of salts. Higher con-
centrations could, however, be used to favor the
partition of the molecules in the upper phase.

4. Charged polymers can also be used; their
influence is greater than that of the salts. The
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most common include charged polymers de-
rived from PEG, such as PEG-TMA (trimethy-
lamino) or PEG-S (sulfonate). Dextran can
also be modified.

5. The derivatization by hydrophobic groups can
also facilitate the extraction of molecules con-
taining hydrophobic sites. The most common
polymer is PEG-P (PEG-palmitate).

K depends on the temperature, but in a complex
way, so that its use is difficult for common cases.

Optimization of the Selectivity

Some general rules apply to proteins in PEG/dextran
systems and are summarized as follows:

1. The concentration of the polymer is important:
Decreasing the concentrations brings the sys-
tem closer to the critical point (in the phase di-
agram), smoothing K values toward the unit
value and finally decreasing the selectivity.

2. The nature of the salt is important. The most
important effects are encountered for NaClO,,
which extracts positively charged molecules in
the upper phase, and tetrabutyl ammonium
phosphate, which extracts negatively charged
proteins in the upper phase.

Applications

These aqueous two-phase solvent systems are more
difficult to handle than organic-based solvent systems,
so that the number of applications in the literature is
quite small as compared to the other systems. However,
these applications are really specific, quite often striking
in their separation power, and they truly reveal some
unique features of countercurrent chromatography.
Former applications of ATPS systems on CCC de-
vices were gathered by Sutherland et al. [3]. For in-
stance, both toroidal and type J [also called a high-
speed countercurrent chromatograph (HSCCC)]
countercurrent chromatographs were successfully ap-
plied for the fractionation of subcellular particles. Us-
ing standard rat liver homogenates, plasma mem-
branes, lysosomes, and endoplasmic reticulum were
separated by a 3.3% (w/w) dextran T500, 5.4% PEG-
6000, 10 mM sodium phosphate—phosphoric acid
buffer (pH 7.4), 0.26M sucrose, 0.05 mM Na,EDTA,
and 1 mM ethanol. Purification of torpedo electroplax
membranes were also carried out, and the separation
of various bacterial cells were also described, including
the purification of different strains of Escherichia coli

and the separation of Salmonella typhirum cells, using
PEG-dextran ATPS systems. Moreover, these CCC
devices were also applied to larger cells, such as the
separation of various species of red blood cells.

In the same way, the separation of cytochrome-c
and lysozyme was achieved in 1988 by Ito and Oka [4]
using the type J (or HSCCC) device. The chosen ATPS
system consisted of 12.5% (w/w) PEG-1000 and 12.5%
(w/w) dibasic potassium phosphate in water. The two
peaks were resolved in 5 h using a 1-mL/min flow rate,
but the retention of the stationary phase was as low as
26%. The limitation of this type of apparatus is
definitely the low retention of the stationary phase for
ATPS systems.

Several ATPS systems were also used with a cen-
trifugal partition chromatograph (also called Sanki-
type from the name of its unique manufacturer). Fou-
cault and Nakanishi [5] tested PEG-1000/ammonium
sulfate, PEG-8000/dextran, and other PEG-8000/
hydoxypropylated starch on a test separation of crude
albumin using a model LLN centrifugal partition chro-
matograph (CPC) containing six partition cartridges.
They demonstrated that the systems could be used
with the CPC apparatus, but the efficiency was partic-
ularly low (due to very poor mass transfer) and the
flow rate was quickly limited by a strong decrease
in the retention of the stationary phase (and not by the
back-pressure). Afterward, CPC was then not consid-
ered as really suited for ATPS systems.

The third type, which is close in principle to the type
J high-speed countercurrent chromatograph, was de-
signed in the early eighties and is named “cross-axis
coil planet centrifuge.” Such a new design has led to
successful results with highly viscous polymer phase
systems [6]. Indeed, it allows satisfactory retention of
the stationary phase of ATPS systems, either in the
polymer—salt form or the polymer—polymer form.
Such an apparatus eliminates the main drawback of
the previous CCC devices, as it allows one to maintain
a good retention of the stationary phase with a
sufficient flow rate to ensure an acceptable separation
or purification time. Using such solvent systems, it has
been applied to the separation and purification of var-
ious protein samples:

e Mixture of cytochrome-c, myoglobin, ovalbumin
and hemoglobin [7]

Histones and serum proteins [8]

e Recombinant uridine phosphorylase from E.
coli lysate [9]

Human lipoproteins from serum [10]

Lactic acid dehydrogenase from a crude bovine
heat extract [11]
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¢ Profilin—actin complex from Acanthamoeba ex-

tract [12]

e Lyzozyme, ovalbumin, and ovotransferrin from

chicken egg white [13]

¢ Acidic fibroblast growth factor from E. coli ly-

sate [14]

The cross-axis coil planet centrifuge has, conse-

quently, has been demonstrated to be particularly
suited for the use of ATPS systems, leading to satisfac-
tory retention of the stationary phase while keeping a
sufficient flow rate of the mobile phase to limit the du-
ration of the experiments.
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Argon Detector

Raymond P. W. Scott
Scientific Detectors Ltd., Banbury, Oxfordshire, England

Introduction

The argon detector was the first of a family of detec-
tors developed by Lovelock [1] in the late 1950s; its
function is quite unique. The outer octet of electrons
in the noble gases is complete and, as a consequence,
collisions between argon atoms and electrons are per-
fectly elastic. Thus, if a high potential is set up be-
tween two electrodes in argon and ionization is initi-
ated by a suitable radioactive source, electrons will be
accelerated toward the anode and will not be im-
peded by energy absorbed from collisions with argon
atoms. However, if the potential of the anode is high
enough, the electrons will eventually develop
sufficient kinetic energy that, on collision with an ar-
gon atom, energy can be absorbed and a metastable
atom can be produced. A metastable atom carries no
charge but adsorbs its energy from collision with a
high-energy electron by the displacement of an elec-
tron to an outer orbit. This gives the metastable atom
an energy of about 11.6 electron volts. Now 11.6 V is
sufficient to ionize most organic molecules. Hence,
collision between a metastable argon atom and an or-
ganic molecule will result in the outer electron of the
metastable atom collapsing back to its original orbit,
followed by the expulsion of an electron from the or-
ganic molecule. The electrons produced by this
process are collected at the anode, generating a large
increase in anode current. However, when an ion is
produced by collision between a metastable atom and
an organic molecule, the electron, simultaneously
produced, is immediately accelerated toward the an-
ode. This results in a further increase in metastable
atoms and a consequent increase in the ionization of
the organic molecules. This cascade effect, unless
controlled, results in an exponential increase in ion
current with solute concentration.

The relationship between the ionization current
and the concentration of vapor was deduced by Love-
lock [2,3] to be

CA(x + y) + Bx

I=CAll —aexplb(V -]} + B
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where A, B, a, and b are constants, V is the applied po-
tential, x is the primary electron concentration, and y
is the initial concentration of metastable atoms. The
rapid increase in current with increasing vapor con-
centration, as predicted by the equation, is controlled
by the use of a high impedance in series with detector
power supply. As the current increases, more volts are
dropped across the resistance, and less are applied to
the detector electrodes.

The Simple or Macro Argon Detector Sensor

A diagram of the macro argon detector sensor is shown
in Fig. 1. The cylindrical body is usually made of stain-
less steel and the insulator made of PTFE or for high-
temperature operation, a suitable ceramic. The very
first argon detector sensors used a tractor sparking
plug as the electrode, the ceramic seal being a very
efficient insulator at high temperatures.

Inside the main cavity of the original sensor was a
strontium-90 source contained in silver foil. The sur-
face layer on the foil that contained the radioactive ma-
terial had to be very thin or the B particles would not
be able to leave the surface. This tenuous layer pro-
tecting the radioactive material is rather vulnerable to
mechanical abrasion, which could result in radioactive
contamination (strontium-90 has now been replaced
by ©Ni). The radioactive strength of the source was
about 10 mCu which for strontium-90 can be consid-
ered a hot source. The source had to be inserted under
properly protected conditions. The decay of stron-
tium-90 occurs in two stages, each stage emitting a 8
particle producing the stable atom of zirconium-90:

&€ €
9OSR N 90Y N QOZR
half-life 0.6 half-life 2.5 stable
25year  MeV 60 h MeV

The electrons produced by the radioactive source
were accelerated under a potential that ranged from
800 to 2000 V, depending on the size of the sensor and
the position of the electrodes. The signal is taken
across a 1 xX103-Q) resistor, and as the standing current
from the ionization of the argon is about 2 X 1078 A,

Copyright © 2002 by Marcel Dekker, Inc. All rights reserved.

MaRrceL DEKKER, INc. m
270 Madison Avenue, New York, New York 10016 ®

ght © Marcel Dekker, Inc. All rights reserved.

Copyri



Copyright © 2003 by Marcel Dekker, Inc. All rights rese

Anode <+

=] /nsulation

To Waste

_——
Cathode -

90
Strontium
Radioactive Source

Eluent from
Column

—_—

Fig.1 The macro argon detector.

there is a standing voltage of 2 V across it that requires
“backing off.”

In a typical detector, the primary current is about
10" electrons/s. Taking the charge on the electron as
1.6 X107 C, this gives a current of 1.6 X 107* A. Ac-
cording to Lovelock [1], if each of these electrons can
generate 10,000 metastables on the way to the elec-
trode, the steady-state concentration of metastables
will be about 10" per milliliter (this assumes a life span
for the metastables of about 107 s at NTP). From the
kinetic theory of gases, it can be calculated that the
probability of collision between a metastable atom and
an organic molecule will be about 1.6:1. This would
lead to a very high ionization efficiency and Lovelock
claims that in the more advanced sensors ionization
efficiencies of 10% have been achieved.

The minimum detectable concentration of a well-
designed argon detector is about an order of magni-
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tude higher than the FID (i.e., 4 X 107" g/mL). Al-
though the argon detector is a very sensitive detector
and can achieve ionization efficiencies of greater than
0.5%, the detector was not popular, largely because it
was not linear over more than two orders of magnitude
of concentration (0.98 < r > 1.02) and its response was
not predictable. In practice, nearly all organic vapors
and most inorganic vapors have ionization potentials
of less than 11.6 eV and thus are detected. The short
list of substances that are not detected include H,, N,,
0,, CO,, (CN),, H,0, and fluorocarbons. The com-
pounds methane, ethane, acetonitrile, and propioni-
trile have ionization potentials well above 11.6 eV;
nevertheless, they do provide a slight response be-
tween 1% and 10% of that for other compounds. The
poor response to acetonitrile makes this substance a
convenient solvent in which to dissolve the sample be-
fore injection on the column. It is also interesting to
note that the inorganic gases H,S, NO, NO,, NH;, PH;,
BF;, and many others respond normally in the argon
detector. As these are the type of substances that are
important in environmental contamination, it is sur-
prising that the argon detector, with its very high sen-
sitivity for these substances, has not been reexamined
for use in environmental analysis.
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Assessment of Lipophilicity by Reversed-Phase

TLC and HPLC
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INTRODUCTION

The purpose of this review is to summarize the conditions
used to derive chromatographic lipophilicity indices, to
appraise associated difficulties, and to provide an over-
view of their relation with octanol-water partition co-
efficients. In this aspect, both techniques will be discussed
in parallel.

LIPOPHILICITY

The major importance of lipophilicity in drug design
has been well established since the pioneering work of
Hansch in the 1960s. Penetration across biological mem-
branes during drug transport, hydrophobic interactions
with receptors, as well as toxic aspects of drug actions
are governed, to a great extent, by this property.!"*! The
most widely accepted measure of lipophilicity is the
octanol-water partition coefficient, which is expressed
in its logarithmic form as log P. A variety of experi-
mental protocols for the determination of log P are
reported in the literature.”*! The classical shaking flask
method, via direct partition experiments, is tedious and
time-consuming, while presenting limitations concerning
the log P range, which can be reliably measured. Partition
chromatographic techniques, in particular high-perform-
ance liquid chromatography (HPLC) and reversed-phase
thin layer chromatography (RP-TLC), permit an easy and
rapid measurement of various indices that provide
information on the lipophilic behavior of chemicals and
offer a popular alternative, combining the possibility of
automation, high dynamic range, and low sensitivity to
impurities, while being compound-sparing.'>®! Extrapo-
lated capacity factors to pure water as mobile phase,
expressed as log k, and Ry, are considered as more
representative lipophilicity indices compared to isocratic
log k and Ry.”°®! Literature is rich in research articles
investigating similarities/dissimilarities between octanol—
water partitioning and chromatographic retention. The
selection of either technique is associated with the state
of the art concerning their technology. Moreover, all as-
sumptions dealing with the complex nature of lipo-
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philicity as the outcome of intermolecular and intramo-
lecular interactions, involving electronic, steric, or con-
formational effects, embrace chromatographic retention
as well.>1%

STATIONARY PHASES IN
PARTITION CHROMATOGRAPHY

In RP-TLC, silica gel plates impregnated with a strong
hydrophobic agent (paraffin oil or silicone oil, usually
5%) have been extensively used in the past as nonpolar
stationary phases. Nowadays, plates covered with octa-
decyl-silanized (ODS) silica gel are available. In this
material, the silanol groups are etherified with alkyls
containing 8 (Cg) or 18 (C;g) carbon atoms. The low
wettability of HPTLC plates coated with highly etherified
silica gel poses limitations in the water content of the
mobile phase. This problem is circumvented by the use
of RP-C;g plates with 50% etherification. However, the
presence of free silanol groups may lead to undesirable
silanophilic interactions, especially with low water con-
tent in the mobile phase.!'!)

ODS silica gel is, in most cases, the filling material in
HPLC columns. Because the columns in HPLC are not
disposable, one should take into account the pH limi-
tations of this material (i.e., outside the pH range 2-7.5).
The second problem is associated with the presence of
free silanol groups, which may be responsible for sila-
nophilic interactions, as already mentioned.">'*~'* Now-
adays, end-capped BDS or ABZ columns are available,
which are treated with secondary silanization using
small alkyls or zwitterionic fragments to bind the free
silanol groups, thus suppressing their contribution to
retention.!"?!

Octadecyl—polyvinylalcohol copolymer gel, ODP, of-
fers an alternative as a nonpolar stationary phase in
HPLC.['>131 With this material, no silanophilic interac-
tions take place and there are no pH limitations.
Drawbacks of ODP columns are the large retention times
observed and the longer equilibration time required.

Octanol-coated ODS columns have also been used in
an effort to better simulate octanol-water partitioning.

1
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However, retention times were less reproducible due to
instability and column bleeding."*

Recently, immobilized artificial membrane (IAM) sta-
tionary phases are becoming more popular for membrane
simulation.'"” In TAM columns, silica gel is chemically
bonded to phospholipids. There are various types of IAM
columns. Among them, the most frequently used is
IAMPC, which contains phosphatidylcholine.

MOBILE PHASES USED IN
PARTITION CHROMATOGRAPHY

The mobile phases in RP-TLC and HPLC are mixtures of
water or buffer with organic modifiers. With an octanol-
coated stationary phase, no organic modifier is added to
the mobile phase, whereas in IAM chromatography, the
organic modifier is necessary only in the case of highly
retained solutes.!'>'”!

The most common organic modifiers are methanol,
acetonitrile, and tetrahydrofuran. Acetonitrile may not be
suitable for use with an ODP stationary phase,''*! whereas
this solvent is the modifier of choice in IAM chromatog-
raphy.”!

The buffer composition of the aqueous component may
affect the retention of ionizable solutes. Some authors
suggest the use of morpholinepropanesulfonic acid
(MOPS). The zwitterionic nature of this buffer offers the
advantage that it does not lead to any interactions with the
solutes.!'>13]

The addition of a masking agent to the mobile phase
may be necessary when silanophilic interactions interfere
with the partition mechanism. Silanophilic interactions are
important in the case of protonated amines, or with solutes
containing strong hydrogen bond acceptor groups, espe-
cially when mobile phases poor in water content are
used.!">'*! Hydrophobic amines (e.g., n-decylamine) are
suitable masking agents; however, their addition to the
mobile phase adds an extra component to chromatograph-
ic conditions.

CAPACITY FACTORS AS
LIPOPHILICITY INDICES

The lipophilicity indices measured by RP-TLC and HPLC
are derived from the retardation factor Ry and the re-
tention time ¢, respectively. Ry and ¢, are converted to
the logarithm of the capacity factor (Ry/log k') via Egs. 1
and 2:

Ry = IOg(l/Rf — 1) (1)

logk = [log(t; — t,)/t] 2)

REPRINTS

Assessment of Lipophilicity by Reversed-Phase TLC and HPLC

where 1, is the retention time of an unretained compound,
usually the solvent front or an inorganic salt such as
potassium bichromate.

The less polar a solute is, the stronger will be its
interaction with the stationary phase, which is expressed
by decreasing R; values and increasing Ry, values in RP-
TLC and by increasing retention times and log &’ values in
HPLC. Thus Ry and log k" values are directly correlated to
octanol-water log P via Collander-type equations:

logP = aRy + b (3)
logP = d'logh’ + b (4)

where the coefficients a,b, and a',b’ are derived by
regression analysis. The quality of the equations depends
on the chromatographic conditions and the solutes.

For lipophilicity assessment, calibration equations with
types similar to Eqs. 3 and 4 should be constructed using
compounds with known log P values. These calibration
equations are applied for further log P calculations.
According to the author, it is recommended to measure
more than one set of isocratic Ry; or log k' values to
construct the corresponding calibration equations and to
calculate the average log P.1'®!

Instead of isocratic capacity factors derived for a
selected mobile phase composition, one can use extrap-
olated Ry and log ky, values, which correspond to 100%
aqueous mobile phase.>=#11-13]

Equations 5 and 6 describe the relationship between
retention and fraction ¢ of the organic modifier present in
the mobile phase:

Ry = Ap> — Bp + C (5)
logk' = A'¢> — Bo + C (6)

The intercepts C and C' correspond to Ry, and log
ki, respectively.

For a certain ¢ range, the quadratic term in Egs. 5 and
6 may not be significant. In that case, Ry, and log ky, are
obtained by linear extrapolation according to Eqs. 7 and 8:

Ry = —SQD + Rwmw (7)
logk' = —S'¢ + logk,, (8)

Linearly extrapolated capacity factors should be preferred
because quadratic extrapolation may lead to erroneous
overestimated values. The linearity range depends on the
organic modifier as well as on the solutes. Methanol does
not disrupt, substantially, the hydrogen bonding network
of water and, usually, a wide linearity range is achieved
relative to acetonitrile or tetrahydrofuran.

However, in the case of protonated amines, quadratic
relationships were obtained with MeOH.!'"! In general, for
polar solutes, linearity holds within a limited range using
mobile phases rich in aqueous component. In contrast, for
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more hydrophobic solutes, linear extrapolation is still
possible with mobile phases rich in organic modifier. It
has been suggested that linearity holds better for modifier
concentrations that produce 0 < log k'<1.["*

ISOCRATIC VS. EXTRAPOLATED
CAPACITY FACTORS

Extrapolated capacity factors, Ry, and log ki, are in
the same order as the octanol-water log P values and are
considered as more general lipophilicity indices. Because
the slopes in Eqs. 7 and 8 may vary considerably, the
extrapolation lines may intersect each other, thereby
leading to an inversion of lipophilicity in a higher
percentage of organic modifiers (Fig. 1). In this aspect,
a proper expression of the lipophilicity actually is found
only at 100% aqueous phase composition. However, some
authors argue that extrapolated capacity factors can
predict log P only for compounds that do not contain
strong hydrogen bond acceptor substituents.!'”! Neverthe-
less, the problem of nonhydrophobic interactions can be
faced by the proper selection of the stationary phase and
the protection of the silanophilic sites.

However, extrapolated capacity factors may be af-
fected by the nature of the organic modifier. In a study
concerning the measurement of lipophilicity indices for
monosubstituted benzenes by HPLC, the log kg, values
of the more polar derivatives appeared to be lower when
methanol was used as an organic modifier, compared to
the log k, values obtained with acetonitrile.'* In con-
trast, for nonpolar derivatives, acetonitrile led to lower
log ky, values. An analogous decrease in the log k,, values
for a series of lipophilic 9H-xanthene and 9H-thioxan-
thene derivatives was observed when tetrahydrofuran was

B*

—>
Ry/logk

A¥F

fraction of organic modifier

—

Fig. 1 Plot of Ry/log k vs. fraction of organic modifier.
Inversion of lipophilicity occurs for organic modifier concen-
trations higher than the intersection point of the lines.
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used instead of methanol.'*”! The differences in the extra-
polated capacity factors described above may be attri-
buted to changes in the hydrophobic character of the
stationary phase caused by organic modifiers and water
molecules dragged onto the reversed-phase material
during equilibration.

It is the opinion of the author that the best simulation of
the octanol-water system is achieved with (end-capped)
silanized octadecylsilica gel stationary phase, methanol as
the organic modifier, and a masking agent, if necessary.
Depending on the structure of the solutes, in many such
cases, a good correlation between the chromatographic
data and log P is obtained with the coefficients a,a’ and
b,b" close to 1 and 0, respectively.

logP = aRyy + b )
logP = d'logk,, + V' (10)

Far from being a general rule, Eqs. 11-13 represent
three examples of 1:1 correlation between log P and
extrapolated capacity factors obtained under the above-
recommended conditions:

Ryw = 0.959(£0.011)logP + 0.067(+0.147) (1)

[n=121, r=0.967, s=0.353, F=1703 (RP-18 plates; from
Ref. [11])]

logP = 1.01(+0.08) logk, — 0.43(+£0.25) (12)
[n=19, r=0.947 (ABZ column; from Ref. [13])]
logP = 0.91(+0.03) logk, + 0.18(+0.12) (13)

[n=28, r=0.983, s=0.181, F=763 (ODS column+
n-decylamine as masking agent; from Ref. [12])].

EFFECT OF IONIZATION ON RETENTION

To correct capacity factors for ionization, the same
equations are used as for the corresponding correction of
the apparent partition coefficients. Thus for monoprotic
acids and bases, Eqs. 13 and 14 are suggested for extra-
polated, as well as isocratic, capacity factors derived fromg
HPLC and RP-TLC:

'

logky = logky(py + log(l + 10PH ~PK) acids

logky = logky(pp) + log(l + 10PK ~PH)  pae

DeKker, Inc. ATl rights reserve

—
[N
9]

However, whether the effects of ionization in the octanol—g
water partition systems in HPLC and TLC are simila%
remains to be clarified. The stationary phase materials
and, especially the presence of the acidic silanol sites,z
may have an active role. Moreover, concerning the twoo
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chromatographic techniques, even in the case of iden-
tical stationary phases, an essential difference between
HPLC and TLC is the fact that, in HPLC, the column
is equilibrated with the mobile phase before runs are
conducted. Thus the stationary phase is adjusted to the
mobile phase pH, whereas on a TLC plate, a pH gradient
is formed.

EFFECT OF CONFORMATION IN RETENTION

Conformational effects in lipophilicity have been well
established.! Analogous effects, although not necessarily
to the same extent, may be expected in retention. In such
cases, differences in the partitioning behavior in the
octanol-water system and the chromatographic system
may be manifested, thus affecting the quality of equations.

OTHER CHROMATOGRAPHIC DATA AS
LIPOPHILICITY-RELEVANT EXPRESSIONS

The slope S of the regression curve used to obtain log
ky, or Ry, (Egs. 7 and 8) and (Egs. 7 and 8) is considered
to encode significant information on the lipophilic behav-
ior of the solute. In a simplified aspect, the slope is
thought to express, mainly, the solute/solvent interactions,
whereas the intercept value is rather associated with
solute stationary phase interactions. Some authors relate
the slope S to the specific hydrophobic surface area./*!!
Basically, the retention mechanism consists of two com-
ponents: the size of the solute (reflected by its volume or
surface area), and its hydrogen-bonding capacity. If there
are no considerable differences in hydrogen-bonding ca-
pacity within a series of compounds, a good relationship
between the slope and the intercept is anticipated:

S = (ZRMW + b
S = dlogky, + b

Thus slope analysis may unravel differences in hydrogen
bonding within a series of compounds.!!

The organic modifier concentration ¢, which pro-
duces an equal molar distribution between the stationary
phase and the mobile phase, leading to log k=0, has also
been proposed as a measure to rank lipophilicity.** ¢,
indices have been mainly developed for HPLC. They

correspond to the quotient:
<00 - log kW/S

Based on the ¢, concept, a fast gradient method RP-
HPLC has been proposed to determine the chromato-
graphic hydrophobicity index (CHI) as a high-throughput
alternative to other lipophilicity measures.””®! For this
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purpose, gradient retention times (#,) are measured and
converted to CHI values by means of a calibration equa-
tion, derived by a set of standards with well-determined
CHI (¢,) values:

CHI = slope x t, + intercept

The absolute magnitude of the CHI parameter depends on
the values assigned to the set of standards. The method has
the advantage that, once the calibration equation has been
established, the retention parameter is obtained from a
single fast gradient run, thus saving time and solvents. The
CHI parameter has been reported to correlate satisfactorily
with log P.

CONCLUSION

RP-TLC and HPLC provide a variety of descriptors that
can be used as lipophilicity indices. Among them,
extrapolated capacity factors often lead to 1:1 correlation
with octanol-water log P. On the other hand, isocratic
capacity factors need fewer experiments to be determined;
however, they depend strongly on chromatographic con-
ditions. The CHI combines easy and rapid measurements
with a uniform lipophilicity scale. However, both li-
pophilicity and reversed-phase chromatographic retention
are composite phenomena and, consequently, their resem-
blance cannot always be anticipated. Because standard
reference sets cannot be available for all structurally di-
verse compounds, a comparison between chromatographic
indices and octanol-water log P within the series of the
investigated compounds is still indispensable.
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Introduction

The research and development in the fields of bio-
chemistry, biotechnology, microbiology, and genetic
engineering are fast-growing areas in science and
industry. Chromatography, electrophoresis, and ultra-
centrifugation are the most common separation meth-
ods used in these fields. However, even these efficient
and widespread analytical methods cannot cover all
applications. In this article, asymmetric flow field-flow
fractionation (AF4) is introduced as a powerful ana-
lytical separation technique for the characterization of
biopolymers and bioparticles. Asymmetric flow field-
flow fractionation can close the gap between analyzing
small and medium-sized molecules/particles [analyti-
cal methods: high-performance liquid chromatogra-
phy (HPLC), GFC, etc.] on the one hand and large
particles (analytical methods: sedimentation, centrifu-
gation) on the other hand [1,2], whereas HPLC and
GFC are overlapping with asymmetric field-flow frac-
tionation in the lower separation ranges.

First publications about field-flow fractionation
(FFF) by Giddings et al. [3] appeared in 1966. From
this point, FFF was developed in different directions
and, in the following years, various subtechniques of
FFF emerged. Well-known FFF subtechniques are sed-
imentation FFF, thermal FFF, clectric FFF, and flow
FFF. Each method has its own advantages and gives a
different point of view of the examined sample sys-
tems. Using sedimentation FFF shows new insights
about the size and density of the analytes, thermal FFF
gives new information about the chemical composition
and the size of the polymers/particles, and electric FFF
separates on the basis of different charges. Flow FFF,
and especially asymmetric flow FFF (the most power-
ful version of flow FFF) is the most universal FFF
method, because it separates strictly on the basis of the
diffusion coefficient (size or molecular weight) 2. and it
has the broadest separation range of all the FFF meth-
ods. It is usable for a large number of applications in
the fields of biotechnology, pharmacology, and genetic
engineering.
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Separation Principle of Asymmetric
Flow Field-Flow Fractionation

All FFF methods work on the same principle and use a
special, very flat separation channel without a station-
ary phase. The separation channel is used instead of
the column, which is needed in chromatography. Inside
the channel, a parabolic flow is generated, and perpen-
dicular to this parabolic flow, another force is created.
In principle, the FFF methods only differ in the nature
of this perpendicular force.

The separation channel in asymmetrical flow FFF
(AF4) is approximately 30 cm long, 2 cm wide, and be-
tween 100 and 500 wm thick. A carrier flow which
forms a laminar flow profile streams through the chan-
nel. In contrast to the other FFF methods, there is no
external force, but the carrier flow is split into two par-
tial flows inside the channel. One partial flow is led to
the channel outlet and, afterward, to the detection sys-
tems. The other partial flow, called the cross-flow, is
pumped out of the channel through the bottom of the
channel. In the AF4, the bottom of the separation
channel is limited through a special membrane and the
top is made of an impermeable plate (glass, stainless
steel, etc.). The separation force, therefore, is gener-
ated internally, directly inside the channel, and not by
an externally applied force.

Under the impact of the cross-flow, the biopoly-
mers/particles are forced in the direction of the mem-
brane. To ensure that the analytes do not pass through
the membrane, different pore sizes can be used. In this
way, the analytes can be selectively rejected and it is
possible to remove low-molecular compounds before
the separation. The analytes’ diffusion back from this
membrane is counteracted by the cross-flow, where, af-
ter a time, a dynamic equilibrium is established. The
medium equilibrium height for smaller sized analytes
is located higher in the channel than for the larger an-
alytes. The smaller sized analytes are traveling in the
faster velocity lines of the laminar channel flow and
will be eluted first. As a result, fractograms, which
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show size separation of the fractions, are obtained as
an analog to the chromatograms from HPLC or GFC.

Applications of AF4 in Biotechnology

In addition to widespread applications in the field of
polymer and material science or environmental re-
search, AF4 can be used in bioanalytics, especially for
the characterization of proteins, protein aggregates,
polymeric proteins, cells, cell organelles, viruses, lipo-
somes, and various other bioparticles and biopolymers.

Cells and Viruses

The advantage of AF4, in contrast to chromatography,
is the capability to separate bioparticles and
biopoylmers which usually stick onto chromatography
columns. They are more or less filtered out (removed)
by the stationary phase. Various applications using
AF4 for the separation of shear-force sensitive biopar-
ticles with high molecular weight and size have been
reported in the literature. They deal with the efficient
and fast separation of viruses [4,5] and bacteria [5].
Reference 4 discusses the investigation of a virus
(STNV) with AF4 and the separation of the viral ag-
gregates. In Reference 5, Litzen Wahlund report the
separation of a virus (CPMV) together with different
other proteins (BSA, Mab). They also present the
characterization of bacillus streptococcus faecalis and
its aggregates using AF4.

Proteins/Antibodies/DNA

The separation of proteins with AF4 has been demon-
strated a number of times. For example, the fractiona-
tion of ferritin [7], of HSA and BSA [8], and of mono-
clonal antibodies [8], including their various
aggregates, were published. AF4 is especially suitable
for the separation and characterization of large and
sensitive proteins and their aggregates because it is fast
and gentle and aqueous solvents can be used that
achieve maximum bioactivity of the isolated proteins
and antibodies. Furthermore, even very large and
sticky proteins can be analyzed because of the rela-
tively low surface area and the separation in the ab-
sence a stationary phase. Nearly independent of the
nature of the bioparticles, AF4 separates by size (dif-
fusion coefficient). Therefore, DNA, RNA, and plas-
mids can be separated quickly and gently, together
with proteins. Reference 6 deals with this issue and
presents the AF4 separation of a mixture of cy-
tochrome-c, BSA, ferritin, and plasmid DNA.
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Fig. 1 Pig hemoglobin separated with AF4 and UV detection.

Artificial Polymeric Proteins

In addition to the characterization of well-known pro-
tein substances (serum proteins, aggregates, antibod-
ies, etc.), AF4 is also a very promising separation/char-
acterization technique for a new class of artificially
made polymeric proteins from therapeutic/diagnostic
applications, such as poly-streptavidin and polymeric
hemoglobin [personal communication of the authors].
These proteins usually have very high molecular
weights and huge molecular sizes, and they are difficult
to analyze by conventional GFC and related tech-
niques. Very often, these proteins are also sticky and
show adsorptive effects on the column material. Using
AF4 without a stationary phase and without size-ex-
clusion limit, these polymeric proteins can be readily
separated and characterized. The application shown in
Fig. 1 was done using an AF4 system (HRFFF 10.000
series, Postnova Analytics) and ultraviolet (UV) de-
tection at 210 nm.

Summary

Asymmetric flow FFF is a new member in the FFF
familiy of separation technologies; it is a powerful
characterization technique, especially suited for the
separation of large and complex biopolymers and
bioparticles. AF4 has many of the general benefits of
FFF; it adds on several additional characteristics. In
particular, these characteristics are as follows:

1. Nosample preparation, or only limited sample
preparation necessary.

2. Possibility of direct injection of unprepared
samples.
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3. Large accessible size molecular-weight range,
no size-exclusion limit.

4. Very gentle separation conditions in the ab-
sence of a stationary phase.

5. Weak or no shear forces inside the flow channel.

6. Rapid analysis times, generally faster than GFC.

7. Fewer sample interactions during separation
because of small surface area.

8. On-line sample concentration/large volume
injection possible.

9. Gentle and flexible because it uses a wide
range of eluents/buffers/detectors.

10. AF4 is a useful analytical tool, and when the
limitations of the technology (e.g., sample in-
teractions with membrane or the sample dilu-
tion during separation) are carefully observed,
samples can be characterized where other an-
alytical technologies fail or only yield limited
information.
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Automation and Robotics in Planar Chromatography
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Introduction

Automation involves the use of systems (instruments)
in which an element of nonhuman decision has been
interpolated. It is defined as the use of combinations of
mechanical and instrumental devices to replace, refine,
extend, or supplement human effect and faculties in
the performance of a given process, in which at least
one major operation is controlled, without human in-
tervention, by a feedback system, A feedback system is
defined as an instrumental device combining sensing
and commanding elements which can modify the per-
formance of a given act [1].

Three approaches to the automation process can be
distinguished, taking into account the criterion of the
flexibility of the automation device [2]. The first, de-
noted as flexible, is characterized by the possibility of
adaptation of the instruments to new and varying de-
mands required from the laboratory; examples of
these instruments are robots. The second approach,
denoted as semiflexible, involves some restrictions for
the tasks executed by the instrument; the tasks are con-
trolled by a computer program and its menu. As ex-
amples, autosamplers or robots of limited moves can
be given. In the third approach, the instruments can ex-
ecute one or two tasks, without feasibility of new re-
quirements; as examples, supercritical fluid extractors
or equipment for dissolution of samples can be given.

Automation processes have several advantages:
better reproducibility, increase of the number of sam-
ples which can be analyzed, personnel can be utilized
for more creative tasks (e.g., planning of experiments
and interpretation of results). Harmful conditions in
the workplace can be avoided and the equipment of
the laboratory can be more effectively utilized.

To illustrate the feasibility of automation in thin-layer
chromatography (TLC), the fundamental operations of
the chromatographic process are given in Fig. 1 [3].

The first and basic stage of the process, not limited
to TLC, but also occurring in other chromatographic
techniques, is the preparation of samples. This is the
most tedious, time-consuming and error-generating
process in the whole analytical cycle which can be fully
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automated, or the automated stations may be comple-
mentary to operations or tasks executed individually.
For instance, in a station, a volume of liquid is trans-
ferred from the first to a second container, an internal
standard is added, and the solution is diluted and
mixed. Further actions may be executed manually. An-
other, more advanced, solution consists in automated
execution of the tasks by the station and the sample is
transferred from one station to the other by a robot or
another transport device.

In a limited version, only the most critical stages are
automated by the use of robots with limited, strictly
defined movements; examples are automated
processes of solid-phase extraction (SPE), heating,
and mixing. The robots are controlled by a computer
and the operator chooses the suitable values of the pa-
rameters from given ranges (e.g., autosampler).

Sample Application

The application of the sample onto the thin layer is a
critical moment, owing to later localization by the
scanner (densitometer) and the beginning of the chro-
matographic process at the moment of contact of the
liquid sample with the chromatographic bed. There-
fore, the applicator must warrant the precise localiza-
tion of the sample and uniform compact cross-section
of the starting band. Semiauto matic applicators
presently available have the volume range of 20 nL to
10 uL. The sample is delivered from 0.5-, 1.0-, and 10-
nL syringes. The piston stroke can be set in a continu-
ous manner. To apply the sample, the piston is stopped
and the solution is injected from the end of the capil-
lary; the whole volume of the sample is displaced from
the capillary. The position of the end of the capillary is
adapted to the layer thickness, the spring-relieved sy-
ringe guide warrants that the capillary needle only
lightly touches the adsorbent layer, thereby avoiding
its damage. The change of position is automatic. The
device permits application of spots or streaks at a dis-
tance of 5 mm from the edge of the plate; the syringe
can be washed twice. A more advanced version is a
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Fig.1 Survey on operation succession in QTLC.

computer-controlled applicator (e.g., Desaga TLC
Applicator AS 30 or Camag Automatic TLC System)
composed of an application module, interface, soft-
ware, and an IBM PC-AT.

The application module dispenses samples from a
stainless-steel capillary which is connected to a dosage
syringe operated by a stepping motor. Samples can be
applied as spots or bands onto TLC plates or sheets up
to 20 x 20 cm. Bandwise sample application uses the
spray-on technique; for spotwise application, either
contact transfer or spraying may be selected. The sam-
ples are contained in vials, which may be sealed with
regular septa. The vials are arranged in racks with 16
positions; two racks may be inserted per application
program. The application pattern can be selected for
normal development, for development from both sides,
and for circular and anticircular chromatography.

Development of the Chromatogram

The next important stage is the chromatogram devel-
opment. ADC chambers (Automatic Developing
Chamber, Camag), DC-MAT (Byron), TLC-MAT
(Desaga) are automatically operating development
systems. They increase the reproducibility of the chro-
matographic results because the development is car-
ried out under controlled conditions. The progress of
the solvent front is monitored by a sensor. The devel-
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opment process is terminated as soon as the mobile
phase has traveled the programmed distance. Precon-
ditioning, tank or sandwich configuration, solvent mi-
gration distance, and the drying conditions are selec-
table. All relevant parameters are entered via a
keypad. The AMD system (Automated Multiple De-
velopment, Camag) is a fully automated version of
multiple development and stepwise technique with a
free choice of mobile-phase gradient. Because the
chromatogram is developed repeatedly in the same di-
rection and each individual run is somewhat farther
than the last, a focusing of the separated substance
zones takes place in the direction of development. The
chromatography is reproducible because the mobile
phase is removed from the separation chamber after
each step and the layer is completely freed from the
mobile phase, in vacuum. Then, a fresh mobile phase is
introduced for the next run. Provided all parameters,
including solvent migration increments, are prop-
erly maintained, which is only possible with a fully au-
tomatic system, the densitogram of a chromatogram
track can be superimposed with a matched-scale dia-
gram of the gradient.

Another device for automated development is the
chamber constructed by Tyihak [4], in which the ad-
sorbent layer is placed between two plates and the mo-
bile phase flows under increased applied pressure. It
can be operated in the linear or radial mode. Another
automated device is the UMRC (Ultra Micro Rota-
tion Chromatograph), where the eluent is delivered to
the center of a rotating TLC plate [5]. A simple device
was constructed by Delvorde and Postaire [6] in which
the liquid is pumped out (by vacuum) which causes
the flow of the mobile phase and decreases the vapor
pressure.

Derivatization

Derivatization can be carried out both before and after
development of the plate. In the latter case, it may be
applied before detection or after scanning densitome-
try. Derivatization may be carried out using the device
constructed by Kruzig (Anton Paar KG), where the
sprayer moves along a vertical guide while the plate
moves horizontally [7]. Another method of derivatiza-
tion consists in immersion of the plate into a suitable
reagent solution. For this purpose, the device available
from Camag can be used (Camag Chromatogram Im-
mersion Device IIT), in which a low velocity motor
causes the immersion and removal of the plate from
the reagent solution.
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Evaluation

Thin-film chromatographic detection, contrary to
other chromatographic techniques, requires stopping
development, drying of the layer, and scanning with
an appropriate detector. There are basically two al-
ternatives for the evaluation of thin-layer chro-
matograms: elution of the separated substance from
the layer, followed by photometric determination (in-
direct determination), and in sifu evaluation (scan-
ning) directly on the TLC plate. The in situ evaluation
of the chromatogram is carried out using a high-reso-
lution chromatogram spectrophotometer (densito-
meter) to scan each chromatogram track, from start
to solvent front in the direction of development, by
means of a slit. The measurements are carried out ei-
ther in the visible-light range for colored or fluores-
cent substances or in the ultraviolet (UV) range for
UV-light-absorbing solutes. The wavelength of maxi-
mum absorption is generally selected as measure-
ment wavelength. The scanning process yields ab-
sorption or fluorescence scans (peaks) which are also
used to assess the quality of chromatographic separa-
tion. TLC plates are generally scanned in the
reflectance mode (diffuse reflectance), meaning that
the monochromatic light is directed by a mirror to the
layer surface at 90° and the diffuse reflectance is
measured at 45° by means of a detector. The optical
pathways used for absorption and fluorescence meas-
urements are identical in commercially available
scanners. The only difference is the light source: Vis-
ible-light measurements are performed using tung-
sten lamps, whereas high-pressure mercury lamps are
used for fluorescence measurements and deuterium
lamps for absorption measurements in the UV range.
In the case of fluorometric detection, it is also neces-
sary to place a cutoff filter in front of the detector to
prevent the comeasurement of the short-wavelength
excitation radiation. All functions of the scanner are
controlled from a personal computer that is linked via
an RS232 interface. The scanner transmits all meas-
urement data, in digital form, to the computer for
processing with the specific software. The final report
is based in the following sequence: raw data acquisi-
tion—integration—calibration, and calculation. Inte-
gration is performed, postrun, from the raw data gath-
ered during scanning (i.e., after all tracks of a
chromatogram plate have been measured). Integra-
tion results can be influenced by selecting appro-
priate integration parameters. As all measured raw
data remain stored on a disk, reintegration with other
parameters is possible at any time. The system auto-
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Fig.2 Prosek robotic TLC apparatus.

and possible breakdowns. A robotics system allows
space saving and easier integration of equipment in the
laboratory. Today, a conventional robot has a movable
arm. The purpose of the arm is to extend the capabili-
ties of the human arm. There are five basic parts to
every robotic arm: controller, arm, drive, end effector,
and sensor. There are also five basic functions: base,
shoulder, elbow, pitch, and roll. Most modern robots
belong to one of four categories: Cartesian, spherical
and cylindrical robots, and revolute arms [8]. In 1989,
Prosek et al. [3] developed a planar chromatography
robot (Fig. 2). Its arm, supported by a rotating base,
executed four degrees of freedom movements. Its
work envelope comprised four tanks: the first for
cleaning, the second for development, and the last two
for derivatization by dipping. Also required was a hot
plate, a drying system, and a digital camera for evalua-
tion of the derivatized plate. The system was con-
trolled by an Apple Ile computer.

The planar chromatography automaton was de-
signed by Delvordre and Postaire with the objective
of reducing the number of human movements re-
quired for the handling of precoated plates [8]. This
device uses a conveyor-belt-like system to sustain all
the chromatographic steps along with their own sup-
ply of reagents and tools. The procedure comprises
six stages. Using this method, qualitative and quanti-
tative data are obtained 50-150 min after starting the
procedure.

Technological progress has enabled automation of
planar chromatography and will provide users with a
greatly improved technique. Such improvements will
now meet requirements of the industrial sector, not
only in terms of productivity, effectiveness, reduced
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cost, GLP, and environmental quality, but also on the
technical side (validation, flexibility, evolution). Com-
plete chromatographic automation will bring planar
chromatography to the same level as other chro-
matograpic methods.
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Introduction

In ideal size-exclusion chromatography (SEC), frac-
tionation is exclusively by hydrodynamic volume. Due
to axial dispersion, however, a whole distribution of
hydrodynamic volumes (and, therefore, of molecular
weights) is instantaneously present in the detector cell.
Under these conditions, it is assumed that the mass
chromatogram w(V) (i.e., the instantaneous mass w
versus the elution time or elution volume V) is a
broadened version of a true (or corrected) mass chro-
matogram w(V), as follows [1]:

W) = | v Vo) av, 1)
where g(V, V,) is the (in general, nonuniform and
skewed) spreading function and V, is a dummy inte-
gration variable that also represents the average reten-
tion volumes. At each V, an (in principle, different)
individual g(V) function must be defined. The determi-
nation of g(V, V,) is still a matter of controversy that is
outside the scope of the present article.

With narrow standards of known molecular
weights, a calibration log M(V) can be obtained; such a
calibration is assumed to be unaffected by axial disper-
sion. If the chromatogram w(V) is combined with the
molecular-weight calibration, a broadened molecular
weight distribution (MWD) w(M) will be estimated.
The corresponding number-average molecular weight
M,, will result underestimated, and the weight-average
molecular weight M, and the polydispersity M,,/M,
will both be overestimated. If a broad and smooth
chromatogram is obtained with a modern high-resolu-
tion column set, the axial dispersion effect is expected
to be negligible, and no specific corrections will be re-
quired. In contrast, axial dispersion correction may be
important in the cases of (a) a narrow chromatogram
with a width that is close to that of the broadening
functions in the same elution volume range and (b) a
wide chromatogram, but containing sharp elbows
and/or narrow peaks. Equation (1) has been extended
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to other detectors such as molar mass or specific group
sensors. In all cases, the same function g(V, V) is ap-
plicable; this is because the broadening is assumed in-
dependent of the polymer chemical nature. For exam-
ple, calling s,(V) the chromatogram obtained from a
light-scattering detector, the following may be written

[2]:

SW(V) = J g(vv VO)S;/(VO) dVO (2)
where si(V) is the corrected molar mass chro-
matogram and s,(V) is proportional to [w(V)M,(V)],
where M, (V) is the instantaneous weight-average mo-
lecular weight. Even with perfectly accurate sensors, a
distorted MWD w(M,,) will be estimated from s,,(V)
and w(V). However, in that case, the M,, estimate will
still be exact, whereas M, and therefore the polydis-
persity will be both underestimated [3].

Correction Methods for Mass Chromatograms

Consider the numerical inversion of Eq. (1), that is, the
calculation of w‘(V) from the knowledge of w(V) and
g(V, V). To this effect, let us first transform the con-
tinuous model of Eq. (1) into the following equivalent
discrete model:

w=Gw (3a)
with
g(1,1) 8(1,j) g(1,p)
G-l G| )
g(n, 1) g(n, p)
(3b)

where wis a (n X 1)-column vector containing only the
nonzero heights of w(V) sampled at regular AV inter-
vals, weis a (p X 1)-column vector containing only the
nonzero heights of w(V), and G is a rectangular matrix
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that represents g(V, V). Each column of G contains
the heights of the successive (discrete) broadening
functions, with the average retention volume heights at
(¢ +j,j). The following is verified: (a) the p elements
of w’ correspond to the central elements of w;
(b) n — p + 1 is equal to the number of nonzero ele-
ments of the discrete version of g(V); and (c) the
largest elements of G are located ¢ rows below the
main diagonal, and the elements on the top-right hand
corner and bottom-left hand corner are all zeros.

Were it not for the ill-conditioned nature of the
problem, w¢ could be simply estimated from w¢ =
[G'G] 'G’w; where the “hat” indicates the estimated
value. Unfortunately, [G’G]™! is almost singular;
therefore, such a solution is highly oscillatory with neg-
ative peaks.

In what follows, several correction techniques orig-
inally developed for mass chromatograms are de-
scribed. Such techniques are (a) the “phenomenologi-
cal” Methods I-1II that consider the system as a “black
box” and numerically invert Eq. (1) prior to calculat-
ing the MWD, and (b) the more specific Methods IV-
V that (avoiding the ill-conditioned nature of the nu-
merical inversion) require an independent molecular-
weight calibration and calculate the MWD in a single
step. Methods I-IIl are, in general, suitable for
nonuniform and skewed broadening functions.

Method I: The Difference Function [4]

Consider the iterative procedure presented as Method
1 in Ref. 4. The following set of difference equations
must be first calculated:

Aiw = Al‘,lw - G Ai,lw, with Aow =W,
(i=1,2...) @)

where i is the iteration step. Then, as i — oo, it is ex-
pected that A,w — 0, and the corrected chromatogram
is given by w* = X2, A,w. In practice, the best solution
is obtained in a generally small number of iterations.

Method II: Singular Value Decomposition [5]

The final expression for this least-squares estimation
procedure is

,
. u w
W=D v
k=1 Ok
rsp, o,=0,= =0, =20,=0 (5)

where u, and v, are the eigenvectors of GG and G’G,
respectively, o, are the singular values [5] of G, and p
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is the full rank of G. In Eq. (5), the number of “effec-
tive” terms is limited to r because the lower o,’s ex-
cessively amplify the measurement noise. The lowest
admissible o, must be larger than the inverse of the
lowest signal-to-noise ratio. The lowest signal-to-
noise ratio is, in turn, normally found at the chro-
matogram tails.

Method 111: The Kalman Filter [6]

This fast and effective digital algorithm is based on a
linear stochastic model that is equivalent to Eq. (1).
The theoretical background is beyond the scope of the
present article; unfortunately, some knowledge of the
basic Kalman filtering theory [5,7] is necessary for an
adequate algorithm adjustment. The adjustment re-
quires estimating the variances of the measurement
noise and of the expected solution.

In all direct-inversion methods, the best adjustment
normally involves a trade-off between an excessively
“rich” solution that may contain spurious high-fre-
quency oscillations and negative peaks, and an exces-
sively smoothened solution where the high-frequency
information is lost, but it is otherwise acceptable. Con-
sider now some methods that avoid the direct chro-
matogram inversion.

Method IV: Rotation of the Calibration Curve [8,9]

This method aims at obtaining the corrected MWD in
a single step, by simply rotating the linear calibration
log M(V) counterclockwise around some selected
midpivoting point. In this way, the effective molecu-
lar-weight range is reduced with respect to that ob-
tained from the original calibration. The technique is
numerically robust, but, unfortunately, it is based on
the following rather strong assumptions: (a) the axial
dispersion must be uniform and Gaussian; (b) the
chromatogram itself must be Gaussian or Wesslau [9];
and (c) the original molecular-weight calibration
must be linear and of the form M = D, exp(—D,V).
The rotated calibration M = Djexp(—D5,V) is ob-
tained from

D,o[Dy(a? — o2) — 2V
D} = D, exp{ 2 Dol 3 o) ]} (6a)
207,
o
D), =D, exp(l - —2) (6b)
O-W

2
where “¢ and o7, are the variances of g(V) and w(V),
respectively, and the pivoting abscissa V is the number-
average retention volume of the chromatogram.
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Method V: The Approximate “Analytical” Solution [10]

This approach is based on assuming (a) a Gaussian
(but nonuniform) axial dispersion with a variance
o3(V); (b) a Gaussian (but nonuniform) instantaneous
MWD of variance o§(V) and average retention volume
Vy(V); and (c) an (in general nonlinear) calibration M
= D,(V) exp[ —D,(V)V]. The corrected chromatogram
is obtained from

oV V = Vy(V))?
W) = W(V)(agng X (_( 2og(x(/))) ) (72)
with:
VO(V) =V + DAV)
w(V + Dy(V)o (V)
-1n< >
Vw(V = DyV)aY(V))w(V + Dy(V)o (V)
(7b)
2 2 1
(V) =)+ oy
.I(MVDMOﬁWDMV+DAWﬁWW>
! wA(V)
(7c)

Method V assumes that the instantaneous MWDs
are Gaussian. However, the instantaneous MWDs are
never truly Gaussian, even for Gaussian broadening
functions, thus reducing the precision of the approach.
(For example, it can be shown that at the chro-
matogram tails, the instantaneous distributions are al-
ways highly skewed with the concavities facing toward
the mid-chromatogram section [3].)

An Evaluation Example

Correction methods are best evaluated through syn-
thetic (or numerical) examples. The reason for this is
that only in numerical examples, the true solution is a
priori known, and therefore the quality of the different
estimation algorithms can be adequately compared.
(In contrast, in a real SEC measurement, the true cor-
rected chromatogram or MWD are never accurately
known.) In what follows, Methods I-V are evaluated
on the basis of a synthetic example that has been pre-
viously investigated in several occasions. [6,11-13]
The basic data consist of the corrected chro-
matogram w°(V) and the (uniform) broadening func-
tion g(V) presented in Fig. 1a. The proposed example
is particularly demanding because (a) w(V) is multi-
peaked and (b) the variance of w(V) is comparable to

3

the variance of g(V). For a uniform broadening, Eq. (1)
reduces to a simple convolution integral. By convolu-
tion of w'V) and g(V), a noise-free “measurement”
was first obtained. Then, this function was rounded to
the last integer. [13] This procedure is equivalent to
adding a zero-mean white noise (with a rectangular
probability distribution in the range *0.5) to the
noise-free measurement. The resulting “chromato-
gram” is w(V) in Fig. 1a. Note that the multimodality
of w(V) is lost in w(V').

In the cited works [6,11-13], only the ability of sev-
eral numerical inversion algorithms for recuperating
w(V) was evaluated, and the MWD calculation was
not considered. In the present article, the purely nu-
merical Methods I-1III are compared with Methods IV
and V, which require a linear molecular-weight calibra-
tion. For this reason, the calibration log M(V) is in-
cluded in Fig. 1b. From that calibration and w(V), the
“true” MWD w(log M) of Figs. 1c—1f was obtained.
Note that the selection of a uniform and Gaussian
broadening is not a limitation for an adequate evalua-
tion of the (more general) Methods I-II1.

In Figs. 1c-1f, the MWDs recuperated through
Methods I-V are compared with the real distribution.
In Table 1, the real and estimated average molecular
weights and polydispersities are presented. In Method
I, the best results were found when limiting the proce-
dure to only four iterations (Fig. 1c). In Method 11, the
full rank of G was p = 61, and the signal-to-noise ratio
at the chromatogram tails suggested truncating the
summation of Eq. (5) at r = 16. The obtained solution
exhibits a negative peak (Fig. 1d). For comparison, the
less “rich” solution with = 9 is also shown in Fig. 1d.
In Method III, a (time-invariant) measurement noise
variance was estimated from the baseline noise, and a
(time-varying) solution variance was estimated by sim-
ply squaring the raw chromatogram heights (Fig. le).
In Method IV, the rotated calibration is shown in
Fig. 1b, and the recuperated distribution is given in
Fig. 1f. In Method V, it was numerically observed that
(for the adopted linear calibration) the solution be-
comes almost independent of D,(V) (Fig. 1f).

To verify the validity of Method IV, the real instan-
taneous MWDs were simulated. From such distribu-
tions, the true instantaneous averages M,(V) and
M, (V) were calculated and represented in Fig. 1b using
a logarithmic scale. Clearly, log M,(V) and log M, (V)
differ from the (linear) rotated calibration. The differ-
ences occur because the original chromatogram is non-
Gaussian. This illustrates the limitations of applying
the technique to a chromatogram of an arbitrary shape.

The following comments can be made. Only
Method II [5] (with r = 16) and Method III [6] were
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Fig.1 The numerical example [6,11-13]. (a) “True” mass chromatogram w(V), uniform broadening g(V), and resulting “measured”
chromatogram w(V). (b) Molecular-weight calibration log M(V), “rotated” calibration according to Method IV [8,9] log M(V)|,y,
and calibrations assuming ideal molar mass sensors log M, (V') and log M, (V). (c—f) Comparison between the true MWD w<(log M)
and the MWD estimates W*(log M) obtained from Methods I[4], II[S], ITI[6], IV[8,9], and V[10].

capable of recuperating the details of the true MWD;
all others produce unimodal solutions. In general, the
more sophisticated correction techniques such as
Methods II and III require a priori information on the
measurement noise and/or on the expected solution.
This generally yields better estimations, but at the cost
of complicating the adjustment procedure. The recu-
perated average molecular weights presented in Table
1 are, in all cases, quite acceptable.

MARCEL DEKKER, INC.
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Correction Methods for Multidetection SEC

A difficulty with multidetection SEC is that down-
stream chromatograms are shifted (and eventually dis-
torted) with respect to the first-emerging chro-
matogram. This is a consequence of the interdetector
capillaries and the (downstream) detector cell vol-
umes. Such corrections are outside the scope of the
present article.
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Table 1 The Numerical Example“: “True” versus Recuperated Average Molecular Weights

“True” Without Method I Method II

values correct. (i=4) (r=9) (r=16) Method IIT  Method IV Method V
M, 13,975 13,464 14,029 13,993 14,033 14,084 14,871 14,038
M, 17,342 18,041 17,315 17,310 17,313 17,156 17,224 17,335
M,/M, 1.241 1.340 1.234 1.237 1.234 1.218 1.158 1.235

«From Refs. 6 and 11-13.

Methods I-III are clearly applicable to chromato-
grams produced by any SEC sensor. As we have seen,
all chromatograms are distorted in a similar fashion
through a common broadening function g(V, V,,). For
this reason, similar difficulties in their individual nu-
merical inversions are to be expected.

Many problems remain still unsolved in relation to
axial dispersion correction in multidetection SEC. For
example, when an on-line light-scattering detector is
used, the instantaneous weight-average molecular
weight is obtained from the ratio between the light scat-
tering and the mass signals. Unfortunately, the meas-
urement errors makes it unfeasible to independently
invert each raw chromatogram prior to performing the
signals ratio. Furthermore, even the direct signals ratio
is only feasible in the mid-chromatogram section. A
similar problem is presented when analyzing a linear
copolymer by standard dual detection (i.e., employing
a UV spectrophotometer and a differential refractome-
ter). In this case, it seems preferable to first calculate
the instantaneous mass and copolymer composition di-
rectly from the raw chromatograms, and then correct
such derived variables for axial dispersion. [14] (The
more obvious alternative procedure of first correcting
the individual chromatograms for axial dispersion and
then calculating the derived variables is not recom-
mendable due to the propagation of errors [14].)
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Band Broadening in Capillary Electrophoresis
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Introduction

As in chromatography, band broadening in capillary
electrophoresis (CE) is determined by a number of
instrumental and sample parameters and has a nega-
tive effect on detectability, due to dilution. Also, as in
chromatographic techniques, the user can minimize
some, but not all, of the parameters contributing to
band broadening. In capillary electrophoresis, injec-
tion and detection are generally on-column, so that
band broadening is limited to on-column effects. As
will be shown, several effects are similar in chromatog-
raphy; others are specific for CE and, in particular, for
the potential gradient as a driving force. General equa-
tions for CE in open systems are given where the rela-
tive contribution of electro-osmosis is given by the
electromigration factor fem: given by

_ et
f;em -
Mei T MEOF

in which u. is the effective mobility and ugor is the
electro-osmotic flow mobility. This electromigration
factor is unity for systems with suppressed EOF.

The band-broadening contributions can be de-
scribed in the form of a plate-height equation, where
one usually assumes, as in chromatography, mutual in-
dependence of terms.

Injection

Band broadening due to injection is naturally propor-
tional to the injection volume, relative to the capillary
volume, but, in contrast to chromatography, sample
stacking or destacking may decrease or respectively in-
crease the injection band broadening thus defined.
Without stacking or destacking, the following plate-
height term can be used:

H. = i
10,

in which &, is the length in the capillary of the sample
plug and L, is the length of the capillary to the detec-
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tor. Naturally, the above relationship can be rewritten
in terms of sample and capillary volume, which are in
the order of 10 nL and 1 uL, respectively.

Diffusion

As in chromatography, the effect of diffusion on band
broadening is generally pronounced. It is directly pro-
portional to the diffusion coefficient and the residence
time between injection and detection. This effect can,
consequently, be reduced by increasing the voltage, or
by increasing the electro-osmotic flow, in cases where
cations are analyzed at positive inlet polarity, where it
further shortens the analysis times. The effect is less at
lower temperatures (as the diffusion coefficient de-
creases approximately 2.5% per degree Celsius of
temperature drop), but most significantly decreases
with increasing molecular mass of the sample compo-
nent.

2Dt

_ m
diff —
Ly

in which L, is the capillary length to the detector, D is
the diffusion coefficient, and z,, is the migration time.
Substituting the diffusion coefficient, using the
Nernst—Einstein relation, yields

_ 2RTfi,
diff Zegt E F

in which R is the gas constant, T is the temperature, z.;
is the overall effective charge of the sample ion, E is the
electric field strength, and F'is the Faraday constant. In
this relationship, z.; and E, by definition, have oppo-
site signs for negative values of f,,, only.

Detection

The detector time constant and detector cell volume
are both involved. The slit width along the length of
the capillary is proportional to the latter. A value of

Copyright © 2002 by Marcel Dekker, Inc. All rights reserved.
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2

200 wm for the slit width in the case of 10° plates in a
370-mm capillary has negligible contribution to band
broadening:

2
6det

12L,

Hgyy =

where 8,4 is the detector slit width along the capillary
axis. In cases of diode array detection, larger slit widths
are usually applied; this reduces the noise level but
may affect the peak shape at high plate numbers
(>10°).

The contribution of the detector time constant 7 is
modeled by the following relation:

A detector time constant 7 of 0.2 s is generally safe.

Thermal Effects

In cases of a relatively high current density, power dis-
sipation in the capillary may result in significant radial
temperature profiles. The plate-height contribution is
given by

f%"KzESR?ZeffFfem
ther = 1536RTA?

where f; is the temperature coefficient for conductiv-
ity, k is the specific conductivity of the buffer, E is the
electric field strength, R; is the capillary inner diame-
ter, and A, is the thermal conductivity of the solution.

As the effective mobility increases with the temper-
ature at approximately 2.5% per degree, radial mobil-
ity differences may accumulate to significant band-
broadening effects. The effect increases with
increasing current density and capillary inner diame-
ter. In a 75-um-inner diameter capillary, a power dissi-
pation of 1-2 W/m is generally safe. This value is cal-
culated by multiplying the voltage and the current and
dividing by the capillary length. Under these condi-
tions, the radial temperature profile in the capillary is
less than 0.5°C and the contribution to peak broaden-
ing negligible. In the case of higher conductivity
buffers (e.g., a pH 3 phosphate buffer), the power dis-
sipation and temperature profile can be 10 times
higher and the effect on peak broadening significant. It
should be emphasized that more effective cooling has
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no effect on thermal band broadening; the only effect
is decreased averaged temperature inside the capillary.

Electro-osmotic Effects

Electro-osmosis in open systems is generally consid-
ered not to contribute to peak broadening. In hydrody-
namically closed systems with nonsuppressed electro-
osmosis, or in cases of axially different electro-osmotic
regimes, however, a considerable contribution may re-
sult. The corresponding plate-height term is

RI{8 2z EF
24R Tnzuﬁfr

EOF —

where ¢ is the dielectric constant and 7 is the local vis-
cosity of the buffer at the plane of shear. This relation-
ship shows that, in closed systems, the {-potential
should be close to zero and that a viscosity increase
near the capillary wall will be advantageous.

Electrophoretic Effects

Peak broadening due to electrophoretic effects are
generally proportional to the conductivity (and thus
the ionic strength) of the sample solution, relative to
that of the buffer. This effect is readily understood
when considering that in the case of a high sample con-
centration, the electric field strength (and, conse-
quently, the linear velocities) in the sample plug are
much lower than in the adjacent buffer. Due to this, a
dilution (destacking) of the sample occurs. This is il-
lustrated in curve a in Fig. 1 — the separation of a con-
centrated 1 mM solution benzenesulfonic, p-toluene
sulfonic, and benzoic acid, dissolved in a buffer of
1 mM propionic acid/Tris to pH 8.

Alternatively, when injecting a low-conductivity
(diluted, 0.01 mM) sample in a 25-mM buffer of same
composition (curve b in Fig. 1—100 times amplified
with respect to the others), the local field strength in
the sample compartment is higher than in the adjacent
buffer, resulting in a rapid focusing of ionic material at
the sample—buffer interface (stacking), and resulting
in very sharp sample injection plugs and high plate
counts. This stacking takes place during the first sec-
ond after switching on the high voltage. It may thus be
advantageous to inject a larger volume of a more di-
luted sample for better efficiency. Choosing a higher-
conductivity buffer also enhances the effect, where
one has to consider that this may result in more pro-
nounced band broadening due to other effects. Curve
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Fig.1 Electrophoretic bandbroadening effects of benzoates
as sample. Destacking trace a (1-mM sample in 1-mM buffer),
stacking trace b (0.01-mM sample in 25-mM buffer), and trace c
(1-mM sample in 25-mM buffer) and peak triangulation trace d
(1-mM sample in 25-mM chloride buffer).

c in Fig. 1 shows that in such a high-conductivity
buffer, even the 1-mM sample is separated to reason-
able extent.

3

Peak symmetry is another important issue. Gener-
ally, capillary zone electrophoresis peaks are non-
Gaussian and show nonsymmetry. This peak triangula-
tion increases with increasing concentration overload.
It is also proportional to the difference in effective mo-
bility of the sample ion and the co-ion in the buffer. For
instance, analyzing the same 1-mM sample mixture in
a buffer consisting of, for example, 25 mM
chloride/Tris to pH 8 will give triangular peaks (curve
d in Fig. 1) because the effective mobility of benzoic
acid is much lower than that of the buffer anion chlo-
ride: The buffer co-ion is not properly tuned to the
sample component mobilities.
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Introduction

In classical chromatography, band broadening (BB),
which defines the shape of the chromatogram of a pure
solute, is one of the factors limiting the resolution, but
individual peaks are generally observable and the dis-
cussion of BB extent is direct. In size-exclusion chro-
matography (SEC), the situation is more complex, as
we observe, generally, only the envelope of a large
number of individual peaks (Fig. 1). Imperfect resolu-
tion and its consequences on results cannot be directly
observed. A few years after the pioneer publication on
SEC by Moore [1], Tung [2] presented the general
mathematical problem of band-broadening correction
(BBC). Until 1975, a number of simplified procedures
have been proposed in order to compensate for the
limited resolution of columns. After 1975, a spectacu-
lar increase in column resolution rendered the prob-
lem less important, but, recently, there is a growing in-
terest in BBC as SEC users intend to obtain more and
more detailed information on molecular-weight distri-
butions (MWDs) and not only average MW values.
For this reason, this discussion is separated into three
parts:

¢ Experimental determination of extent of BB
¢ Interpretation of BB processes
e Correction methods for BB

Experimental Determination of the Extent
of Broad-Banding

It is useful to choose a solute which is really eluted by
a size-exclusion process, without adsorption or any ad-
ditional interaction phenomena which might modify
the shape of the peak. The most trivial method is to an-
alyze the shape of a low-MW pure substance. This is
usually used to determine the number of theoretical
plates, N =(V,/a)? where V, is the retention volume
(volume at peak top) and o is the standard deviation.
o can be computed from the weighing of each data
point of the peak or can be estimated from the width at
10% maximum height (o = W,/4.3).
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For this reason, when using THF as eluent and
styrene/DVB gels, methanol or toluene are not good
candidates; octadecane is preferred. For aqueous SEC,
saccharose is the classical standard.

For polymers, a number of authors have claimed
that the peak width increases as the MW increases, but
to discuss band broadening for polymers, several pre-
cautions are required. First, it is necessary to be sure
that the injected solution is sufficiently dilute to pre-
vent any viscous effect. (Practically no viscous effect is
observable, even for narrow standards when
[7]C < 0.1; for flexible polymers, this corresponds
roughly to a concentration <1 mg/mL for MWs up to
500,000; for a higher MW, it is necessary to reduce the
concentration.) Then, the real difficulty is to analyze
very narrow standards for which polymolecularity is
sufficiently low, so as not to participate in the peak
width, or at least which polymolecularity is very pre-
cisely known.

Commercial indications on standards are in
progress, but suppliers rarely guarantee the exact
value for I, =M, /M,. A tendency is to guarantee that
I, is lower than a given value, but that is not sufficient
for precise BB study. Usual values for medium MW
standards are /, < 1.03 and 7, < 1.05 for high MW stan-
dards; the situation is worse for aqueous SEC with val-
ues around 1.1.

Recently, possibilities appeared with the results
from thermal gradient interaction chromatography
(TGIC) [3]. That method has a much better resolution
than SEC and allows a very precise determination of
I,. Itis even possible to use it for a preparative scale to
obtain extremely narrow standards, but, until now, it is
only available for organic-soluble standards.

With all these precautions and when using modern
columns, it clearly appears that peaks are not Gauss-
ian, but systematically skewed. New computing facili-
ties allow one to analyze more precisely such peaks by
various functions. The best results seems to be ob-
tained by exponentially modified gaussian (EMG)
functions [4], which are the convolution of a Gaussian
dispersion and an exponential decay. In that case, two
parameters define the shape of the peak o and 7,
which allow quantitative mapping of BB characteris-
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Fig. 1 Example of imperfect resolution: 10 peaks, R = 0.25
between neighbors.

tics for further correction. Generally, o and 7 are con-
stant or admit a limited increase with MW for samples
eluted well after the void volume. However, a dra-
matic increase of o and 7 occurs near the total exclu-
sion volume [5].

Band-Broadening Interpretation

As previously indicated, this discussion is organized
for chromatograms from very narrow polymer stan-
dards for which we can consider that the effect of mo-
lecular weight distribution is negligible and for which
the unique separation process is size exclusion. With
these limitations, the contribution to band broadening
is conveniently separated into extra column effects,
eddy dispersion, static dispersion, and mass transfer. In
the most classical chromatographic interpretation, ex-
tra-column effects are not discussed and the three
other contributions are considered as Gaussian, so
there is simply the addition of their variances. The
number of theoretical plates is defined as N = (V,/o)?
and the influence of v, the linear velocity of the eluent,
is summarized by the so-called Van Deemter equation:

H L +b+
=—=a+—+cv
N v

This classical interpretation is not sufficient, as experi-
mental results clearly indicate that there is peak skew-
ing; for this reason, it is useful to study each contribu-
tion separately.

Static Dispersion

This classical contribution corresponds to the diffusion
of the sample along the axis of the column by Brown-
ian motion during the time ¢, spent in the interstitial
volume. That spreading effect is Gaussian and its stan-
dard deviation o is related to D, the diffusion
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coefficient of the solute: o = (2Dt,)". In classical op-
erating conditions in modern liquid chromatography,
that contribution is generally a minor one, due to the
use of relatively high flow rate. In SEC, the diffusion
coefficients of polymers are very low and that contri-
bution becomes negligible.

Extra-Column Effects

Generally, these effects are not discussed in detail,
considering it is only necessary to select a chromato-
graphic apparatus with a proper design to render these
effects negligible. Recent results indicate that this situ-
ation tends to be different for macromolecular solutes.
Using a chromatographic apparatus for which the col-
umn is replaced by tubings of various lengths, the end
of elution is characterized by an exponential decay, the
time of which is dependent not only on geometry but
also strongly increases for high-MW solutes. The
explanation is related to the more or less rapid averag-
ing of radial positions of the solute in a cylindrical
tube. In the case of high-molecular-weight solutes, the
diffusion coefficient is small. Solute molecules which
enter near the center of the tube stay in the high-ve-
locity zone and those which enter near the walls stay in
low-velocity zones; this introduces skewing which is
much more important than for low-molecular-weight
solutes.

Eddy Dispersion

This contribution is related to the variety of channels
available for any solute molecule throughout the elu-
tion process. These channels are defined by the inter-
stitial volume between the beads of the column pack-
age, so they correspond to a variety of shapes and flow
velocities. This produces a distribution in elution time
which is classically considered as Gaussian and weakly
depends on flow rate. As a rule of thumb, the theoret-
ical plate height corresponding to this effect can be
considered as being equal to the bead diameter of the
packing for well-packed columns.

More detailed results take into account a “wall ef-
fect” to explain why elution profiles are skewed, even
for nonretained solutes in modern columns. Detailed
experimental results were recently presented by
Farkas and Guiochon [6] on the radial distribution of
flow velocity using local multichannel detection de-
vices. On average, the flow velocity is very homoge-
neous in the center of the column, but, inevitably, it be-
comes lower near the walls. Similarly, the peak shape
from a local microdetector situated near the wall is
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clearly distorted and skewed compared with that of a
similar detector situated near the center of the column.

Mass Transfer

The simple model of a theoretical plate, which is sim-
ply the affirmation of the existence of N successive
equilibrium steps, is not satisfactory, as it assumes a
Gaussian spreading.

To obtain more realistic information, it is necessary
to discuss the rate of exchange between the interstitial
volume and pores [7]. Potschka [8] proposed taking
into account the competition between diffusion and
convection in the special situation of “perfusion chro-
matography,” where very large pores exist inside the
beads, which allow some distribution of the solute by
convection.

Recently, a model has been proposed for which
pores are simply long cylinders and time of residence
corresponds to a one-dimension Brownian motion [5].
Exact mathematical expressions are available for de-
scribing that process [9] and the distribution of such
time of residence is highly skewed. Additionally, for
each solute molecule, the number of visited pores
obeys a Poisson distribution, and when the average
number of visits becomes small, the distribution of elu-
tion time becomes wider and more skewed. That ex-
plains, precisely, why strong peak distortion is ob-
served for samples eluted near the total exclusion
limit.

Band-Broadening Correction

As first stated by Tung, the general starting point is
that the experimental chromatogram H(V) (from a
concentration detector) is the convolution of g(V, V,),
the spreading function defining the elution of a single
species with a peak apex position of V,, and w(V,) dV,,
the weight fraction of species which peak apex, is be-
tween V,and V, + dV,:

) - | " Vv av,

In any case, a second step consists of converting w(V,)
into w(M) by defining a calibration curve which corre-
lates M and V,.

As there is only a finite number of data points and,
with some instrumental noise, generally such an inver-
sion problem is ill-defined, the stability of the values of
w(V,) depends on the algorithm which is used. Among

3

the huge number of articles treating such problems, a
review by Meira and co-workers [10] gives useful in-
formation on the mathematical aspects and a detailed
review by Hamielec [11] presents a variety of instru-
mental situations, from the simplest one (constant
Gaussian spreading function and simple concentration
detector) to the most complex (general spreading
function, multidetection).

To take into account experimental evidence which
clearly indicates systematic skewing, this discussion
will no longer concern methods limited to Gaussian
spreading functions.

Simplest Situation: Constant Spreading
Function, Linear Calibration Curve,
Single Concentration Detector

This situation corresponds to a useful approximation
in many cases, and it is almost strictly exact when the
sample has a narrow MWD. From the chromatogram
of an ideal isomolecular sample, considering that it is
defined by a set of &; values equidistant on the elution
volume axis, classical summations give the uncorrected
molecular-weight values:

Zh 2 (hM;)

M =
> (hl/Ml) and Wuncorrected s h[-

Muncorrected

and the peak apex position gives the real molecular
weight: M

peak*
Therefore, two correction factors exist for M, and
M,
M M
peak peak
K,=— K,=——
Nuncoreciea AN Wancorrected

For any other isomolecular sample analyzed on the
same system, the change is simply a shift along the elu-
tion volume axis and each M, value is multiplied by the
same factor. Thus, the correction factors are un-
changed. Finally, any broad MW sample analyzed on
the same system is the addition of a set of isomolecular
species; therefore, when summing, there is factoriza-

tion of the correction factors and
=K M

n n

= KM

n,

‘corrected uncorrected

Weorrected Wauncorrected

This very simple BBC can always be used, at least to
give a preliminary indication of the extent of BB.
When using extremely narrow standards, as obtained
by preparative TGIC, the result is accurate; more eas-
ily, it is possible to set the correction factors between
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two limits: lower one using data from a low-MW pure
chemical and a higher limit using data from an imper-
fect narrow standard.

General Situation: Spreading Function Depends
on Elution Volume and Calibration Curve Is
Not Linear, Single Concentration Detector

In such cases, as stated by Meira and co-workers [10],
the quality of results depends on computational refine-
ments. It is necessary to add specific constraints related
to the chromatographic problem: rejection of negative
values or unrealistic fluctuations in the weight distribu-
tion. The normal way is to invert the large matrix
defining the spreading function for any position on the
elution volume scale. With modern computational facil-
ities, that becomes easy, but it is still not trivial to obtain
stable results, and proper filtering processes are useful.

Good results can be obtained by using a more direct
iterative method which can be briefly presented: n
equidistant values are chosen on the elution volume
scale; let us note these values as V; (typically, n can be
200). Any sample is arbitrarily defined as the sum of n
isomolecular species, whose positions at the peak apex
are V,. For each peak j, n values of heights 4, for each
V, value are computed, normalizing the surface (the
peak shape is defined by interpolation from experi-
mental BB data).

The chromatogram corresponding to the sample is
defined by a set of n H; values at positions V.

To define the weight distribution of the sample, it is
simply necessary to adjust a set of w; values until the
summation converges toward the experimental H, val-
ues. For the first attempt, w; = H;: This gives, by addi-
tion, a chromatogram (H1;) Then, w; = w*H;/H1,; that
gives H2;, and so on until convergence

The method is reasonably efficient. Stable conver-
gence is observed except for very large samples for
which the problem is too severely ill-conditioned. Ap-
plying it to narrow PS standards allows one to find,
again, the true polymolecularity index.

Multidetection Problem

The aim of multidetection, especially LS/DRI cou-
pling, is to find a useful calibration curve directly from
the sample data and without external information from
standards. A crude calibration curve is obtained by
plotting, on a semilogarithmic scale, the instantaneous
weight average M,,; values for each data point at elution
volume V. At this point, correction for BB is rarely
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used, as the accuracy of the calibration curve is gener-
ally poor and does not justify sophisticated corrections.
Additionally, for complex polymers (blends, copoly-
mers, branched polymers, etc.), a variety of molecular
weights are eluted at the same position, even in the ab-
sence of band broadening [12], so it is still very difficult
to propose a general solution for the problem and re-
sults are available only for simplified situations. Nor-
mally, it would be necessary to find the exact weight dis-
tribution w;, as in the preceding paragraph, simply
using the DRI signal; then, it becomes possible to adjust
the calibration curve until the calculated M,; values
converge toward the experimental set of M, values.

Conclusion

Band broadening in SEC has several specific as-
pects, compared with other chromatographic
processes. Solutes may have very low diffusion
coefficients and that introduces additional tailing
due the imperfect averaging of radial positions all
along the tubing. Mass transfer can be described
from Brownian motion properties, and for samples
eluted near total exclusion volume, as the number of
visited pores become small, this introduces a
significant increase of skewing and a very important
loss of resolution.

For correcting band broadening, the main difficulty
is in obtaining precise mapping of the spreading func-
tion of the system. Normally, this needs very high qual-
ity standards and TGIC offers new possibilities in that
area. Computational techniques are now sufficiently
efficient to solve the general inversion problem associ-
ated with band-broadening correction, but it still needs
some precautions to obtain stable results without
artificial oscillations. Finally, as corrections become
very important and unstable near total exclusion vol-
ume, it remains very imprudent to interpret data when
part of the sample is totally excluded. It is better to first
find a well-adapted column set, able to efficiently frac-
tionate the whole sample.
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Barbiturates, Analysis by Capillary Electrophoresis

Chenchen Li
Huwei Liu
Peking University, Beijing, P.R. China

INTRODUCTION

Capillary electrophoresis (CE) is becoming a popular
analytical tool for determining drugs because of its
simplicity, high speed, and high efficiency. The present
review studies different modes of CE used in the
determination and chiral separation of barbiturates, as
well as current developments in sample preparation for
barbiturates in biological fluids. The comparison of
different modes of CE with other separation approaches
is also discussed.

BARBITURATES

Barbiturates, derivatives of barbituric acid, are found in a
variety of pharmaceuticals, such as sedatives, hypnotics,
and antiepileptics. However, their levels in body fluids
have to be regulated within a narrow therapeutic window
to avoid toxicity. Therefore determination of barbiturates
in serum, plasma, and urine is important for investigation
of intoxication, therapeutic drug monitoring, and phar-
macokinetic and metabolic studies. Hence, many instru-
mental approaches for the analysis of barbiturates in body
fluids, including immunoassays''! and chromatographic
methods, such as gas chromatography (GC),'* gas
chromatography—-mass spectrometry (GC-MS),!* and
high-performance liquid chromatography (HPLC),*™®!
have been developed. Immunological techniques offer
high performance, speed of analysis, and sensitivity.
However, they are not specific enough to distinguish a
single compound because barbiturates interfere with each
other. Chromatographic methods have been applied for
the determination of all common barbiturates, even while
they require time-consuming sample pretreatment and are
characterized by a low sample throughput.!”

In recent years, CE has been successfully applied in the
field of biochemical and analytical chemistry. It has been
found to be attractive for pharmaceutical analysis because
of its advantages related to excellent separation efficiency,
high mass sensitivity, minimal use of samples and
solvents, and the possibility of using different direct and
indirect detection systems. This review focuses on
analytical assays for barbiturates by CE.

Encyclopedia of Chromatography
DOIL: 10.1081/E-ECHR-120040662
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SAMPLE PREPARATION FOR
BARBITURATES IN BODY FLUIDS

Sample preparation is important here because matrices of
biological fluids are so complicated that interfering signals
are likely to appear in typical separation-based determi-
nations. Among various sample preparation techniques,
there are two major approaches combined with CE:
liquid-liquid extraction (LLE) and solid-phase extraction
(SPE) [or solid-phase microextraction (SPME)].

LLE

LLE with chloroform from acidified serum is widely
executed”'"! after the method of Shiu and Nemoto.!'?!
However, chloroform is of great toxicity and is not
suitable for routine use. LLE with pentane at pH 6.47! was
investigated for feasibility with seven barbiturates and
was found to be specific for thiopental—an important
barbiturate being used for anaesthetic medication and
treatment of head trauma with severe brain injury.
Comparing acetonitrile deproteinization with chloroform
deproteinization, Shihabi demonstrated the feasibility of
acetonitrile for extraction of pentobarbital. However,
electropherograms obtained by extraction with chloroform
are more sensitive and cleaner.'”’ Wu et al."” used LLE
with ether for extraction from serum, and chloroform for
extraction from urine. They obtained recoveries of six
barbiturates from 86.6% to 118%.

SPE and SPME

Although LLE is useful, it is being replaced by SPE or
SPME because LLE is a time-consuming and laborious
process that involves consumption of large volumes of
organic solvents. The use of SPE for subsequent analysis
is achieved in one step, and the results have shown that
this is a reproducible, safe, convenient, and time-saving
alternative to LLE. Most SPE applications use disposable
cartridges or columns packed with C;g-bonded silica,
which is the most classic packing for this tech-
nique.[7’10’“’13’15] Moreover, SMPE is based on partition
equilibrium of target compounds between the sample

1
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Thus alkaline or neutral compounds are expected not to be
extracted or backextracted, and will not interfere with
analysis of barbiturates. Barbiturate concentrations of
0.1-0.3 ppm in urine and about 1 ppm in serum can
be determined.!'*'®!

0.020

CE MODES OF OPERATION

Capillary zone electrophoresis (CZE) and micellar
electrokinetic capillary chromatography (MEKC) are the
most common CE modes used in determining barbiturates.
We will discuss them separately.

Analysis by CZE

Channel A: Absorbance
0.010

i In CZE, the separation mechanism is based on differences

7 in the charge/mass ratios of ionic analytes. An electric
field is applied to the capillary filled with a running
buffer, and cations go to the cathode, whereas anions
migrate to the anode. But because of the electroosmotic
flow (EOF) of the buffer, which is the driving force of
CE, all analytes will move in the direction of EOF
(usually toward the negative electrode as the inner surface
of fused silica capillary is negatively charged). Although
barbiturates are negatively charged at high pH, their
migration velocities are close to each other and their

(10,

0.000

Time
(]
2

Min

Fig. 1 Separation of different barbiturates using a 500-mmol/L
borate buffer, pH 8.5. (1) Internal standard; (2) pentobarbital;
(3) secobarbital; (4) amobarbital; (5) phenobarbital; (6) butabar-
bital; and (7) contamination.

matrices and a polymeric stationary phase, such as
plasticized poly(vinyl chloride) (PVC),"'* which is coated
onto a fused silica fiber.

Among these techniques, the SMPE device is reported
to be the easiest to construct and it performs very reliably.

separations by CZE are more or less insufficient. A sepa-
ration of some common barbiturates using a 500 mmol/L
borate buffer (pH 8.5) and an applied voltage of 11 kV is
illustrated in Fig. 1.°! The phenobarbital peak was not
resolved from butabarbital. Boone et al.!'”l improved
separation performance by using a 90 mmol/L borate
buffer (pH 8.5) and an applied voltage of 30 kV. It was
found that an applied voltage of 30 kV resulted in faster
separations and a better resolution compared to lower
voltages. In addition, the Tapso—Tris buffer has a higher
buffering capacity but lower conductivity. Baseline

Table 1 Running conditions of MEKC for determination of barbiturates §
Analytes Running buffer Reference éb
Barbital, allobarbital, phenobarbital, butalbital, 50 mM SDS, 9 mM Na,B,0-, [7] 5
thiopental, amobarbital, and pentobarbital 15 mM Na,H,PO, (pH 7.8) é
Barbital, phenobarbital, methyl phenobarbital, 100 mmol/L SDS:100 mmol/L [10] g
amobarbital, thiopental, pentobarbital, and secobarbital Na,H,P04:MeOH:H,0 (70:15:5:10) A
Seven barbiturates and 14 benzodiazepines 100 mM borate, 10 mM SDS, [11] —g

and 5 M urea (pH 8.5) =
Heptabarbital, hexobarbital, pentobarbital, butalbital, 30 mmol/L SDS, 30 mmol/L borate (pH 9.3), [13] 2
and phenobarbital with 200 mL/L acetonitrile 2
Twenty-five barbiturates 50 mM SDS, 20 mM phosphate (pH 8.4) [17] é*

Marcer DekkER, Inc. ﬂ
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Table 2 Comparison of CZE and MEKC for determining barbiturates

CZE

MEKC

No more than 10 min
High

Total analysis time
Separation efficiencies
Analytical window

Resolution
Pretreatment process
resolution with LLE)

Relatively small window because

of the resemblance of the chemical

structures and the pK values of the barbiturates
Some barbiturates interfere with each other
Complex and time-consuming (unsatisfied

About 15 min
High
Provides a significantly increased
analytical window
[17]
Improved
Both LLE and SPE produce good results

separation of 10 barbiturates and eight benzoates was
achieved in a 50-mM Tapso-Tris buffer system.!'¥]
Recently, Delinsky et al.!'> completely resolved barbitu-
rates from meconium in a 150-mM Tris running buffer
after sample preparation by SPE.

Analysis by MEKC

MEKC is another CE method based on the differences
between interactions of analytes with micelles present in
the separation buffer, which can easily separate both

mAU °*

8}
a) cze
TF

6k 2

£ (3,
T

EOF

2.0 25 3.0 3.5 4.0
migration time (min)

4.5 5.0

2
mAU 0 5

18F  b) mEKC
16}

14}
12|

10

EOF

0 1 1 1 1 1 1 1 1 1

2 3 4 5 6 7
migration time (min)

Fig. 2 Electropherograms of the separation of five barbiturate standards using CZE (a) and MEKC (b). Peaks: (1) hexobarbitaliv‘*

(2) methohexital; (3) secobarbital; (4) barbital; and (5) phenobarbital.
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charged solutes and neutral solutes with either hydropho-
bic or hydrophilic properties. Micelles are formed by
adding a surfactant [at a concentration above its critical
micelle concentration (CMC)] to the separation buffer,
and act as the so-called pseudo-stationary phase. The
most striking observation is the resolution of MEKC,
which is more likely to separate complex mixtures than
CZE. Because of their similar migration velocities,
barbiturates are most commonly investigated in the
MEKC mode [7:8:10-13.16-19]

There are various buffers and modifiers that can be
selected and combined in MEKC to optimize separation;
some typical examples are summarized in Table 1.

COMPARISON OF CZE AND MEKC

A comparison of the CZE and MEKC modes for deter-
mining barbiturates is summarized in Table 2.

o
—_

r 0.004 AU
|
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Figure 2" shows electropherograms of a mixture
of five barbiturate standards; it can be observed that
the addition of micelles in MEKC clearly resulted in a
different separation mechanism, reflected in various
changes in elution order, compared to CZE. The migra-
tion behavior in MEKC depends largely on the hydro-
phobic interaction of the analytes with the micelles.
Hydrophobic components are more solubilized in the
micelles, resulting in a slower migration compared to less
hydrophobic compounds.

OPTIMIZATION OF SEPARATION

Various types of coated capillaries have been applied to
the CE separation of barbiturates for improvement of
separation selectivity and efficiency.!'"***" Jinno et al.
reported a series of investigations on PAA and AA-co-
IPAAM-coated columns in both CZE and MEKC modes.

o
[&)]

10 15 20 25
Time / min

1

o

‘f 0.004 AU
C..

0 5 10 15 20 25
Time / min

(&}

10 15 20 25
Time / min

0 5 10 15 20 25

Time / min

Fig. 3 Separation of barbital by the use of a capillary coated with (a and c¢) 10% T PAA and (b and d) 10% T poly(AA-co-IPAAM)
containing 85% IPAAM. Experiments were carried out at (a and b) ambient temperature or (c and d) elevated temperature. Conditions:
capillary column, 50 cm x 0.075mm ID (25cm effective length); buffer, 100 mM Tris—150 mM boric acid (pH 8.3); field strength,
300 V/cm; injection, electromigration for 5 sec at the side of cathode. Peak identification: (1) phenobarbital; (2) barbital;
(3) mephobarbital; (4) amobarbital; (5) secobarbital; (6) pentobarbital; (7) metharbital.
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Fig. 4 Typical electropherograms of enantiomers of (A) pentobarbital and (B) secobarbital on a 57 cm x 75 pum ID fused silica
capillary. The run buffer contained 40 mM HPBCD in 20 mM ammonium acetate buffer (pH 9.0) with detection at 254 nm. The
capillary was thermostated at 25°C and the run voltage was set to 15 kV.

By the use of polyacrylamide (PAA) coating for the
capillary, EOF was sufficiently eliminated, leading to a
shorter analysis time and better resolution.!''?" In
addition, the elution order of barbiturates partly changed
because of the hydrophobic nature of PAA. It must be
noted that a noncross-linked copolymer containing
IPAAM had thermosensitive properties, and elution order
was different at elevated temperatures when compared
with that at ambient temperature,[zl] as illustrated in Fig. 3.

In CE, the use of a reproducible identification pa-
rameter is very important because it influences identifi-

cation power (IP). Boone et al.'" used e and uSyy in-
stead of migration times to enhance reproducibility, to
reduce the upward trend of RSD with increasing migration
time, and to correct for outliers.

CHIRAL SEPARATION OF BARBITURATES

Chiral separation is one of the major outstanding
advantages for CE compared to other separation tech-
niques. As enantiomers have identical electrophoretic

Table 3 Comparative study of three techniques to determine barbiturates

Techniques Advantages

Disadvantages

GC High sensitivity and selectivity
Coupled with mass spectrometry for
the identification of unknowns

LC Application to all organic solutes in
spite of volatility or thermal stability
Both mobile and stationary phase
compositions are variables

CE High separation efficiency
Small consumption of expensive reagents
and toxic solvents

Inadequate for polar, thermolabile,

and low-volatility analytes

High consumption of expensive, high-purity gases
Insufficient separation selectivity and efficiency
Related long analysis time

Large amounts of expensive and toxic organic
solvents used as mobile phase, such as acetonitrile”™
and methanol.®

Inadequate detection limit

Lack of highly selective detectors

Copyright © Marcel Dekker, Inc. All rights reserved:
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mobilities, some chiral complexing reagents, called chiral
selectors, must be added to the separation buffer to form
diasteromeric complexes in dynamic equilibrium. One
of the most versatile techniques for achieving chiral
recognition is the addition of cyclodextrins (CDs). It
is reported that determination of (R)-secobabital and
(S)-secobabital from serum was achieved by addition of
hydroxypropyl-y-cyclodextrin (HPGCD)"'®! or hydroxy-
propyl-B-cyclodextrin (HPBCD)''® in the running buffer.
Figure 4 illustrates a typical electropherogram of pento-
barbital and secobabital enantiomers, separated by
HPBCD. Conradl and Vogt et al.””?! investigated the
separation of (R)-thiopental and (S)-thiopental, and
(R)-phenobarbital and (S)-phenobarbital by using a-CD
and B-CD as chiral selectors, separately. They found out
that the enantiomers of thiopental were not separated by
B-CD, whereas cyclobarbital enantiomers were separated
by both a-CD and B-CD. It is assumed that the size of the
cavity of B-CD allows the side chain of thiopental, with
the asymmetric carbon atom, to penetrate completely.
Therefore the formation of stereoselective complexes is
unlikely. In the case of o-CD, the Cs substituents of
thiopental are optimal in size and structure to fit into the
cavity whereas; for cyclobarbital, a partial inclusion of
the cyclohexene ring or the methyl group at the Cs of the
heterocycle into the cavity is probable. However, the
separation of cyclobarbital with low o-CD concentration
was less efficient.

COMPARISON OF CE, GC, AND LC

LC, GC, and CE are three typical analytical separation
approaches used to determine barbiturates. The advan-
tages and disadvantages of the three techniques are
summarized in Table 3.

CONCLUSION

CE offers fast analysis, low consumable expenses, ease of
operation, high separation efficiency, and selectivity.
Now, CE has undoubtedly become an attractive technique
for the determination and therapeutic monitoring of
barbiturates and other drugs, and it is becoming more
and more important in biological and toxicological
analyses. It was also indicated that CE has a good
potential for systematic toxicological analysis (STA).!'”!

At present, the coupling of CE to MS is attractive
because it facilitates the identification of analytes and
improves detection sensitivity. Combining CE with fluo-
rescence detection greatly improves the sensitivity and
selectivity for determining proteins and other biological
molecules. Future trends of CE will be used to develop
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more coupling methods to combine CE with highly
selective detectors and to achieve miniaturization and
automation for extremely fast, easy, and real-time
determination in pharmaceutical and biological analyses.
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Introduction

Numerous interactions within cells and the body are
characterized by the specific binding that occurs be-
tween two or more molecules. Examples include the
binding of hormones with hormone receptors, drugs
with target enzymes or receptors, antibodies with anti-
gens, and small solutes with transport proteins. The
study of these interactions is important in determining
the role they play in biological systems. Because of this,
there have been numerous methods developed to char-
acterize such reactions. One of these approaches is that
of affinity chromatography.

Affinity chromatography is a liquid-chromato-
graphic technique that makes use of an immobilized
ligand, usually of biological origin, for the separation
and analysis of analytes within a sample. However, it is
also possible to use affinity chromatography as a tool
for studying the interactions that take place between
the ligand and injected solutes. This application is
known as quantitative or analytical affinity chromatog-
raphy. Some attractive features of this approach in-
clude its relative simplicity, good precision and accu-
racy, and ability to use the same ligand for multiple
studies. There are various techniques that are em-
ployed for such studies. These include methods for
measuring both equilibrium constants and rate con-
stants for biological processes, thus giving data on the
thermodynamics and kinetics of these reactions.

Zonal Elution

The method of zonal elution is one of the most common
techniques used in affinity chromatography to examine
biological interactions. An example of this type of exper-
iment is shown in Fig. 1a. In its usual form, zonal elution
involves the application of a small amount of analyte (in
the absence or presence of a competing agent) to a col-
umn that contains an immobilized ligand. The retention
of the analyte in this case will depend on how strongly the

Encyclopedia of Chromatography
DOI: 10.1081/E-Echr 120004586

analyte and competing agent bind to the ligand and on
the amount of ligand that is in the column. This makes it
possible to measure the equilibrium constants for these
binding processes by examining the change in analyte re-
tention as the competing agent’s concentration is varied.
Zonal elution has been used to examine numerous bio-
logical systems, including the binding of drugs with trans-
port proteins, lectins with sugars, enzymes with in-
hibitors, and hormones with hormone-binding proteins.

Equation (1) represents one specific type of zonal
elution study, in which the injected analyte and com-
peting agent bind at a single common site on the im-
mobilized ligand:

{Ka,AmL}
= WVl + Kull)) @

Similar equations can be derived for other systems,
such as those involving multiple types of binding sites
or the presence of both soluble and immobilized forms
of the ligand. In Eq. (1), K, , and K, are the associa-
tion equilibrium constants for the binding of the ligand
to the analyte (A) and competing agent (I) at their site
of competition. The term [I] is the concentration of I
that is being applied to the column, m; is the moles of
common ligand sites for A and I, and V,, is the void
volume of column. The term k is the retention factor
(or capacity factor) that is measured for A, as given by
the relationship k = (#z/t);) — 1, where t, is the reten-
tion time for A and ¢, is the column void time. In this
case, the values of the association constants K, , and/or
K,; can be obtained by examining how the retention
factor for A changes with [I]. If these studies are per-
formed at several temperatures, thermodynamic val-
ues can also be obtained for the changes in enthalpy
and entropy that occur during these binding processes.

k

Frontal Analysis

An alternative approach for equilibrium constant meas-
urements is to use the method of frontal analysis. In this

1
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technique, a solution containing a known concentration
of the analyte is continuously applied to an affinity col-
umn at a fixed flow rate (see Fig. 1b). As the solute/an-
alyte binds to the immobilized ligand, the ligand be-
comes saturated with the analyte and the amount of
analyte eluting from the column gradually increases.
This forms a characteristic breakthrough curve. The

(a)

(W]

e

T T T T T
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Time (min)

Fig. 1 (a) Zonal elution studies for the injection of R-warfarin
onto an immobilized human serum albumin column in the
presence (left to right) of 1.90-0 + 107 M L-reverse triiodot-
hyronine as a competing agent. (b) Frontal analysis studies for
the binding of R-warfarin to immobilized human serum albumin
at applied analyte concentrations (left to right) of 1.50-0.22 -
107% M. [Reproduced with permission from Elsevier from

B. Loun and D. S. Hage, J. Chromatogr. B 665: 303 (1995) and
the American Chemical Society from B. Loun and D. S. Hage,
Anal. Chem. 66: 3814 (1994).]
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volume of the analyte solution required to reach the
mean position of this curve is measured. If the associa-
tion and the dissociation kinetics are fast, the mean po-
sition of the breakthrough curve will be related to the
concentration of the applied solute, the amount of lig-
and in the column, and the association equilibrium con-
stants for solute—ligand binding. Frontal analysis exper-
iments have been used to examine such systems as
drug—protein binding, antibody—antigen interactions,
and enzyme—inhibitor interactions.

A simple example of a frontal analysis system is one
where an applied analyte binds to a single type of im-
mobilized ligand site. In this situation, the following
equation can be used to relate the true number of ac-
tive binding sites in the column (m,) to the apparent
moles of analyte (m, ,,,) required to reach the mean
position of the breakthrough curve:

S B § @

mL,app Ka,AmL[A] my,

As defined earlier, K, , is the association constant
for the binding of A to L, and [A] is the molar concen-
tration of analyte applied to the column. Equation (2)
predicts that a plot of 1/m, ,,,, versus 1/[A] for a system
with single-site binding will give a straight line with a
slope of 1/(K, om; ) and an intercept of 1/m, . The value
of K, can be determined by calculating the ratio of
the intercept to the slope, and 1/m, is obtained from
the inverse of the intercept. Similar relationships can
be derived for cases in which there is more than one
type of binding site or in which both a competing agent
and solute are applied simultaneously to the column.

One disadvantage of frontal analysis is that it re-
quires a relatively large amount of analyte for study.
However, frontal analysis does provide information on
both the association constant for a solute and its total
number of binding sites in a column. This feature
makes frontal analysis the method of choice for high
accuracy in equilibrium measurements, because the re-
sulting association constants are essentially independ-
ent of the number of binding sites in the column.

Band-Broadening Measurements

Another group of methods in analytical affinity chro-
matography are those that examine the kinetics of bi-
ological interactions. Band-broadening measurements
(also known as the isocratic method) represent one
such approach. This is really a modification of the
zonal elution method in which the widths of the eluting
peaks are measured along with their retention times.
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Systems that have been studied with this method in-
clude the binding of lectins with sugars, the interac-
tions of drugs and amino acids with serum albumin,
and the kinetics of protein-based chiral stationary
phases.

This type of experiment involves injecting a small
amount of an analyte onto an affinity column while
carefully monitoring the retention time and width of
the eluting peak. These injections are performed at
several flow rates on both the affinity column and on a
column of the same size which contains an identical
support but with no immobilized ligand being present.
This control column is needed to help correct for any
band broadening that occurs due to processes other
than the binding and dissociation of the analyte from
the immobilized ligand. By comparing plots of the
peak widths (or plate heights) for the affinity and con-
trol columns, it is possible to determine the value of
the dissociation rate constant for the analyte—ligand
interaction.

Split-Peak Effect

Another way in which kinetic information can be ob-
tained by affinity chromatography is to use the split-
peak effect. This effect occurs when the injection of a
single solute gives rise to two peaks: the first represent-
ing a nonretained fraction and the second representing
the retained solute. This effect can be observed even
when only a small amount of analyte is injected and is
the result of slow adsorption kinetics and/or the slow
mass transfer of the analyte within the column. Such an
effect can occur in any type of chromatography, but it
is most common in affinity columns because of their
smaller size, their lower amount of binding sites, and
the slower association rates of affinity ligands com-
pared to other types of stationary phases.

One way in split-peak measurements can be per-
formed is by injecting a small amount of analyte onto
an affinity column at various flow rates. A plot of the in-
verse negative log of the measured free fraction is then
made versus the flow rate. The slope of this graph is re-
lated to the adsorption kinetics and mass-transfer rates
within the column. If the system is known to have ad-
sorption-limited retention or if the mass-transfer rates
are known, then the association rate constant for ana-

lyte binding can be determined. This approach has the
advantages of being fast to perform and potentially has
greater accuracy and precision than band-broadening
measurements. Its disadvantages are that it requires
fairly specialized operating conditions that may not be
suitable for all analytes. Examples of biological sys-
tems that have been examined by the split-peak
method include the binding of protein A and protein G
to immunoglobulins, and the binding of antibodies
with both high- and low-molecular-weight antigens.

Peak-Decay Method

The peak-decay method is a third approach that can be
used in affinity chromatography to examine the kinet-
ics of an analyte—ligand interaction. This technique is
performed by first equilibrating and saturating a small
affinity column with a solution that contains the ana-
lyte of interest or an easily detected analog of this an-
alyte. The column is then quickly switched to a mobile
phase in which the analyte is not present. The release
of the bound analyte is then monitored over time, re-
sulting in a decay curve. This decay is related to the dis-
sociation rate of the analyte and the mass-transfer ki-
netics within the column. If the mass-transfer rate is
known or is fast compared to analyte dissociation, then
the decay curve can be used to provide the dissociation
rate constant for the analyte from the immobilized lig-
and. Systems which have been studied with this ap-
proach include the dissociation of drugs from transport
proteins and the dissociation of sugars from immobi-
lized lectins.

Suggested Further Reading

Chaiken, I. M. (ed.), Analytical Affinity Chromatography,
CRC Press, Boca Raton, FL, 1987.

Dunn, B. M. and 1. M. Chaiken, Proc. Natl. Acad. Sci. USA
71:2372 (1974).

Hage, D. S. and S. A. Tweed, J. Chromatogr. B 699: 499
(1997).

Hage, D. S., R. R. Walters, and H. W. Hethcote, Anal. Chem.
58:274 (1986).

Kasai, K.-I. and S.-I. Ishii, J. Biochem. 78: 653 (1975).

Loun, B. and D. S. Hage, Anal. Chem. 68: 1218 (1996).

Wainer, I. W., J. Chromatogr. A 666: 221 (1994).

MARCEL DEKKER, INcC. m
270 Madison Avenue, New York, New York 10016 o

ight © Marcel Dekker, Inc. All rights reserved.

Copyri



Binding Molecules Via — SH Groups

Terry M. Phillips

Ultramicro Analytical Imnmunochemistry Resource, DBEPS, ORS, OD, NIH, Rockville, Maryland, U.S.A.

Introduction

A prerequisite for producing a good affinity support is
a firm, stable attachment of the ligand to the surface of
the support. There are numerous linkage chemistries
available for performing this task, and although the
most popular approach is a reaction between the reac-
tive side groups on the support with a primary amine
on the ligand, there are a number of supports that can
perform similar attachments through free thiol or
sulfhydryl groups.

Discussion

Supports containing maleimide reactive side groups
are specific for free sulfhydryl groups present in the
ligand when the reaction is performed at pH 6.5-7.0.
At pH 7.0, the interaction of maleimides with
sulfhydryl groups is approximately 1000-fold faster
than with amine groups. The stable thioether linkage
formed between the maleimide support and the
sulfhydryl group on the ligand cannot be easily
cleaved under physiological conditions, therefore en-
suring a stable affinity matrix. Immobilization of
sulfhydryl-containing molecules can also be achieved
using either a-haloacetyl or pyridyl sulfide cross-link-
ing agents. The a-haloacetyl cross-linkers [i.e., N-suc-
cinimidy(4-iodoacetyl) aminobenzoate)] contain a io-
dacetyl group that is able to react with sulfhydryl
groups present in the ligand at physiological pH. Dur-
ing this reaction, the nucleophil substitution of iodine
with a thiol takes place, producing a stable thioether
linkage. However, a shortcoming of this approach is
that the a-haloacetyls interact with other amino acids,
especially when a shortage or absence of free
sulfhydryl groups exists. Linkage of pyridyl disulfides
with aliphatic thiols at pH 4.0-5.0 produces a
disulfide bond with the release of pyridine-2-thione
as a by-product of the reaction. A disadvantage of this
approach is the acidic pH of the reaction, which is es-
sential for optimal linkage. The reaction can be per-
formed at physiological pH, but under these condi-
tions, the reaction is extremely slow.
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Ligand immobilization through sulfhydryl groups
can be advantageous due to its ability to be site di-
rected. Additionally, depending on the linkage, the lig-
and support can be cleavable, allowing the same sup-
port to be reused. However, many useful affinity
ligands do not possess free sulfthydryl groups, and in
such cases, free sulfhydryl groups can be engineered
into the ligand via a series of commercially available
reagents. Traut’s reagent (2-iminothiolane) is the most
common, although N-succinimidyl S-acretylthioac-
etate (SATA) and N-succinimidyl-3-(2-pyridyldithio)-
propionate (SPDP) can also be used (Fig. 1). Traut’s
reagent reacts with primary amines present in the lig-
and introducing exposed sulfhydryl groups for further
coupling reactions.

Chrisey et al. [1] described an interesting use of sulf-
hydryl-mediated immobilization for immobilizing
thiol-modified DNA. A hetero-bifunctional cross-

; N'H, CI

Traut’s reagent

FLhry

SATA
O
(¢] N7 |
qo)K/\/S\S/Q
o
SPDP

Fig.1 Chemical structures of commercially available reagents
for introducing sulfhydryl groups into molecules.
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linker bearing both thiol and amino reactive groups was
used to immobilize thiol-modified DNA oligomers to
self-assembled monolayer silane films on fused-silica
and oxidized silicon substrates. The advantage of this
approach was to use site-directed immobilization to en-
sure the correct orientation of the DNA molecule.
Cleaving disulfide bonds already present in the lig-
and can also generate free sulfhydryl groups. The clas-
sic example of this approach is the digestion of the IgG
antibody molecule to produce two monovalent, reac-
tive FAb fragments, each containing a free sulfhydryl
group. In this case, reduction of the disulfide bridge
(holding the two FADb arms together) is achieved using
Cleland’s reagent (DTT: dithiothreitol). The FAD is
then attached to free thiol groups present on the sup-
port by reforming a disulfide bond [2]. The advantage
of this approach is that not only is a covalent linkage
formed but also the linkage helps to orient the antigen
receptor of the FAb away from the support matrix.

ﬂ MARCEL DEKKER, INC.
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Introduction

In the relatively short period of time since the intro-
duction of the first commercial instruments in the late
1980s, capillary electrophoresis (CE) has established
itself as one of the most versatile analytical techniques.
In addition to providing exceptional separation
efficiencies, it offers substantial advantages over con-
ventional slab—gel electrophoretic techniques, namely
fast separation times, automation, reproducibility, and
quantitative capabilities. Furthermore, owing to the
different mechanisms by which products are separated
in CE, data generated are generally complementary to
those obtained by high-performance liquid chro-
matography (HPLC), thus allowing for more complete
product characterization. CE methods have also been
successfully validated with respect to well-established
analytical criteria (e.g., precision, accuracy, repro-
ducibility, and linearity), making them a source of reli-
able information. These considerations are of key im-
portance to the pharmaceutical industry in adopting
CE as a front-line analytical technique for product
characterization to meet the specific requirements as-
sociated with the manufacturing and testing of bio-
pharmaceuticals [1].

Historical Perspective in the Development
of Biopharmaceuticals

Therapeutic products consisting of biopolymers (e.g.,
proteins) are generally referred to as biopharmaceuti-
cals. Although, to date, most products on the market
are proteins and polypeptides, new therapeutics based
on antisense oligonucleotides or DNA fragments are
being developed. Traditionally, biopharmaceuticals
were obtained from biological sources (e.g., human,
animal, plant, or cellular origin) in the form of crude
extracts or partially purified components of extracts.
Because of the highly complex nature of these mix-
tures, only minimal physicochemical characterization
could be carried out and product evaluation was gen-
erally based on a biological response or surrogate
bioassays. Although a few traditional products remain
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in use today, newer production methods based on re-
combinant DNA or hybridoma technology are now be-
ing used for the large-scale production of biopharma-
ceuticals. These developments have been paralleled
by major advances in biomolecular separation tech-
niques and, consequently, have resulted in improve-
ments in product development leading to the prepara-
tion of more consistent products with purity levels
approaching those of conventional, small-molecule
pharmaceuticals. A number of important therapeutic
proteins such as human growth hormone (hGH), in-
sulin, interferons (IFN-«, B8, and ), tissue plasminogen
activator (tPA), erythropoietin (EPO), and hepatitis B
vaccine have been produced in this manner and their
approval for human use has been based on a compre-
hensive chemistry and manufacturing submission with
a strong emphasis on high-resolution analytical
methodologies including CE.

Application of Capillary Electrophoresis
to Biopharmaceuticals

Capillary electrophoresis has widespread applications
in the field of biopharmaceuticals, particularly for
product characterization. It is a technique particularly
well suited for assessing product heterogeneity arising
from posttranslational modifications, degradation, or
genetic variation. There are several CE modes, based
on different separation mechanisms, which, alone or in
combination, can be used (Table 1). The choice of the
most appropriate CE separation mode, or combination
thereof, will depend on the nature of the product under
study and the type of information required. In the fol-
lowing sections, a brief overview of the use of CE for
the characterization of biopharmaceuticals with re-
spect to product identity and purity will be presented.

Product Identity

One of the critical aspects to be considered during the
manufacturing of any drug is product identity. Al-
though, in itself, it does not fulfill all of the require-
ments for a safe and effective drug, product identity
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testing provides assurance that the product generated
is that which is intended and offers a measure of the
consistency of the manufacturing process. CE-based
methods have been widely applied to confirm product
identity of biopharmaceuticals. Approaches usually
involve the comparison of the property of the sub-
strate to that of a preestablished, well-characterized
reference standard with demonstrated efficacy and
safety. Aside from performing a simple identity test in-
volving comigration of the substrate with the reference
standard, a number of methods have been devised to
provide qualitative and quantitative information with
respect to specific structural features of the molecule
(e.g., primary sequence, molecular weight/size, and
carbohydrate profile).

Peptide mapping is one of the most powerful tools
for the identification of proteins and it has been suc-
cessfully adapted to CE [2]. It involves the cleavage of
the amino acid chain at specific sites, using proteases
or chemicals, to generate a mixture of smaller pep-
tides. The analysis of the resulting peptide digest is
generally carried out by capillary zone electrophore-
sis (CZE), where products are separated based on dif-
ferences in charge-to-mass ratios. Methods using cap-
illary isoelectric focusing (CIEF) or micellar
electrokinetic chromatography (MEKC) have also
been reported. The peptide map serves as a finger-
print of the substrate which, when compared to a ref-
erence standard, enables the confirmation of the iden-
tity and allows the detection and identification of
amino acid and peptide modifications. In addition, it
may be used to confirm the presence and position of
disulfide bridges and glycosylation sites. When linked
to mass spectrometry (MS), peptide mapping by CZE
can also be used as an effective replacement for pro-

Biopharmaceuticals by Capillary Electrophoresis

tein sequencing. Besides its application to simple pro-
teins, peptide mapping by CZE has been particularly
useful for the characterization of monoclonal anti-
bodies (MAbs) [3]. Peptide mapping by CZE is usu-
ally faster than by high-performance liquid chro-
matography (HPLC) and typically provides greater
resolution of a larger number of peptides.

Several important therapeutic proteins are glyco-
proteins (e.g., EPO and tPA) which exist as mixtures of
closely related species that differ in their glycosylation
patterns (glycoforms). These differences are often the
result of both compositional and sequence variations.
Moreover the biological activity of glycoproteins is fre-
quently linked to the presence of these carbohydrates
and, consequently, the characterization of glycopro-
tein microheterogeneity represents one of the more
challenging tasks in identity testing. Several CE ap-
proaches, based mostly on CZE and CIEF, have been
devised [4]. For the frequently encountered sialoglyco-
proteins (i.e., sialic acid-containing glycoproteins), the
analysis of the glycoform profile can be performed on
intact glycoproteins. Alternatively, an analysis of the
oligosaccharide profile may be performed following
chemical or enzymatic release from the polypeptide.
In both cases, the profile obtained is an indication of
the varying number of sialic acid residues on the
oligosaccharide chains. Methods have also been devel-
oped for the analysis of the monosaccharide composi-
tion resulting from hydrolysis. In such a case, the
monosaccharides must be derivatized with reagents
such as 1-aminopyrene-3,6,8-trisulfonate, which pro-
vides both a readily ionizable group and a detectable
chromophore. Finally, CE is a valuable tool for the
confirmation of the structural integrity of glycopro-
teins in final drug formulations [5].

Table1 Common Capillary Electrophoresis Separation Modes for the Characterization of Biopharmaceuticals

Mode

Separation mechanism

Application

Capillary zone
electrophoresis (CZE),

Capillary isoelectric focusing
(CIEF),

Capillary gel
electrophoresis (CGE),

Micellar electrokinetic
chromatography (MEKC),

Charge-to-size ratio

Isoelectric point (pl)

Size determination

Partition based on
hydrophobicity

Proteins and peptides, peptide mapping,
glycoproteins, monoclonal
antibodies, carbohydrates
and oligosaccharides

Proteins and peptides, glycoproteins,
monoclonal antibodies, isoelectric point
determination, peptide mapping

Protein molecular weight determination,
aggregates, oligonucleotides, DNA frag-
ments, polysaccharides

Peptide mapping,
carbohydrates
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Other useful identity tests that may be adequately
performed by CE include protein molecular-weight
(or DNA size) determination using capillary gel elec-
trophoresis (CGE) [6] and isoelectric point (p/) deter-
mination using CIEF [7]. Typically, a protein molecu-
lar-weight determination is performed under
denaturing conditions where sodium dodecyl sulfate
(SDS)-protein complexes are formed with net nega-
tive charges that are proportional to their masses.
These complexes migrate through the gel-filled capil-
lary, acting as a sieving medium, in order of increasing
molecular weight. The mobility of the substrate is used
to estimate the molecular weight from a preestablished
calibration plot of log molecular mass versus mobility
prepared from a series of protein standards of known
molecular mass. CGE separation of SDS—proteins has
the advantage over SDS-polyacrylamide gel elec-
trophoresis (PAGE) of giving higher resolution and re-
quiring shorter analysis time. Similarly, using appro-
priate standards, CIEF can be used to determine the p/
of a protein. Product identity techniques such as CGE
and CIEF can be of great value to biopharmaceutical
manufacturers because they can be incorporated into
in-process controls as was recently demonstrated for
two recombinant proteins [8].

Several monoclonal antibodies (M Abs) have been
prepared for therapeutic purposes. They are among
the most complex protein-based molecules, consist-
ing of several light and heavy polypeptide chains,
joined by multiple disulfide bridges, and containing a
number of glycosylation sites of varying sequences
and arrangements. Typically, MAbs are very large
molecules with molecular weights around 150,000
Da, a feature that, when combined with their struc-
tural complexity, makes high-resolution chromato-
graphic methods for the analysis of the intact mole-
cule of little value. However, CE approaches have
been highly successful for the characterization of
MADs [9]. Although all of the major CE separation
modes have been applied, CIEF and CGE are partic-
ularly useful techniques. For instance, the high reso-
lution achieved in CIEF allows monitoring of the
profile of charge isoforms resulting from differential
C-terminal processing (at lysine or arginine), a situa-
tion that frequently occurs in mammalian cell-de-
rived products. CGE analysis under denaturing con-
ditions has been used to estimate MAbs molecular
weight as well as the presence of aggregates. When
performed under denaturing and reducing condi-
tions, CGE provides an effective way to monitor the
light and heavy chains that make up the typical anti-
body structure.

Product Purity

Purity determination is an essential component of the
assessment of the quality of any drug. However, the
purity determination of biopharmaceuticals is not as
straightforward as for small-molecule pharmaceuticals
because biopharmaceuticals are structurally complex
and have a wide range of potential impurities. Ap-
proaches usually involve the judicious choice of a com-
bination of methods that will enable the detection and
quantitation of impurities from which an overall purity
assessment can be made. CE-generated data now play
a significant role in such purity assessments.

Proteins are inherently labile molecules, especially
when placed under non-physiological conditions, and,
consequently, the formation of impurities may occur
throughout their manufacturing process. Common
protein degradation pathways leading to the forma-
tion of several types of impurities have been identified
(Table 2) and most of these impurities can be detected
by CE [10]. For instance, CE can be used successfully
for the separation and detection of low levels of
charge variants such as deamidation products of as-
paragine or glutamine residues as well as clipped
forms resulting from proteolytic cleavage of the
polypeptide chain. In particular, CZE has proven to
be highly effective for simple proteins having no car-
bohydrate-mediated heterogeneity present. The high
efficiency of CZE, in some cases, allows the resolution
of multiple-charge variants, such as occur in hGH [11],
to be accomplished in a single run. The high resolving
power and quantitative properties of CGE can be
used to detect nondissociable aggregates and clipped
forms in proteins as well as deletion sequence in anti-
sense oligonucleotides.

The coupling of CE to high-sensitivity detection de-
vices such as laser-induced fluorescence (LIF) detec-
tors provides substantial enhancement of the detection
limits of impurities [12].

Table 2 Typical Impurities in Protein Biopharmaceuticals

Deamidation products
Oxidation products

Disulfide interchange

Proteolytic cleavage products
Aggregates

Amino acid substitutions

N-, C-terminal truncated product
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Conclusion

The use of capillary electrophoresis has become an in-
tegral part of the study of biopharmaceuticals, espe-
cially for the monitoring of product identity and purity.
It is a powerful technique that, in many instances, has
been shown to be superior to the more conventional
electrophoretic techniques and complementary to the
widely used high-resolution chromatographic tech-
niques. It is particularly well suited to the study of
complex mixtures such as glycoproteins and mono-
clonal antibodies.
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Biopolymer Separations by
Chromatographic Techniques

Masayo Sakata
Chuichi Hirayama
Kumamoto University, Kumamoto, Japan

INTRODUCTION

Endotoxin (lipopolysaccharides; LPS) is an integral
part of the outer cellar membrane of Gram-negative
bacteria and is responsible for organization and stability.
In the biotechnology industry, Gram-negative bacteria
are widely used to produce recombinant DNA products
such as peptides and proteins. Thus these products are
always contaminated with LPS. Such contaminants have
to be removed from drugs and fluids before use in injec-
tions, because their potent biological activities cause
pyrogenic reactions.

To achieve selective removal of LPS from final
biological products, such as proteins and protective
antigens, it is necessary to consider not only the chemical
and physical structures of LPS, but also those of the
adsorbents and proteins, as well as the solution con-
ditions. In physiological solutions, LPS aggregates form
supramolecular assemblies (My,: 4 X 10° to 1 x 10°%) with
phosphate groups as the head group and exhibit a net-
negative charge because of their phosphate groups.
However, as proteins may release LPS monomers from
the aggregates, we assume that LPS aggregates comprise
a wide range of molecular sizes, with My, from 2 x 10* to
1 x 10° in physiological solutions. On the other hand, the
molecular weights of proteins are generally about 1 x 10*
to 5x 10°. Therefore it is extremely difficult to separate
LPS from protein solely by size-separation methods, such
as size-exclusion chromatography and ultrafiltration.
Various procedures of LPS removal, such as ion exchange
membrane, ultrafiltration, and extraction, have been
developed for pharmaproteins. These procedures, how-
ever, are unsatisfactory with respect to selectivity,
adsorption capacity, and protein recovery.

For the removal of LPS from final solutions of
bioproducts, selective adsorption has proven to be the
most effective technique. Therefore considerable effort is
being put into the development of adsorbents capable of
retaining high LPS selectivity under physiological con-
ditions (ionic strength of ©=0.05-0.2, neutral pH).
Recently, numerous cationic polymer adsorbents have
been developed for removing LPS from protein solutions.
This article will elucidate the chromatographic properties
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of various LPS adsorbents and will describe recent
findings concerning methods for eliminating LPS from
protein solutions using the adsorption technique.

CHROMATOGRAPHIC MATRICES WITH
POLYCATIONIC LIGANDS

Lipopolysaccharide is an amphipathic substance' ' that
has both an anionic region (the phosphoric acid groups)
and a hydrophobic region (the lipophilic groups). From
this point of view, an LPS-selective ligand should have,
not only cationic properties, but also hydrophobic prop-
erties." Figure 1 shows structures of various cationic
substances that are suitable as LPS-selective ligands.
Through immobilization of polymyxin B on CNBr-
activated Sepharose, Issekutz!”! created a polymyxin—
Sepharose adsorbent for selective removal of LPS. This
adsorbent is now commercially available. Although the
polymyxin—Sepharose columns showed high LPS-adsorb-
ing activity, protein losses during passage through the
column have been noted (20% loss of BSA in Ref. [8]).
This is due to the ionic interaction between the cationic
region of the polymyxin B and the net-negatively charged
proteins at low ionic strengths. Furthermore, polymyxin B
is not suitable as a ligand for LPS removal from a solution
for intravenous injection because it could escape from the
column and would be physiologically active in solution.
If any polymyxin is to be released into a solution, it would
be physiologically active. Poly(ethyleneimine) (PEI)-
immobilized cellulose fibers have been prepared by
Morimoto et al.””! and the PEI fibers showed significant
LPS-adsorbing capacity under physiological conditions
(neutral and ionic strength of ©=0.1-0.2). In a more recent
publication, poly(e-lysine) (PL) was covalently immobi-
lized onto cellulose spherical particles and used for
selective adsorption of LPS from protein solutions."'”! In
addition, the PL (degree of polymerization: 35, pK,: 7.6)
(Chisso)' ! produced by Streptomyces albulus, which has
become commercially available as a safe food preserva-
tive, is more suitable as a ligand than is polymyxin B. The
high LPS adsorption of chromatographic matrices having
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Fig. 1 Structure of LPS-selective ligands. Sepharose and cellulose particles are used as the matrix.

polycationic ligands, such as polymyxin B, PEL, or PL, is
possibly due to the simultaneous effects of the cationic
properties of the ligand and its hydrophobic properties.

EFFECTS OF VARIOUS FACTORS ON THE
SEPARATION OF BIOPOLYMERS BY
POLYCATIONIC ADSORBENTS

Effect of Pore Size of the Adsorbent
on LPS Selectivity

To achieve the selective removal of LPS, it is important to
determine the adsorbing activity of proteins. Table 1
shows the effect of the adsorbent pore size (molecular
mass exclusion of polysaccharide, Mii:)"?! on the
adsorption of cellular products (biorelated polymers).
The various PL-immobilized cellulose particles (PL
cellulose) with pore sizes of My, 2 X 10° to >2x10°
were used as adsorbents. Lipopolysaccharide, DNA, and

RNA, which are anionic biorelated polymers with
phosphoric acid groups, were adsorbed very well by all
the adsorbents. By contrast, the adsorption of protein was
more dependent on the Mj;,, of the adsorbent than its
anion-exchange capacity (AEC). The adsorption of BSA
(M,, 6.9 x10%), an acidic protein, increased from 5% to
68% with an increase in the My, from 2 x 10* to 1 x 10™.
The adsorption of y-globulin (M,, 1.6 x 10%), a hydropho-
bic protein, increased from 2% to 22% with an increase in
the My, from 1 x 10* to >2 x 10°. Polymyxin—Sepharose
with large pore size (Mij,>2 X 106) also adsorbed BSA
(78%) and vy-globulin (26%), as shown in Table 1. Very
little of the other neutral or basic proteins adsorbed onto
the adsorbents under similar conditions. As a result, only
when the PL cellulose (10%), with a Mj;,, of 2x 10° and
AEC of 0.6 meq/g , was used as the adsorbent at pH 7.0
and ionic strength of u=0.05 were LPS and DNA
selectively well adsorbed.

The results reported in Table 1 show that the adsorption
of protein was caused, mainly, by the entry of the protein
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Table 1 Effect of adsorbent’s pore size on adsorption of a bio-related polymer
Adsorption® (%)
PL-cellulose PL-cellulose PL-cellulose Polymyxin-
103> 10%¢ 10%¢ sepharose®
AEC’ (meq/g) 0.6 0.8 0.6 0.2
Cellular product (pD) Pore size (Mim)® 2x10° 1x10* >2x 108 >2x10°
Ovalbumin 4.6 2 65 85 75
BSA 4.9 5 68 82 78
Myoglobin 6.8 <1 <1 <1 <1
v-Globulin 7.4 2 2 22 26
Lysozyme 11.0 <1 <1 <1 <1
DNA (salmon spermary) 99 99 99 99
RNA (yeast) 98 99 99 99
LPS (E. coli O111:B4) 91 98 99 99
LPS (E. coli UKT-B) 89 96 99 99

“The adsorption of a cellular product was determined using a batchwise method
pH 7.0, ionic strength of u=0.05).

"Poly(e-lysine)-immobilized Cellfine-GC-15.11"!

“Poly(e-lysine)-immobilized Cellfine-GC-700.!

9Poly(e-lysine)-immobilized Cellfine-CPC.!"!

°Detixi-Gel."”

fAnion-exchange capacity of the adsorbent.

2Value deduced as molecular weight of polysaccharide.!'*!

into the pores of the adsorbent. This indicates that both
BSA and y-globulin can readily penetrate into a particle
with an M, of >2x 10° but cannot penetrate into a
particle with 2 x 10° (Miim). On the other hand, it would
also appear that LPS aggregates are not able to enter the
pores of the adsorbents with 2 x 10° (Mj;,,) because their
molecular weights (4 x 10° to 1 x 10%)!"3! are significantly
larger than the My, of the adsorbent. Many of the standard
LPS molecules (Escherichia coli O111:B4 and UKT-B),
however, were well adsorbed even by the adsorbent with
an My, of 2% 10°, as shown in Table 1. We previously
reported!'¥ that the LPS molecules were adsorbed by
aminated poly(y-methyl L-glutamate) particles not only
into the pores of the particles but also on their surfaces.
Poly(e-lysine)-immobilized cellulose particles have simi-
lar characteristics.

Effect of Degree of Ligand Polymerization
on Adsorption of Biopolymer

For selective removal of LPS from a protein solution, it is
also necessary to select the ligand of the adsorbent. Figure 2
shows the effects of a buffer’s ionic strength and pH on the
adsorption of LPS by diaminohexane- (DAH), PL-, or PEI-
immobilized cellulose particles. Diaminohexane monomer
(My,: 116), PL (degree of polymerization: 35, M:

with 0.3 mL of wet adsorbent and 2 mL of a sample solution (100 pg/mL,

4.0 x 10*), and PEI (degree of polymerization: 1600, My,:
7 % 10%) were used respectively as adsorbent ligands, and
cellulose particles with My, 2 X 10° (Cellufine GC-15)
were used as the matrix. As shown in Fig. 2a, the higher the

(a) PEl-Cellulose (b)

————— (AEC: 1.2 meq/g) —
~100 T~
g
wn 80 |
o
- PL-Cellulose
‘s 60 (AEC: 0.6 meq/g) DAH-Cellulose
c (AEC: 0.1 meq/g)
]
- 40 B
g- DAH-C II/I
2 2} -Cellulose B

AEC: 0.1 meq/
2 ( a/9) (pH 7.0) (= 0.05)
1 1 1 1 1 1

1 1 1 1 1
02 04 06 08 1.0
lonic strength of buffer (1) pH of buffer

Fig. 2 Effects of a buffer’s (a) ionic strength and (b) pH on the:b
adsorption of LPS by various aminated cellulose adsorbents. The:
adsorption of LPS was determined using a batchwise methodé‘
with 0.2 g of the wet adsorbent and 2 mL of a LPS (E. coli;
O111:B4, 1000 ng/mL) solution. Adsorbent and AEC ofZ
adsorbent: PEIl-cellulose=poly(ethyleneimine)- immobilizecﬁ
Cellufine-GC15 (AEC: 1.2 meq/g); PL-cellulose=poly(e- ly-—
sine)-immobilized Cellufine-GC15 (AEC: 0.6 meq/g); DAHD
cellulose=diaminohexane-immobilized Cellufine-GC15 (AEC

0.2 meq/g). My, of adsorbent: 2 X 10°.
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ionic strength of the buffer the lower the LPS-adsorbing
activity of the adsorbent. Both PEI cellulose and PL
cellulose always showed a greater LPS-adsorbing activity
(99% to 82%) at a wide range of ionic strengths
(u=0.05-0.8). The adsorbing activity of DAH cellulose
decreased markedly when the ionic strength was increas-
ed to 0.2 or higher. Figure 2b shows the effect of pH
on the adsorption of LPS by various aminated cellulose
adsorbents. The larger the molecular weight (polymeriza-
tion degree) of an adsorbent’s ligand the higher the LPS-
adsorbing activity of the adsorbent. Over a wide pH
range of 4.0-9.0 and at an ionic strength of u=0.05, PEI
cellulose (AEC: 1.2 meq/g), with the largest polymeriza-
tion degree of ligand, always showed the highest LPS-
adsorbing activity (>98%). Poly(e-lysine)-immobilized
cellulose (AEC: 0.6 meq/g) also showed a high activity
(>97%) over a pH range from 6.0 to 9.0, although it
decreased from 99% to 75% as the pH decreased from
6.0 to 4.0. On the other hand, DAH cellulose (AEC:
0.1 meq/g) showed high adsorbing activity only at pH 7.0.

Figure 3a and b shows the effect of a buffer’s ionic
strength on adsorption of BSA and 7y-globulin, respec-
tively, by aminated cellulose adsorbents. The stronger
the ionic strength the lower the BSA-adsorbing activity
of the adsorbent (Fig. 3a). By contrast, adsorption of
BSA and y-globulin is independent of ionic strength
(Fig. 3b). Poly(ethyleneimine)-immobilized cellulose
showed the highest adsorption of each protein among
the three adsorbents.

From these results (Table 1, Figs. 2 and 3), we assumed
that the adsorbing activity of aminated-cellulose adsorb-
ents for biopolymers was induced by the simultaneous
effects of their cationic properties and hydrophobic or
other properties. The charge of LPS is anionic at pH

a - (b

@) < (b)

2 £ PEI-Cellulose

<20 PEI-Cellulose 3 20t

4] ]

- ? |

° Ky

c

S10f 2 10}

‘e DAH-Cellulose o

'g PL-Cellulose “é |

< 0 (DAH -g 0 1 1 1 1 1
0.05 01 02 04 08 < 0.05 0.1 0.2 04 0.8

lonic strength of buffer () lonic strength of buffer ()

Fig. 3 Effect of a buffer’s ionic strength on the adsorption of
(a) BSA and (b) y-globulin by various aminated cellulose
adsorbents reported in Fig. 2. The adsorption of protein was
determined using a batchwise method with 0.2 g of the wet
adsorbent and 2 mL of a protein (100 pg/mL) solution.
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values greater than its pK, (pK;=1.3"4). The charge of
BSA is also anionic at pH values greater than 4.9 (its p/).
The adsorption of LPS and BSA increased with increasing
AEC content of the adsorbent (Figs. 2 and 3). It is also
dependent on the ionic strength and pH values (Fig. 2a and
b, respectively). These results suggest that aminated-
cellulose adsorbents adsorb LPS and BSA mainly by
ionic interaction. On the other hand, the ionic interaction
of the adsorbent with y-globulin (p/: 7.4) is not induced
at pH 7.0, as the charge of the protein is cationic at a pH
under its p/ value. y-Globulin is a weakly hydrophobic
protein. Its adsorption was independent of ionic strength
and increased with an increase in the hydrophobicity
(ligand-polymerization degree) of the adsorbent (Fig. 3b).
Hou and Zaniewski''”! also reported that a hydropho-
bic bond was formed between LPS and the polymeric
affinity matrix. These findings suggest the participation
of hydrophobic binding. Furthermore, as shown in
Table 1, polycation-immobilized cellulose adsorbents
bind more strongly with LPS than protein. This is be-
cause the pK, of the phosphate residues of LPS is lower
than the p/ of protein (p/: 4.6-11.0), and, probably,
because the LPS is adsorbed by the adsorbent through its
multipoint attachment onto the polycation chain of the
adsorbent surface.

CHROMATOGRAPHIC RESULTS FOR
SELECTIVE LPS REMOVAL

For selective LPS removal, it is necessary not only to
select the ligand of the adsorbent, but also to control the
conditions of the buffer (pH and ionic strength). The effect
of ionic strength on the selective adsorption of LPS from a
BSA-containing solution by various aminated cellulose
adsorbents (Mj;p, 2><103) was examined (results are
shown in Fig. 4a—c). A BSA solution, 500 pg/mL of
BSA and 100 ng/mL of standard LPS, was used as a
sample solution. The LPS-adsorbing activity of DAH
cellulose decreased remarkably with an increase in the
ionic strength. The DAH cellulose selectively adsorbed
LPS only at u=0.05 (Fig. 4a). Poly(ethyleneimine)-
immobilized cellulose showed adsorbing activities for
both LPS and BSA over a wide ionic strength, from
1=0.05 to 0.8 (Fig. 4c). It cannot therefore selectively
adsorb LPS from the BSA solution at all ionic strengths.
By contrast, PL cellulose selectively adsorbed LPS in
the solution at ionic strengths of u=0.05 to 0.4 and
pH 7.0, without adsorption of BSA (Fig. 4b). The resid-
ual concentrations of LPS after treatment were less than
100 pg/mL [1 endotoxin unit (EU)/mL] and each BSA
recovery was over 95%.!'°" The threshold level for
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Fig. 4 Effects of ionic strength on selective adsorption of LPS from a BSA solution containing LPS by the various aminated cellulose
adsorbents reported in Fig. 2. The selective adsorption of LPS was determined by a batchwise method with 0.2 g of the wet adsorbent
and 2 mL of a sample solution [BSA: 500 pg/mL, LPS (E. coli O111:B4): 100 ng/mL, pH 7.0, and ionic strength of ;1=0.05-0.8].

intravenous application is set to 5 EU per kg body weight
per hour by all pharmacopoeias.”” The PL-cellulose
adsorbent was able to remove LPS from a BSA solution
to a level below 1 EU/mL.

As regards the adsorbing capacity of LPS, the cationic
polymers with large pore sizes show a greater capacity,
because of the entry of LPS molecules into the large pores.
We have already reported!'”’ that PL cellulose with
Mym>2 % 10° can reduce the concentration of LPS to
0.1 EU/mL or under in a LPS solution, at a neutral pH
and u=0.05-0.4. As shown in Table 1, Polymyxin B-
Sepharose (Mjm>2 % 10°) and PL cellulose (10°) (M,
>2x%10% readily removed LPS from lysozyme and
myoglobin solutions at pH 7 without a loss of protein.
This is because the ionic interaction of the adsorbent with
lysozyme (p/ 11.0) and myoglobin (p/ 6.8) is not induced
at pH 7.0. Thus the cationic polymer particles having a
large pore size are suitable as an adsorbent for removal of
LPS from bioproducts (pl: 7.0-11.0) containing large
quantities of LPS, such as a crude antigen solution origi-
nating from a Gram-negative bacterium.

CONCLUSION

The present results suggest that PL-cellulose spherical
particles can reduce the concentrations of natural LPS to
1 EU/mL or lower in drugs and fluids used for intravenous
injection, at a neutral pH and ionic strengths of u=0.05-
0.4. These processes did not affect the recovery, even of
acidic proteins such as BSA. The high LPS-adsorbing
activity of the PL cellulose is possibly due to the cationic
properties of the ligand and its suitable hydrophobic
properties. The high LPS selectivity of the particles with
small pore size is due to the size-exclusion effects on
protein molecules. By contrast, that of the particles with

large pore sizes is due to the decreases in ionic interactions
for net-negative charged proteins, which arise when the
buffer’s ionic strength is adjusted to 0.2 or stronger.

For practical application, ease of regeneration is very
important. The PL-cellulose spherical particles can be
completely regenerated by frontal chromatography with
0.2 M sodium hydroxide followed by 2.0 M sodium
chloride."'” Their stable structures, even under extreme
pH values, are due to their -CHNH- bonds. Of course, the
development of even better adsorbents should be pursued,
by continuing this search for materials. To achieve
selective removal of LPS, it is important to not only
select a suitable ligand, but also to adjust the pore size of
the matrix.
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Biotic Dicarboxylic Acids, CCC Separation with
Polar Two-Phase Solvent Systems Using a
Cross-Axis Coil Planet Centrifuge
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INTRODUCTION

Among various types of countercurrent chromatographic
instruments developed in the past, the cross-axis coil
planet centrifuge (cross-axis CPC) is one of the most
useful systems for separation of numerous kinds of natural
and synthetic products.!'~!

The cross-axis CPC produces a unique mode of
planetary motion, such that the column holder rotates
about its horizontal axis while revolving around the ver-
tical axis of the centrifuge.> This motion provides sa-
tisfactory retention of the stationary phase for viscous,
low-interfacial tension, two-phase solvent systems, such
as aqueous—aqueous polymer phase systems. Our pre-
vious studies demonstrated that the cross-axis CPC
equipped with a pair of multiplayer coils or eccentric
coil assemblies in the off-center position was very useful
for the separation of proteins with polyethylene glycol-
potassium phosphate solvent systems.'®®! The apparatus
is also useful for the separation of highly polar com-
pounds such as sugars,”®! hippuric acid, and related com-
pounds,"”" which require the use of polar two-phase
solvent systems.

This article illustrates the separation of biotic dicar-
boxylic acids using the cross-axis CPC with eccentric
coil assemblies.!""!

CCC APPARATUS AND
SEPARATION COLUMNS

The cross-axis CPC produces a synchronous planetary
motion of the column holder, which rotates about its
horizontal axis and simultaneously revolves around the
vertical axis of the apparatus at the same angular velocity.
In the X — 1.5L type of the apparatus, the column holder

Encyclopedia of Chromatography
DOI: 10.1081/E-ECHR 120014224
Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.

was mounted at an off-center position (X=10 cm and
L=15 cm), which provides efficient mixing of the two-
phase solvent systems and stable retention of the sta-
tionary phase in the coiled column.

The separation column was prepared using a pair of
eccentric coil assemblies, which were made by winding
a 1 mm-ID PTFE (polytetrafluoroethylene) tubing onto
7.6 cm long, 5 mm-OD nylon pipes forming a series
of tight left-handed coils. A set of these coil units
was symmetrically arranged around the holder hub of
7.6 cm diameter in such a way that the axis of each coil
unit is parallel to the axis of the holder. A pair of
eccentric coil assemblies was mounted on the rotary

HOOC H H COOH
\c/ \c/
‘I_.l: I
/7 \ /c\
HOOC H HOOC H

Maleic acid (cis) Fumaric acid (trans)

(‘:OOH (|ZOOH ?OOH
COOH CH, CH2
(I:OOH (|:H2
(I:OOH
Oxalic acid Malonic acid Succinic acid
(I:OOH ?OOH CH2,COOH
(':Hz H(IIOH ]
COOH COOH CH,COOH
L-Malic acid L-Tartaric acid Citric acid

Fig. 1 Chemical structures of polar organic acids.
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frame, one on each side, and serially connected with a
flow tube.

CCC SEPARATION OF
DICARBOXYLIC ACIDS

The chemical structures of eight typical biotic dicarboxy-
lic acids are shown in Fig. 1. They are extremely hydro-
philic and require a specific reaction for detection using
the color-producing reagent such as 2-nitrophenylhydra-
zine hydrochloride.!'*!%

Fig. 2 illustrates the partition coefficient (K) values
for these dicarboxylic acid samples in the polar two-
phase solvent systems composed of methyl #-butyl ether
(MBE)/1-butanol/acetonitrile (AcN)/aqueous 0.1% tri-
fluoroacetic acid (TFA), at various volume ratios. K

10
- Fumaric acid
Succinic acid
1F Malonic acid
Maleic acid
X Malic acid
Citric acid
'; Tartaric acid
4 Oxalic acid
?
S ok
X
0.01 3
1 1 1 1 1 1
MBE 1 4 ] 2 4 2
1-BuOH 0 0 0 0 2 2
AcN 0 1 3 2 3 1
0.1%TFA 1 5 8 3 8 5

TWO-PHASE SOLVENT SYSTEM

Fig. 2 Partition coefficients (K org/aq) of polar organic acids
in methyl #-butyl ether/1-butanol/acetonitrile/aqueous 0.1%
trifluoroacetic acid system. K is expressed by solute concentra-
tion in the organic phase divided by that in the aqueous phase.
MBE =methyl #-butyl ether; 1-BuOH = 1-butanol; AcN =aceto-
nitrile; TFA = trifluoroacetic acid.
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Fig. 3 CCC separation of polar organic acids by cross-axis
CPC. Experimental conditions: apparatus, cross-axis CPC
equipped with a pair of eccentric coil assemblies, 1 mm ID and
26.5 mL total column capacity; sample, (A) maleic acid (3 mg)
and fumaric acid (3 mg); (B) tartaric acid (5 mg), succinic acid
(5 mg) and fumaric acid (2.5 mg); solvent system, methyl #-
butyl ether/1-butanol/acetonitrile/aqueous 0.1% trifluoroacetic
acid (A) (1:0:0:1); (B) (2:0:2:3); mobile phase, lower phase;
flow rate, 0.4 mL/min; revolution, 800 rpm. SF=solvent front.

values of the organic acids decreased as the hydrophobi-
city of the solvent system was increased, except for
fumaric acid, which showed high K values regardless of
the phase composition.

Fig. 3 illustrates the CCC chromatograms of dicar-
boxylic acids obtained with the above solvent system. In
Fig. 3A, maleic acid and fumaric acid are separated at a
volume ratio of 1:0:0:1, which is used for the separation
of aromatic acids such as hippuric acid.""” Using a more
polar solvent system, at a volume ratio of 2:0:2:3, tar-
taric acid, succinic acid, and fumaric acid were well
resolved by the lower aqueous mobile phase, as shown
in Fig. 3B.

Fig. 4 illustrates a chromatogram of oxalic acid,
malonic acid, and succinic acid obtained using the most
polar binary solvent system, composed of 1-butanol/water.
All components were well resolved from each other and
eluted within 2.3 h, using the lower aqueous phase as the
mobile phase.
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Fig. 4 CCC separation of oxalic acid, malonic acid, and suc-
cinic acid by cross-axis CPC. Experimental conditions: sample,
3 mg each; solvent system, 1-butanol/water; flow rate, 0.25 mL/
min. For other experimental conditions, see the Fig. 3 caption.
SF =solvent front.

As described above, various polar organic acids, such
as dicarboxylic acids, can be separated with polar two-
phase solvent systems, using the cross-axis CPC equipped
with a pair of eccentric coil assemblies mounted in the
off-center position.
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Bonded Phases in HPLC

Joseph ). Pesek
Maria T. Matyska
San Jose State University, San Jose, California, U.S.A.

Introduction

The development of chemically bonded stationary
phases is one of the major factors that lead to the
growth of high-performance liquid chromatography
(HPLC) and is responsible for its importance as a sep-
aration technique.

Historical Background

In its earliest form, gravity flow moved the mobile
phase through the column which was generally packed
with a solid adsorbent such as silica or alumina. In a
few instances, a high-molecular-weight liquid was
coated on the solid particle to provide different types
of selectivity. Under these circumstances, the column
was similar to those used in gas chromatography (GC),
where a liquid stationary phase was held in place by
physical forces alone. In GC, the requirement for the
stationary phase to remain in place for a long time is
low volatility. In liquid chromatography, the require-
ment for durability is insolubility in the mobile phase.
However, with the development of reliable high-pres-
sure pumps that could produce stable flow rates for
long periods of time, immiscibility with the mobile
phase is not sufficient. At the pressures used to force
solvents through most packed HPLC columns (from
tens to a few hundred atmospheres), the shear forces
developed at the interface between the stationary and
the mobile phases are high enough to remove even in-
soluble liquids from the surface of the solid support.
The stationary phase then is forced out of the column
as an insoluble droplet. Removal of the stationary
phase from a chromatography column is usually re-
ferred to as “column bleed.” Therefore, it was neces-
sary to develop a means of fixing the stationary phase
on the solid support through a chemical bond. If the
chemical bond between the surface of the solid support
and the compound used as the stationary phase is sta-
ble under the experimental conditions of the HPLC
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experiment (temperature and mobile-phase composi-
tion), then column bleed will be avoided.

Fortunately, the most common support material
used in liquid-chromatography experiments was silica.
The chemistry of silica had been investigated for many
years so a considerable amount of information was
available about possible reactions on its surface. Silica
can be considered as a polymer of silicic acid (H,SiO3).
The terminal groups of the polymer located on the sur-
face of the solid are hydroxide groups. These Si— OH
functions are referred to as silanols. Because they
come from an acid precursor, they are acidic them-
selves and generally have a pK, near 5. This value is
variable, depending on other constituents in the silica
matrix such as metals. The structure of silica, including
its major chemical features, are shown in Fig. 1. The
polymeric unit consists of a series of siloxane bonds
(— Si— O —Si—) that are slightly hydrophobic in na-
ture. What is generally regarded as the most promi-
nent feature on the surface is the silanol group, as in-
dicated earlier. In a few cases, a single silicon atom will
have two hydroxyl groups, which is called a geminal
silanol. The silanols exist in two forms. First, they can
be independent of other entities around them and are
thus referred to as free or isolated silanols. If they are

Hydrogen bonded (vicinal)

Isolated —» Ol
silanol

Fig.1 Structure of silica showing the surface chemical features.
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close enough to interact with a neighboring silanol,
then these moieties become hydrogen-bonded or asso-
ciated silanols. All forms of silanol are polar hy-
drophilic species. The relative number of free versus
hydrogen-bonded silanols also has an influence on the
pK, value of the silica. Finally, because of the polar and
hydrogen-bonding characteristics of the silanols, water
is strongly adsorbed to the surface. This water is not
easily removed, even at prolonged heating above
100°C. 1t is this complex matrix that must undergo a
chemical reaction in order to attach a moiety to the
surface as a stationary phase. According to the findings
of early investigations on the reactivity of silica, it was
determined that the silanol groups were the site of
chemical modification on the surface.

The concept of attaching an organic moiety as a
stationary phase to a silica surface was first applied in
packed-column gas chromatography. The rationale for
developing these materials was to prevent column
bleed at the high temperatures required for some sep-
arations in GC. As long as the chemical bond was sta-
ble, the organic moiety would remain fixed to the sur-
face. Some of the reactions utilized for the attachment
of organic compounds in the synthesis of bonded sta-

REACTION TYPE

Bonded Phases in HPLC

tionary phases were originally developed for the
modification of ordinary glass surfaces. Therefore, it
was known that most of these modified surfaces were
reasonably temperature stable and should be applica-
ble to the bonding of organic groups onto the porous
silica particles used as supports in chromatography.
The first reaction used for the modification of
porous silica in chromatography involves an alcohol as
the organic species. This process is referred to as an es-
terification reaction. This may seem like incorrect
nomenclature in order to describe the chemical
process taking place between the silianol (Si— OH)
and the organic compound (R — OH). However, the
OH of the silanol is an acidic species, so the reaction
taking place involves an acid and an alcohol, which, in
typical organic chemistry nomenclature, is an
esterification. The chemical reaction is illustrated in
Fig. 2. The product of this reaction can be used as a sta-
tionary phase in gas chromatography because the ma-
terial is thermally stable up to temperatures of ap-
proximately 300°C. However, the Si—O—C bond
that exists between the surface and the bonded moiety
is hydrolytically unstable in the presence of relatively
small amounts of water. Therefore, these materials
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Fig. 2 Reactions for the modification of silica surfaces.
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cannot be used for stationary phases in liquid chro-
matography, where water comprises even a small frac-
tion of the mobile phase.

The second reaction shown in Fig. 2 is the most
common means used for the modification of silica sur-
faces. This method is referred to as organosilanization.
Within this general reaction scheme, there are two
possible approaches, as shown in Fig. 2. The first possi-
bility involves the use of an organosilane reagent
(RR’R’SiX) with only a single reactive group (X). The
substituents on the silicon atom are as follows: X is a
halide, most often Cl, methoxy or ethoxy; R is the or-
ganic moiety giving the surface the desired properties
(i.e., hydrophobic, hydrophilic, ionic, etc.), and R’ is a
small organic group, typically methyl. This reaction
leads to a single siloxane bond between the reagent
and the surface. Because of the single point of attach-
ment of the reagent, the resulting bonded material is
referred to as a monomeric phase. The second ap-
proach to organosilanization involves a reagent with
the general formula RSiX;. The substituents on the sil-
icon atom in this reagent are defined as above. The ba-
sic difference between the approaches (as shown in
Fig. 2) is that the reagent with three reactive groups re-
sults in bonding to the surface as well as cross-linking
among adjacent bonded moieties and is referred to as
a polymeric phase. This cross-linking effect provides
extra stability to the bonded moiety but is less repro-
ducible than the monomeric method. The one-step
organosilanization procedure is relatively easy and the
modification of the surface can be done by stirring the
reagent continuously with the porous silica support.
The reaction mixture is heated for about 1-2 h, then
the reagent solution is removed, usually by centrifuga-
tion and/or filtration. The bonded phase is then
washed with several solvents and dried under vacuum
to remove as much of the rinse solutions as possible.
Organosilanization accounts for virtually all of the
commercially available chemically bonded stationary
phases.

Another method that has been reported for the
modification of silica supports is based on a chlorina-
tion/organometalation two-step reaction sequence.
This process is also depicted in Fig. 2. In the first step,
the silanols on the porous silica surface are converted
to chlorides via a reaction with thionyl chloride. This
step must be done under extremely dry conditions be-
cause the presence of any water results in the reversal
of the reaction with hydroxyl replacing the chloride
(Si—Cl), resulting in the regeneration of silanols
(Si—OH). If the chlorinated material can be pre-
served (usually done in a closed vessel purged with a
dry gas like nitrogen), then an organic group can be at-
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tached to the surface via a Grignard reaction or an
organolithium reaction. The main advantage of this
process is that it produces a very stable silicon—carbon
linkage at the surface. However, the stringent reaction
conditions for the first step and the possibility of form-
ing salts that could affect chromatographic properties
as by-products in the second reaction have resulted in
relatively little commercial use of this process.

The final method shown in Fig. 2 involves, first,
silanization of the silica surface, followed by attach-
ment of the organic group through a hydrosilation re-
action. In the first step, the use of triethoxysilane un-
der controlled conditions results in a monolayer of the
cross-linked reagent being deposited on the surface.
This reaction results in the replacement of hydroxides
by hydrides. In the second step, an organic moiety is at-
tached to the surface via the hydride moiety by a hy-
drosilation reaction using a catalyst such as hexa-
chloroplatinic acid (Speier’s catalyst), but other
transition metal complexes or a free-radical initiator
have been reported as well. This process also results
in a silicon—carbon bond at the surface, does not re-
quire dry conditions (water is required as a catalyst in
the first step), and is applicable to a variety of unsatu-
rated functional groups in the hydrosilation reaction,
although terminal olefins are the most common. The
silanization/hydrosilation method also has seen lim-
ited commercial utilization to date.

In all of the reactions described, the choice of the
organic moiety on the reagent (R group) determines
the properties of the material as a stationary phase.
Therefore, selection of a hydrophobic moiety where R
is typically an alkyl group leads to a stationary phase
that selectively retains nonpolar analytes. These ma-
terials are typically used in reversed-phase chro-
matography. If the organic moiety contains a polar
functional group such as amine, cyano, or diol, then
the stationary phase selectively retains polar com-
pounds. These materials are typically used in normal-
phase chromatography.

The bonding of the organic group on the surface re-
sults in the replacement of silanols whose adsorptive
properties are strong, especially for bases, and often
nonreproducible. Although it is impossible to replace
all silanols, the remaining Si— OH groups are often
shielded from solutes by the steric hindrance of the
bonded organic moiety. In many cases though, some
silanols are accessible to typical solutes. In order to in-
hibit the interaction between analytes and residual
silanols, the bonded phase is subjected to an additional
reaction referred to as endcapping. In this case, a small
organosilane, often trimethylchlorosilane, penetrates
into the spaces between the bonded groups to react
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with the most accessible silanols. This process gener-
ally greatly reduces or eliminates solute interactions
with silanols.

After the bonded phase is prepared, it must be
packed into a column, usually a stainless-steel tube. In
order for the material to form a uniform bed of high
density that will not form voids after prolonged use,
the packing process must be done under high pressure
(> 500 atm). The stationary phase is mixed with a sol-
vent of approximately the same density as silica, so
that a slurry is formed. This slurry is then forced into
the column at high pressure with another solvent, usu-
ally methanol. After packing, most stationary phases
require several hours of conditioning, with the mobile
phase passing through the column at normal flow rates,
before actual chromatographic analysis can begin.
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Introduction

The solution contained within the capillary in which
the separation occurs is known as the background elec-
trolyte (BGE), carrier electrolyte, or, simply, the
buffer. The BGE always contains a buffer because pH
control is the most important parameter in elec-
trophoresis. The pH may affect the charge and thus the
mobility of an ionizable solute. The electro-osmotic
flow (EOF) is also affected by the buffer pH. Table 1
contains a list of buffers that may prove useful in high-
performance capillary electrophoresis (HPCE). As
will be seen later, only a few of these buffers are nec-
essary for most separations.

Other reagents, known as additives, are often added
to the BGE to adjust selectivity (secondary equilib-
rium), modify the EOF, maintain solubility, and reduce
the adherence of the solute or sample matrix compo-
nents to the capillary wall. Table 2 provides these ap-
plications, along with some of the commonly used
reagents.

Buffers

The selection of the appropriate buffer is usually
straightforward. For acids, start with a borate buffer
(pH 9.3), and for bases, a phosphate buffer (pH 2.5).
These two buffer systems, along with the appropriate
additives will work well for most applications. Both
buffers have good buffer capacity and the ultraviolet
(UV) absorbance of each is low. If bases are not solu-
ble in phosphate buffer, acetate buffer (pH 4) may be
more effective. Higher pHs may be required for basic
proteins to avoid solute adherence to the capillary
wall. If pH 7 is desired, the phosphate buffer works
well at that pH. If necessary, the buffer pH can be fine-
tuned using a mobility plot.

Alternative buffer systems include zwitterions and
dual-buffering reagents. Zwitterionic buffers such as
bicine, tricine, CAPS, MES, and Tris may be useful for
protein and peptide separations. An advantage of a
zwitterionic buffer is low conductivity when the buffer
pH is adjusted to its pl. There is little buffer capacity
when the pK, and p/ are separated by more than 2 pH
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units. When the p/ and pK, are close together, the
buffer is known as an isoelectric buffer [1].

Selection of the appropriate counterion is also im-
portant. Lithium ion has the lowest mobility of the al-
kali earth metals. Its use provides for a low-conductiv-
ity buffer. Sodium salts are used more frequently due
to purity and availability. It makes little sense to ever
use a potassium salt. Dual-buffering systems with low-
mobility ions and counterions (Tris-phosphate, Tris-
borate, aminomethylpropanediol-cacodylic acid) are
effective in minimizing buffer conductivity. These
buffers are often used in the slab—gel, where low con-
ductivity is particularly important.

The buffer concentration plays an important role in
the separation. Typical buffer concentrations range
from 20 to 150 mM. At the higher buffer concentra-
tions, the production of heat may require the use of
lower field strength or smaller-diameter capillaries
(25 pm instead of 50 um). An Ohm’s law plot is used to
select the appropriate voltage. The advantages of high-
concentration buffers include improved peak shape,
fewer wall effects, and increased sample stacking.

Low-concentration buffers (less that 20 mM) pro-
vide the fastest separations because solute mobility
and EOF is inversely proportional to the square root
of the buffer concentration. Because the conductivity
of a dilute buffer is low, a high electric field strength
can be used as well. Problems with low-concentration
buffers are loading capacity, wall effects, and poor
stacking. Sawtooth-shaped peaks from a process
known as electrodispersion may occur whenever the
solute concentration approaches the BGE concentra-
tion. It also becomes more likely that proteins will ad-
here to the capillary wall when the buffer concentra-
tion is low. Ionic-strength-mediated sample stacking
relies on a high-conductivity BGE and a low-conduc-
tivity sample [2]. This important process is less effec-
tive at low buffer concentrations. When indirect detec-
tion is employed, the buffer (indirect detection
reagent) concentration must be kept low to optimize
sensitivity [3]. Sawtooth peaks are often observed
when this technique is used.

It is important to refresh the BGE reservoirs fre-
quently to avoid a process known as buffer depletion
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MARCEL DEKKER, INC. m
270 Madison Avenue, New York, New York 10016 B

Copyright © Marcel Dekker, Inc. All rights reserved.



Copyright © 2003 by Marcel Dekker, Inc. All rights rese

) 7 8

Table 1 Buffers for HPCE

Buffer Systems for Capillary Electrophoresis

Buffer pK, Buffer pK,
Aspartate 1.99 DIPSO 7.5
Phosphate 2.14,7.10,13.3 HEPES 7.51
Citrate 3.12,4.76, 6.40 TAPSO 7.58
B-Alanine 3.55 HEPPSO 7.9
Formate 3.75 EPPS 7.9
Lactate 3.85 POPSO 7.9
Acetate 4.76 DEB 7.91
Creatinine 4.89 Tricine 8.05
MES 6.13 GLYGLY 8.2
ACES 6.75 Bicine 8.25
MOPSO 6.79 TAPS 8.4
BES 7.16 Borate 9.14
MOPS 7.2 CHES 9.55
TES 7.45 CAPS 104

[4]. Electrolysis at the respective electrodes produces
protons and hydroxide ions. This can cause pH
changes in the buffer reservoirs.

High-pH buffers (>pH 11) are used for certain
small ion separations and for the separation of carbo-
hydrates using indirect detection. Adsorption of car-
bon dioxide can cause the buffer pH to decline. It is
best to use small containers filled to the top when stor-

Buffer Additives

Secondary Equilibrium

If two solutes are inseparable based on pH alone, sec-
ondary equilibrium can be employed to effect a sepa-
ration. The following equilibrium expressions can be
written [5].

MARCEL DEKKER, INC.
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Reduce wall effects

Polyamines
Maintain solubility

Linear polymers
Organic solvents
Cationic surfactant
Linear polymers

Organic solvents
Urea

Dynamic coating

Affects viscosity

Dynamic coating, EOF reversal
Dynamic coating

Covers silanols

Hydrophobicity

“Iceberg effect”

ing these buffers. A" +R é A'R 1)
Table 2 Buffer additives
Purpose Reagent Mechanism
Modity mobility Borate Complex with carbohydrates, diols
Calixarenes Inclusion complex
Chelating agents Complex formation with metals
Crown ethers Inclusion complex
Cyclodextrins Inclusion complex
Dendrimers Inclusion complex
Macrocyclic antibiotics Inclusion complex
Organic solvents Solvation
Sulfonic acids Ion-pair formation
Surfactants Micelle interaction
Transition metals Complex formation
Quaternary amines Ion-pair formation
Modity EOF Cationic surfactant Dynamic coating, EOF reversal
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B*+ R =—= B"R (2)

If the equilibrium is pushed too far to the left, no sep-
aration can occur because A" and B* are inseparable.
When the reagent interacts with the solute, the mobil-
ity decreases because the neutral reagent contributes
mass without charge. However, if the equilibrium is
pushed too far to the right, no separation occurs be-
cause A'R and B*R are inseparable. Separation only
occurs when two conditions are met:

1. Kax does not equal Ks.
2. The equilibrium is not pushed to either
extreme.

The next feature to consider is the charge of the
reagent and solute. To separate charged solutes, the
reagent can be charged or neutral. When the solute is
neutral, the reagent must be charged.

Micelles and cyclodextrins are the most common re-
agents used for this technique. Micellar electrokinetic
capillary chromatography (MECC or MEKC) is gen-
erally used for the separation of small molecules [6].
Sodium dodecyl sulfate at concentrations from 20 to
150 mM in conjunction with 20 mM borate buffer (pH
9.3) or phosphate buffer (pH 7.0) represent the most
common operating conditions. The mechanism of sep-
aration is related to reversed-phase liquid chromatog-
raphy, at least for neutral solutes. Organic solvents
such as 5-20% methanol or acetonitrile are useful to
modify selectivity when there is too much “retention”
in the system. Alternative surfactants such as bile salts
(sodium cholate), cationic surfactants (cetyltrimethy-
lammonium bromide), nonionic surfactants (poly-
oxyethylene-23-lauryl ether), and alkyl glucosides can
be used as well.

Cyclodextrins (CD) are frequently used for chiral
recognition [7], although they are quite useful for achi-
ral applications as well. Many classes have been used
including native, functionalized, sulfobutylether, and
highly sulfated CDs. The latter two are generally most
effective for chiral and structural isomer separations.
The typical CD concentrations range from 1 to 20 mM
in 20-50 mM of borate (pH 9.3) or phosphate buffer
(pH 2.5). Other reagents useful for chiral recognition
include macrocyclic antibiotics, bile salts, chiral surfac-
tants, noncyclic oligosaccharides and polysaccharides,
and crown ethers.

Additional reagents useful for secondary equilib-
rium include borate buffer for carbohydrates, chelat-
ing agents for transition metals, ion-pair reagents for
acids and bases, transition metals for proteins and pep-
tides, silver ion for alkenes, and Mg?* for nucleosides.

Electro-osmotic Flow Control

The control of EOF is critical to the migration time
precision of the separation. Among the factors affect-
ing the EOF are buffer pH, buffer concentration,
buffer viscosity, temperature, organic modifiers,
cationic surfactants or protonated amines, polymer ad-
ditives, field strength, and the nature of the capillary
surface.

AtpH 2.5, the EOF is approximately 10~° cm*V/s in
50 mM buffer. At pH 7, it is an order of magnitude
higher. The EOF is inversely proportional to BGE vis-
cosity and is proportional to temperature, up until the
point where heat dissipation is inadequate. Organic
modifiers such as methanol decrease the EOF because
hydro-organic mixtures have higher viscosity com-
pared to water alone. Acetonitrile does not strongly af-
fect the EOF. Polymer additives such as methylcellu-
lose derivatives increase viscosity as well as coat the
capillary wall.

Cationic surfactants and protonated polyamines
may reverse the direction of the EOF as they impart a
positive charge on the capillary wall. This technique is
used to prevent wall interactions with cationic pro-
teins. Changing the direction of the EOF is important
in anion analysis where comigration of anions and the
EOF is required. Otherwise, highly mobile anions
such as chloride migrate toward the anode, whereas
lower mobility anions are swept by the EOF toward
the cathode.

A new series of reagents (CElixir, MicroSOLYV,
Long Branch, NJ) have been shown to dramatically
stabilize the EOF, resulting in highly reproducible run-
to-run and capillary-to-capillary migration times [8].
First, a capillary is treated as usual with 0.1N sodium
hydroxide, followed by a rinse with a polycation solu-
tion. Then, a second layer consisting of a polyanion in
a buffer at the desired pH is flushed through the capil-
lary. Replicate runs are virtually superimposible, yield-
ing reproducibility seldom found in HPCE. The
reagents have been shown to work best for bases below
at a pH below the pK,.

Maintaining Solubility

All solutes and matrix components must remain in so-
lution for an effective separation to occur. In aqueous
systems, surfactants and urea are the most useful
reagents. Organic solvents can be used as well, but this
is less desirable because of evaporation. It can be
difficult to separate solutes with widely different solu-
bilities in a single run. In some cases, nonaqueous sep-
arations are necessary.
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4
Reducing Wall Effects

Wall effects, or the adherence of material to the bare sil-
ica capillary wall, has been a difficult problem since the
early days of HPCE, particularly for large molecules
such as proteins. Small molecules can have, at most, one
point of attachment to the wall and the kinetics of ad-
sorption/desorption are rapid. Large molecules can have
multiple points of attachment resulting in slow kinetics.
Several solutions have been proposed, including the use
of (a) extreme-pH buffers, (b) high-concentration
buffers, (c) amine modifiers, (d) dynamically coated cap-
illaries, and (e) treated or functionalized capillaries.

In the first case, it was recognized that if the buffer
pH is greater that 2 units above the protein pK,, the an-
ionic protein would be repelled from the anionic capil-
lary wall [9]. At a pH < 2, the capillary wall is neutral
and does not attract the cationic protein. The problem
with this approach is that a wide range of pHs are not
available for use and separations of similar proteins
may not occur. For high-p/ proteins such as histones, a
buffer pH of 13 is required. The conductivity and UV
background of such an electrolyte is too high to be gen-
erally applicable.

The use of high-concentration buffers is effective in
reducing wall effects. This includes electrolytes con-
taining up to 250 mM added salt. The problem with
this approach is the high conductivity of the BGE. This
requires a reduction in field strength resulting in
lengthy separations. Zwitterionic buffers titrated to
their p/ can be used as well at concentrations ap-
proaching 1M. At that concentration, it is important to
select a reagent with low UV absorption.

The latter three cases are most commonly employed
to reduce wall effects. In the third case, amine
modifiers such as polyamines are added to the BGE at
concentrations ranging from 1 to 60 mM [10]. These
reagents coat the free silanols and reduce wall interac-
tions. Now, any pH electrolyte can be employed. Di-
aminobutane, otherwise known as putrecein, is the
preferred reagent because it is less volatile compared
to diaminopropane. Monovalent amines such as tri-
ethanolamine are not as effective in this regard.

Dynamically coated capillaries (case d) are often
used to reduce wall effects [11]. The mechanism of
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charge reversal is as follows. Ion-pair formation be-
tween the cationic head group of the surfactant and the
anionic silanol group naturally occurs. The hydropho-
bic surfactant tail extending into the bulk solution is
poorly solvated by water. The molecular need for sol-
vation is satisfied by binding to the tail of another sur-
factant molecule. The cationic head group of the sec-
ond surfactant molecule now extends into the bulk
solution. The capillary wall becomes positively
charged and the EOF is directed toward the anode.
Separations are performed using the reversed-polarity
mode (inlet side negative). Following this approach, a
buffer pH is selected that is below the p/ of the target
protein. The cationic protein is now repelled from the
cationic wall.

When coated capillaries are employed (case ¢), con-
ventional buffers without additives to reduce wall ef-
fects are used. Urea and/or organic solvents can be
added to aid solubility. Reagents for secondary equilib-
rium can be used as well. It is best to operate at a pH
below 8 to maximize the stability of the often labile
coating material. Coated capillaries are also used sim-
ply to eliminate the EOF in some applications.
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Introduction

Resolution in capillary zone electrophoresis (CZE)
is, as in elution chromatography, a quantity that de-
scribes the extent of the separation of two consecu-
tively migrating compounds, i and j. It is the result of
the counterplay of two effects: migration and zone
dispersion. The different migration velocities of the
two separands lead (at least potentially) to the sepa-
ration of the sample zones. The simultaneous mixing
of the samples with the background electrolyte
(BGE), caused by a number of processes, results in
zone broadening and counteracts separation. Both
effects determine the overall degree of separation. A
quantitative measure that describes this degree is the
resolution R;, a dimensionless number. It is ex-
pressed by the difference of the apex of the two
peaks, on the one hand. It is of advantage not to
measure this difference in an absolute scale (e.g., in
seconds when the electropherogram is depicted in
the time domain). In fact, a relative scale is taken,
which is based on the widths of the peaks. We define
the resolution as the difference in migration times, ¢,
related to the peak width, taken, for example, by the
mean standard deviation of the Gaussian peaks, as
the scaling unit:

tjftl

Ri=———7—
! Z(Ut,i + O't,j)

ey

Baseline separation is achieved for two peaks with the
same area when the resolution is 1.5. For peak area ra-
tios larger than unity, the resolution must be larger.

Selectivity and Efficiency

This definitional equation (1) is not very operative and
is, thus, transformed to an expression which more
clearly visualizes the dependence of the resolution on
sample properties and experimental variables. The mi-
gration times are substituted for by the mobilities of
the separands, and the standard deviations by the plate

Encyclopedia of Chromatography
DOI: 10.1081/E-Echr 120004591

height, H, or the plate number, N, respectively. The re-
sulting resolution is then

R= M L2V 2)

I H 4 p
where w, H, and N are the average values; L is the mi-
gration distance.

The resolution consists of two terms, the selectivity
term, Au/w, with the relative difference of the mobili-
ties, and the efficiency term, the square root of the
mean plate number. It must be pointed out that the
plate height, H, on which this plate number is based
consists of all the contributions to peak broadening.

At this point, a differentiation should be made be-
tween two cases: the simple one, where migration is
only caused by the electric force on the ionic sepa-
rands, and the second, where an additional migration
due to the occurrence of an electro-osmotic flow
(EOF) takes place.

Resolution in Absence of EOF

Two main parameters determine the resolution: the ef-
fective mobility and the plate number. The effective
mobility of a simple ion (e.g., the anion from a mono-
valent weak acid) is given by

Mact ( 3)

Meit = 1+ 1OPKU*PH

We take, here, only protolysis into consideration and
do not discuss such important other equilibria such as
complexation or interactions with pseudo-stationary
phases. It follows from Eq. (3) that the effective mobil-
ity depends on the actual mobility (that of the fully
charged particle at the ionic strength of the experi-
ment), on the pK, value of the analyte, and on the pH
of the BGE. It follows that all these properties deter-
mine the selectivity term in the resolution.

The actual mobility depends on the following:

1. Thesolvent. There is a more or less pronounced
influence of the solvent viscosity, reflected by
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Walden’s rule. However, this rule is obeyed in
rare cases; mainly in some mixed aqueous—or-
ganic solutions is an acceptable agreement
found. On the other hand, in very viscous aque-
ous solutions of water-soluble polymers, such as
poly(ethylene glycol), it was found that the ac-
tual mobility is independent of the viscosity.

2. The size of the solvated ion. Here, we must note
that water is an excellent solvator for anions
and cations as well, compared to most organic
solvents. Only few exceptions for preferred sol-
vation of the organic solvents are found (e.g.,
for Ag* and acetonitrile).

3. Theionic strength of the BGE. The dependence
of the mobility on the ionic strength is ex-
pressed for simple systems (and simple ions) by
the theory of Debye, Hiickel, and Onsager.
Without going into detail, we can state that the
mobility decreases, in all cases, with increasing
ionic strength of the BGE, and the decrease is
more pronounced the higher the charge num-
ber of the ion.

4. On the temperature. In aqueous solutions, the
mobility increases with temperature roughly by
about 3% per degree. This is a strong effect as,
for example, a temperature difference of only
5K between the center and the wall of the sepa-
ration capillary leads to a mobility difference of
about 15%.

The pK, value is also a function, mainly, of the solvent.
Note that the pH scale is strongly dependent on the kind
of solvent. Restricting the discussion to protolysis, it can
be followed that the pH of the buffer has the most pro-
nounced effect on the effective mobility, because the
other effects change the mobility roughly in parallel for
all separands. Again, it must be pointed out that other
equilibria have an enormous potential to affect the ef-
fective mobility (cf. e.g., the use of cyclodextrins to in-
troduce selectivity for the separation of enantiomers).

How is the efficiency influenced by the BGE? Peak
broadening is the result of different processes in CZE
occurring during migration [in addition, extracolumn
effects contribute to peak width (e.g., that stemming
from the width and shape of the injection zone, or the
aperture of the detector cell)]. If the system behaves
linearly, the individual peak variances (the second mo-

ments), 04,4, are additive according to

2 2 — 2 2 2 2 2
Otot = = Oind = Oextr + O gif + O Joule + O conc + T ads (4)

where the subscripts extr, dif, Joule, conc, and ads indi-
cate the contributions from extracolumn dispersion,
longitudinal diffusion, Joule self-heating, concentration
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overload, and wall adsorption, respectively. All but one
effect might be eliminated: The longitudinal diffusion is
inevitable. Plate number expressing this contribution is
dependent on the voltage, U, applied and on the charge
number, z;, of the analytes according to

N, =~ 20z,U (5)

at 20°C. It is obvious that the charge number depends
on the pH of the BGE, as it is related to the degree of
ionization. It follows that the plate number is a func-
tion of the pH as well. Thus, the resolution is
influenced by the pH of the BGE twofold: via the se-
lectivity, on the one hand, and via the plate number,
on the other hand.

In conclusion, it follows for the limiting case of lon-
gitudinal diffusion as the only peak-broadening effect,
that the resolution depends on the following:

e Instrumental variables: U and T

¢ Analyte parameters: u,, and pK,

e Chemical conditions determining the degree of
ionization, «, or charge number z.

Resolution in Presence of EOF

The EOF brings an additional, unspecific velocity vec-
tor to the electrophoretic migration of the separands.
The total migration velocity of the analyte, i, is then

Vitot = (Mierr + MEOF)E (6)

Note that the mobilities are taken as signed quantities.
By convention, cations have positive electrophoretic
mobilities and those of anions are negative. The mo-
bility of the EOF when directed toward the cathode
has positive sign, and vice versa.

The effect of the EOF on migration time and selec-
tivity depends on the mutual signs of the mobilities of
analytes and EOF, respectively. Concerning the
change in separation selectivity, we refer to the expres-
sion of the selectivity term in the resolution equation.
The difference between the mobilities of the two sepa-
rands, i and j, will not be influenced by the EOF. How-
ever, the mean mobility is larger for the case of comi-
gration. This means that the selectivity term in the
expression for the resolution is always reduced in this
case. In practice, selectivity is lost for cation separation
when the EOF is directed, as is usual in uncoated
fused-silica capillaries, toward the cathode. For this
reason, cationic additives are applied in the BGE to
reverse the EOF direction.

The effect of the EOF on separation selectivity (in
comparison with the situation without EOF) can be
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quantified by the so-called electromigration factor, or
reduced mobility, u, defined as

w= ™)
Miert T MEOF

The change of the selectivity term in the resolution is
directly expressible by u. Interestingly, the effect of
the EOF on the dispersion effects, expressed by the
plate height H, also depends directly on u*. For longi-
tudinal diffusion, Joule self-heating, and concentration
overload, the variation of the plate height in the pres-
ence of the EOF is directly dependent upon this re-
duced mobility according to

HEOF — HOM* (8)

where the superscript 0 indicates the system without
EOF. For wall adsorption, the corresponding effect is
related to the reciprocal of u*.

An analysis of the effect of the EOF on the resolu-
tion brings the following result: For comigration of
the analyte and EOF, the efficiency always increases
and the selectivity term always decreases. As the de-
crease is directly proportional to u* but the gain in
plate number is only increasing with the square root
of u*, the resolution is always worse than without
comigrating EOF.

For the case of countermigration, the situation is
more complicated, because the overall effect depends
on the magnitude of the mobility of analyte and that
of the EOF. Roughly, it can be concluded that the res-

olution is increased for a given pair of analytes when
the EOF is counterdirected, and it has a lower mobil-
ity than the analytes. Here, efficiency is lost, but selec-
tivity is gained overproportionally. When the EOF
mobility reaches a value that is twice as large as the
analyte mobility (note that the signs of the mobilities
are different), an analogous situation is found as with-
out EOF. At mobilities of the EOF larger than twice
the analyte mobility (conditions not impossible for
high pH values of the BGE), resolution is worse here
than without EOF, but the analysis time is shorter
than in all other cases. It should be pointed out that all
of these effects can be quantified by the reduced mo-
bility defined in Eq. (7).
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Calibration of GPC-SEC with Narrow
Molecular-Weight Distribution Standards

Oscar Chiantore
Universita degli Studi di Torino, Torino, Italy

Introduction

In size-exclusion chromatography (SEC), polymer so-
lutions are injected into one or more columns in series,
packed with microparticulate porous packings. The
packing pores have sizes in the range between ~ 5 and
10° nm, and during elution, the polymer molecules may
or may not, depending on their size in the chromato-
graphic eluent, penetrate into the pores. Therefore,
smaller molecules have access to a larger fraction of
pores compared to the larger ones, and the macromol-
ecules elute in a decreasing order of molecular weights.
For each type of polymer dissolved in the chromato-
graphic eluent, and eluting through the given set of
columns with a pure exclusion mechanism, a precise
empirical correlation exists between molecular weights
and elution volumes. This relationship constitutes the
calibration of the SEC system, which allows the evalu-
ation of average molecular weights (MWs) and molec-
ular-weight distributions (MWDs) of the polymer un-
der examination.

Direct column calibration for a given polymer re-
quires the use of narrow MWD samples of that poly-
mer, with molecular weights covering the whole range
of interest. The polydispersity of the calibration stan-
dards must be less than 1.05, except for the very low
and very high MWs (< 10* and > 10°), for which poly-
dispersity can reach 1.20. The chromatograms of such
standards give narrow peaks and to each standard is as-
sociated the retention volume of the peak maximum.

There is a limited number of polymers for which
narrow MWD standards are commercially available:
polystyrene, poly(methyl methacrylate), poly(a-
methyl styrene), polyisoprene, polybutadiene, polyeth-
ylene, poly(dimethyl siloxane), polyethyleneoxide,
pullulan, dextran, polystyrene sulfonate sodium salt,
and globular proteins. In some cases, the standards
available cover a limited molecular weight range, so it
may be impossible to construct the calibration curve
over the complete column pore volume.

Standard methods for calibration of SEC columns
with narrow MWD samples have been published by the
American Society for Testing and Materials (ASTM
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D2596-97) and the Deutsches Institut for Normung
(DIN 55672-1).

Procedure

Fresh solutions of the standards are prepared in the
solvent used as chromatographic eluent. Calibration
solutions should be as dilute as possible, in order to
avoid any concentration dependence of sample reten-
tion volumes. The concentration effect causes an in-
crease of retention volumes with increased sample
concentration. As a rule of thumb, when high
efficiency microparticulate packings are used, the con-
centration of narrow standards should be = 0.025%
(w/v) for MW over 10°%, = 0.05% for MW between 10°
and 2 X 10°, and = 0.1% for MW down to 10*. With a
lower MW and in the oligomer range, the sample con-
centration can be higher than the previously suggested
values.

Two or more standards may be dissolved and in-
jected together to determine several retention volumes
with a single injection. In such a case, the MW differ-
ence between the samples in the mixture should be
sufficient to give peaks with baseline resolution. A
sufficient number of narrow MWD standards, with dif-
ferent MWs, are required for establishing the calibra-
tion of a SEC column system. At least two standards
per MW decade should be injected, and a minimum of
five calibration points should be obtained in the

MW Fractionation Range of the Column Set

The maximum injection volume depends from column
size and packing pore volumes, and for high-efficiency
300 X 8-mm columns, it is generally recommended not
to exceed 100 uL per column.

The flow rate of the chromatographic apparatus
must be extremely stable and reproducible: Flow rate
fluctuations about the specified value should be lower
than 3%, and long-term drift lower than 1%. Repeata-
bility of flow rate setting is extremely important, as a
1% constant deviation of the actual flow rate from the

[

Copyright © 2002 by Marcel Dekker, Inc. All rights reserved.

MAaRCEL DEKKER, INnc. ﬂ
270 Madison Avenue, New York, New York 10016 ®

Copyright © Marcel Dekker, Inc. All rights reserved.



Copyright © 2003 by Marcel Dekker, Inc. All rights rese

2 Calibration of GPC-SEC with Narrow Molecular-Weight Distribution Standards

required value may give 20% differences in calculated
MW averages.

The systematic errors introduced by flow rate dif-
ferences may be avoided by adding to the solutions a
minimum amount of a low-molecular-weight internal
standard (o-dichloro benzene, toluene, acetone, sul-
fur) which must not interfere with the polymer peaks.
Flow rate is monitored in each chromatogram by
measuring the retention time of the internal standard,
and eventual variations may be corrected accordingly.

The peak retention times for the narrow polymer
standards are measured from the chromatograms and
transformed into retention volumes according to the
real flow rate. For each standard, the logarithm of nom-
inal molecular weight is plotted against its peak elution
volume. Often, retention times are directly employed
and plotted as the measured variable, and in this case,
the condition of equal flow rate elutions for all the stan-
dards and for any subsequent sample analysis is
achieved by means of the internal standard elution.

The molecular weight of the standards is supplied
by the producers, either with a single value which
should correspond to that of peak maximum, or with a
complete characterization data sheet containing the
values of M, and M,, determined by osmometry and
light scattering. In the latter case, the peak molecular
weight to be inserted in the calibration plot is the mean
value (M,M,,)". A typical calibration curve for a three-
column set, 300 X 7.5 um, packed with a mixture of in-
dividual pore sizes is shown in Fig. 1. The calibration
curve has a central part which is essentially linear and
becomes curved at the two extremes: on the high-MW
side when it approaches the retention value of totally
excluded samples; on the low-MW side with a down-
ward curvature until it reaches the retention time of to-
tal pore permeation.

The calibration curve, therefore, defines the ex-
tremes of retention times (or volumes) for the specific
column system, the useful retention interval for sample
analysis, and the related MW range. Columns packed
with a balanced mixture of different pore sizes are ca-
pable of giving linear calibrations over the whole MW
range of practical interest, from the oligomer region to
more than 10°.

The plot of log M versus peak retention volumes of
narrow standards is represented in the more general
form by a nth-order polynomial of the type

loeM =A + BV, + CV; + DV} + -

the coefficients of which are determined by regression
on the experimental data. Most usually, when the lin-
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Fig.1 Example of calibration curve with narrow MWD
standards.

ear plot is not sufficient to fit the points, a third-order
polynomial will be adequate to represent the curve.
Higher-order equations, although improving the fit,
should be used with great care, as they can lead to un-
realistic oscillations of the function.

The goodness of different equations fitted to the ex-
perimental data points is assessed by the results of sta-
tistical analysis or by simply considering the standard
error of the estimate. It should be also considered that
the adequacy of the calibration function for the deter-
mination of correct MW values is also dependent on
the quality of the narrow MWD standards. Their nom-
inal MWs are determined with independent absolute
methods and are affected by experimental errors
which may be different between samples with different
MWs, or coming from different producers. A check of
the quality of the narrow standards may be obtained by
calculating the percent MW deviation of each standard
from the calibration curve:

M cak(Vvi) - Mcalc(‘/i)
AM(V)% = — X 100
( l) Mpeak(‘/i)

A plot of AM(V;)% versus log M results in positive
and negative values scattered around the MW axis,
which allows one to visualize the limits of percent er-
ror into which the MW of standards are estimated by
the calibration curve. If the MW error of some stan-
dard is found to be significantly larger than all the oth-
ers, it is likely that its nominal MW is incorrect. The
point of such sample should be removed from the cali-
bration and the regression recalculated.

The calibration curve should always cover the MW
of the samples that must be analyzed. Extrapolation of
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the calibration outside the range of injected polymer
standards should be avoided in MW determinations.

From the calibration curve, the resolution power of
the column set may also be evaluated. Resolution be-
tween two adjacent peaks, 1 and 2, is defined in terms
of their retention volumes, V,, and peak widths, w:

_ 2(Vr2 - Vrl)

s
w; + w,

The calibration is often expressed in the form of In M
versus V- and assuming a linear function, it may be
written as

InM = In D] —D2V,
By solving for V, and substituting into the relationship

for R, we obtain

_ In(M\/M,)  In(M,/M,)
s WD2 h 4(TD2

valid for peaks of similar width or standard deviation
o, where w; =w, =w =40. The above equation

shows that the MW fractionation of SEC columns is
linked to both their useful pore volume (slope D, of the
calibration curve) and to packing quality (column
efficiency or number of plate heights, determining
peak widths). Working with columns having linear cal-
ibration in their whole fractionation range guarantees
equal resolution power over several MW decades.

Suggested Further Readings

ASTM D 5296-97, Standard Test Method for Molecular
Weight Averages and Molecular Weight Distribution of
Polystyrene by High Performance Size-Exclusion Chro-
matography (1997).

DIN 55672-1, Gelpermeationschromatographie Teil 1:
Tetrahydrofuran als Elutionsmittel (1995-02) (1995).
Janca, J. (ed.), Steric Exclusion Liquid Chromatography of

Polymers, Marcel Dekker, Inc., New York, 1984.

Mori, S. and H. Barth, Size Exclusion Chromatography,
Springer-Verlag, Berlin, 1999.

Yau, W. W,, J. J. Kirkland, and D. D. Bly, Modern Size-Ex-
clusion Liquid Chromatography, John Wiley & Sons, New
York, 1979.

MarceL DEKKER, INc. m
270 Madison Avenue, New York, New York 10016 o

Copyright © Marcel Dekker, Inc. All rights reserved.



Calibration of GPC-SEC with Universal
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Introduction

Direct calibration of GPC-SEC columns requires
well-characterized polymer standards of the same type
of polymer one has to analyze. However, narrow mo-
lecular-weight distribution (MWD) standards are
available for a limited number of polymers only, and
well-characterized broad MWD standards are not al-
ways accessible. The parameter controlling separation
in GPC-SEC is the size of solute in the chromato-
graphic eluent. Therefore, if different polymer solutes
are eluted in the same chromatographic system with a
pure exclusion mechanism, at the same retention vol-
ume, molecules with the same size will be found.

Discussion

By plotting the logarithm of solute size versus reten-
tion volume, the points of all different polymers will be
represented by a unique curve — a universal calibra-
tion curve. Thus, by application of the universal cali-
bration, average molecular weights (MWs) and MWDs
of any type of polymer may be evaluated from the size-
exclusion chromatograms, provided that the relation-
ship between molecular size and polymer molecular
weight is known.

Several size parameters can be used to describe the
dimensions of polymer molecules: radius of gyration,
end-to-end distance, mean external length, and so forth.
In the case of SEC analysis, it must be considered that
the polymer molecular size is influenced by the interac-
tions of chain segments with the solvent. As a conse-
quence, polymer molecules in solution can be repre-
sented as equivalent hydrodynamic spheres [1], to which
the Einstein equation for viscosity may be applied:

n = no(1 + 2.5¢;) (1)

7 and 7, are the viscosities of solution and solvent, re-
spectively, and ¢, is the volume fraction of solute parti-
cles in the solution.
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By expressing the solute concentration ¢ in grams
per cubic centimeter, the relationship holds:

b = CN]&Vh -
where Na is Avogadro’s number and Vi and M are the
hydrodynamic volume and the molecular weight of the
solute, respectively. Substituting in Eq. (1) and taking
into account that

(1] = lim (m>

Cc

3)
we obtain

[n]M = 2.5N,V, (4)

Equation (4) states that the hydrodynamic volume of a
polymer molecule is proportional to the product of its
intrinsic viscosity times the molecular weight.

The use of [n]M as size parameter for GPC-SEC
universal calibration was first proposed by Benoit and
co-workers [2] and shown to be valid for homopoly-
mers and copolymers with various chemical and geo-
metrical structures. Their data are reported in the
semilogarithmic plot of Fig. 1.

The hydrodynamic volume parameter [n]M has
been proven to be applicable also to the cases of rod-
like polymers [3] and to separations in aqueous sol-
vents [4] where, however, secondary nonexclusion
mechanisms often superimpose and affect the sample
elution behavior. In the latter situation, careful choice
of eluent composition must be made in order to avoid

any Eossible_ polymer-packing interaction. .
The application of universal calibration requires a

primary column calibration with elution of narrow
MWD standards. For SEC in tetrahydrofuran, poly-
styrene (PS) standards are generally used. Intrinsic
viscosities of the standards are either known or calcu-
lated from the proper Mark—Houwink equation, so
that the plot of log[ n]ps Mps Values versus retention vol-

[
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umes V, may be created. The universal calibration
equation is obtained by polynomial regression, in the
same way described for the calibration with narrow
MWD standards.

Average molecular weights and MWDs of any poly-
mer sample eluted on the same columns with pure ex-
clusion mechanism may be calculated by considering
that, at any retention volume, the following relation-
ship holds:

[(n]:iM; = [n]psiMbps, (5)
from which
_ [n]PS,iMPS,i
’ [n]i (6)

To solve Eq. (6), the denominator must be known.
Substituting into the denominator the Mark—Houwink
expression [n] = KM* for the investigated polymer and
rearranging, we obtain

M; = ([”fﬂps,i]wps,;)l/ua
K

()
where K and a are the constants of the viscosimetric
equation for that polymer, dissolved in the chromato-
graphic eluent and at the temperature of analysis.

From Eq. (7), the molecular weight of each fraction
in the chromatogram is obtained and average molecular
weights may be calculated by application of the appro-
priate summations. The numerator in Eq. (7) is the value
of the universal calibration at each retention volume.

The necessary conditions for application of the uni-
versal calibration method and for calculation of molec-
ular weights through Eq. (6) is the knowledge of the [7];
values, which are obtained from the Mark—Houwink
equations when the pertinent values of K and a con-
stants are known. An alternative way is to make a con-
tinuous measurement of [n]; at the different elution
volumes with an on-line viscometer detector coupled to
the usual concentration detector system.

Methods for application of the universal calibration
have been developed also for cases where K and a of the
polymer of interest are not known and neither [ ]; values
are measured. Such methods are based on the availabil-
ity of two broad MWD standards, having different mo-
lecular weights, of the polymer under examination [5].

One important property of the universal calibration
concept is that, in the SEC separation of complex poly-
mers (i.e., polymers with different architectures or co-
polymers with nonconstant chemical composition), at
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Fig.1 Retention volume versus [n]M. (From Ref. 2, © J. Wiley
& Sons, Inc.)

each retention volume, Vi, molecules with same hy-
drodynamic volume but possibly different molecular
weights will elute. It has been demonstrated that, in
such a case, the application of the hydrodynamic vol-
ume parameter, [N]M gives the number-average mo-
lecular weight, M, of the polymer [6]. In fact, at each
retention volume, the intrinsic viscosity of the eluted
fraction is given by the weight average over the n dif-
ferent molecular species present:

[n]i = wiln]i + wo[n], + - + w,[n], (8)

Equation (8) may be written as

()i Mywy (n].Mow,

i: + + cee + Pl —
] M, M, M, )
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Introduction

The capacity is closely related to the number of active
sites of the stationary phase per volume or mass unit.
Practically, there are two definitions corresponding to
two different approaches to the problem. On the one
hand, there is the linear capacity and, on the other, the
maximum available capacity.

Discussion

It is well known that when increasing the injected
sample quantity, whether in volume or in concentra-
tion, peaks are distorted and/or shifted beyond a cer-

Yr

’
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T Ty ¥ T
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Weight of solute injected
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Fig. 1 Variation of the specific retention volume V% and of

the height equivalent to a theoretical plate H as a function of
the weight of injected solute (dibenzyl) related to the weight

of adsorbent inside the column. (From Ref. 1.)
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tain limit; the column is said to be overloaded. To
quantify how much sample can be injected into a col-
umn without altering the resolution, it is convenient to
define the column linear capacity. It is well known, for
small injected quantities, that solute retention times
and column efficiency are not affected by the sample
size. However, above a critical sample size, a notice-
able decrease in retention time and column efficiency
are always observed.

Snyder has defined [1] the adsorbent linear capacity
as the ratio (weight sample)/(weight stationary phase)
giving a value of k' (0F Vi) reduced by 10% relative to
the constant k' values measured for smaller samples
(Fig. 1). In Figure 1, the adsorbent (Silica Davison) has
a linear capacity close to 0.5 mg of dibenzyl per gram
of silica. When the linear capacity of the column is ex-
ceeded, qualitative and quantitative analyses become
much more complicated. Retention factors vary ac-
cording to the injected solute quantity and the column
efficiency can be tremendously decreased, entailing a
degradation of resolution. Therefore, for analytical
separations, it is always preferable to choose operating
conditions corresponding to the linear capacity (k' and
N values are constant whatever the injected sample
sizes).

However, the practical interest of column linear ca-
pacity is very limited because its value varies according
to various parameters: solute nature and retention
and, even for the same quantity of injected solute, both
the injected volume and the solute concentration of
the injected solution. Thus, although widely accepted,
the column linear capacity is misleading because it
characterizes not only the thermodynamic nature of
the chromatographic system but also the kinetic condi-
tions (in term of column efficiency).

Consequently, it is preferable, according to Gareil
et al. [2], to define the concept of maximum available
capacity Cp for a stationary phase:mass of solute Os
entailing the saturation of the mass m of stationary
phase contained in the column for given operating
conditions:
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Fig. 2 Variation of the available capacity Cp, as a function of
the solute concentration in the mobile-phase C, (logarithm
scales). In the case of reversed-phase chromatography, the sta-
tionary phase is n-octyl-bonded silica Lichroprep R.P.8 with
11.6% of carbon, the mobile phases are water—methanol mix-
tures, and the solute is phenol.

_ 9
= M)
with
o Qs _ O
Qm Vmc() (2)

The combination of Egs. (1) and (2) gives

_k'V,G

D
m

where k' is the solute retention factor measured for an
analytical injection, V}, is the mobile-phase volume
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Capacity

contained in the column, and C, is the solute concen-
tration in the mobile phase.

Figure 2 shows, for various retention factors, the
available capacity variation versus the solution con-
centration in the mobile phase in reversed-phase chro-
matography. These curves, called distribution
isotherms, can be divided into two parts. In the first
part, a linear variation of C; versus C, is observed
(bilogarithm scale); in the second part, a plateau is
reached. In the first part and for the same retention (k'
constant), the available capacity is independent of the
solute nature.

The maximum available capacity is defined as the
Cp limit value when both Co and k' are high
(Co = 1mol/L, k' > 10). This value does not vary either
with Co, or k', or the solute nature (for the same fam-
ily).

The maximum available capacity depends on the na-
ture of the stationary phase :specific area for adsorption,
the ion-exchange capacity for ion-exchange capacity,
and the bonded rate for partition chromatography.

As a general rule, the maximum values of available
capacity vary from 1.2 mmol/g (silica having a specific
area close to 400 m*/g) to 5 mEq/g for the cation ex-
changer (sulfonate groups).
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Introduction

In 1998, Dadoo et al. [1] succeeded in achieving near-
baseline resolution of five polynuclear aromatic hy-
drocarbons in less than 5 s by capillary electrochro-
matography (CEC) (see Fig. 1). These high speeds
were obtained from a combination of factors, including
a modest column length (6.5 cm), a high column plate
number (13,000 plates) associated with 1.5-um non-
porous C,g particles, and a high voltage (28 kV). Al-
though this separation is one of the fastest achieved in
a liquid phase, higher column plate numbers have been
obtained. Smith and Evans [2] report values of greater
than 8 million plates per meter for the analysis of tri-
cyclic antidepressants on a 3-um sulfopropyl-bonded
silica. These values are clearly due to a focusing effect
within the column, whose reproducibility has not en-
tirely withstood close scrutiny. Dadoo et al. [1] has pro-
duced CEC columns which generate plate numbers of
about 700,000 per meter when peaks were detected be-
fore they passed through the outlet column frit. These
results illustrate how closely practical achievements in
CEC have now approached predicted theoretical per-
formance maxima. The technique has not always been
such a high performer.

History

Pretorius et al. [3] were among the first investigators to
carry out packed column liquid chromatography in a
tangential electric field (capillary electrochromatogra-
phy) as a feasible alternative to using pressure. Their 1-
Mm-i.d. (inner diameter) quartz columns filled with
75-125-um silica particles gave reduced plate heights
of about 3 by CEC versus the pressure mode values of
about 8. This improvement in column efficiency was
qualitatively predicted from the fact that the driving
force in CEC — electro-osmotic flow — originates from
the double electrical layer on the surface of the capil-
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lary and sorbent particles and, therefore, generates a
relatively flat flow profile across the tube. This has the
fundamental effect of producing sharper peaks and, ul-
timately, higher resolution in a shorter time. Because
there are few or no pressure gradients generated
within a CEC column, long packed capillaries contain-
ing very small particles are possible.

As the mobile phase moves through the capillary
containing the sorbent under the effect of this electro-
osmotic flow (EOF), sample components partition be-
tween the two phases in sorption and diffusive mecha-
nisms characteristic of liquid chromatography. Ions in
the sample move both under the influence of EOF and
by their added attraction toward the oppositely
charged electrode (electrophoresis). Uncharged com-
ponents, on the other hand, move only under the
influence of EOF. Thus, sample components, in gen-
eral, separate by chromatographic and, sometimes,
electrophoretic processes.

The full advantages of electrochromatography were
not to be realized until the technology needed to cre-
ate narrow capillaries (<200 um i.d.) stable frits and
sensitive detection systems had matured. Small-diame-
ter tubes are necessary in order to reduce Joule heating
due to the effect of electrical current generated by high
voltage.

Thus, in 1981, Jorgenson and Lukacs [4] carried out
experiments in CEC using an instrument (see Fig. 2)
whose basic design is still used today. In addition to
acting as a combined injector, separation medium, and
flow cell, their column could also be used in the capil-
lary electrophoresis (CE), CEC, and micro-LC (liquid
chromatographic) modes. However, the fused-silica
capillaries (170 wm i.d.) drawn in their labs, packed
with 10-um particles and operated in neat acetonitrile,
gave rather modest improvements in efficiency over
standard liquid chromatographic techniques, with re-
duced plate heights of no less than 1.9. These disap-
pointing results, coupled with an admission of the tech-
nical difficulty of using this technique, led these authors

[
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RETENTION TIME (S)

Fig. 1 Electrochromatogram of naphthalene (1), fluoranthene
(2), benz[a]anthracene (3), benzo[k|fluoranthene (4), and
benzo[ghi]perylene (5), using 1.5-um nonporous octadecylsilyl
bonded (ODS) particles. Column dimensions: 100-um i.d. X
6.5-cm packed length (10 cm total length). Mobile phase: 70%
acetonitrile in a 2-mM Tris solution; applied voltage for separa-
tion: 28 kV; injection: electrokinetic at 5 kV for 2 s. (Reprinted
with permission from Ref. 1.)

to conclude that CEC would only be useful in wider-
bore (several centimeters) preparative scale processes;
a suggestion also made by Pretorius et al. [3].

Then, in 1991, Knox and Grant [5], working care-
fully with 3- and 5-um particles, showed that it was
practical to achieve dimensionless property of less
than 1 in the CEC mode. These results confirmed their
strongly optimistic view of the future of this tech-
nique, and a few years later, interest in CEC rapidly
accelerated.

Operational Limits

Knox and Grant [5] have placed a general maximum
limit of 200 wm on the inner diameter of capillaries
used in CEC in order to avoid problems with excessive
internal heating that harms column efficiency in aque-
ous/organic solutions. In principle, however, wider-
bore tubes can be used, provided the current and field
strength are kept low or the thermal conductivity of the
system is kept high. In general, currents should be kept
below 50 nA and field strengths held below 1000 V/cm.

Caillary electrochromatography in nonaqueous
mobile phases is possible provided that the electrical
double layer is formed with appropriate dissolved salts
(3]

The ionic strength of most conventional buffers,
such as phosphate, acetate, or borate, needs to be kept
within the range 0.002M to 0.05M, but care needs to be
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Fig.2 Schematic of a typical electrochromatograph.

taken with the lower concentration to avoid buffer ca-
pacity depletion due to hydrolysis. Zwitterionic
buffers such as morpholino ethanesulfonic acid (MES)
(whose electrical conductivity is low) can be used in
the range 0.010M to 0.1 M without undue heating prob-
lems, provided the field strength and aqueous content
are kept low and the capillary is cooled.

Unlike high-performance liquid chromatography
(HPLC), there is no maximum length for capillaries in
CEC, but the longer columns mean slower chromatog-
raphy and equilibration. Generally, columns in CEC
are no longer than 60 cm.

Instrumentation

Creative solutions to practical problems abound in the
evolution of instruments designed to carry out CEC.
Pretorius and co-workers’ [3] graphite electrodes,
quartz tubing, glass wool frits, and on-column pressure
injection gave way to Jorgenson and Lukacs’ [4] fused-
silica tubing, sintered frits, and electrokinetic injection
(see Fig. 2). Commercially developed automated in-
struments designed for CE, whose appearance in 1988
followed these last authors’ breakthrough research,
have been used for most applications in CEC. Modern
instruments therefore consist of the column, a cooling
system, detector, voltage controller, autosampler, and
data processor. In-capillary optical focusing of ultravi-
olet, visible, and laser radiation has largely solved the
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problems of detection [1]. In-column (through the
packing) detection of appropriate analytes by laser-in-
duced fluorescence has improved the general efficiency
by avoiding the deterioration of the peak shape that
often occurs as the analyte zone passes through the
outlet frit [1].

Columns for modern CEC have been prepared using
standard HPLC particles, from 0.5 to 10 um in diame-
ter, bearing Cg, phenyl, Cg, C4, C4, CN, amino, sulfo,
and other functional groups and a variety of chiral poly-
mers such as proteins and polysaccharides [6]. In situ
sintered silica-based frits are most often used in these
columns [7] which are generally slurry packed at high
pressures. Several types of so-called monolithic (single
piece) columns have been developed [8] which dispense
with frits while generally maintaining high efficiency.

Applications

Most chemical classes have been separated and ana-
lyzed by CEC [6]. These include many classes of
pharmaceuticals, environmental chemicals, explosives,
natural products, drugs of abuse, polypeptides,
oligosaccharides, nucleosides, and their bases and
polynucleotides. Applications of CEC are readily
found in Analytical Abstracts for example, a publica-
tion of the American Chemical Society, or the indexes
of journals such as the Journal of Chromatography.

Euerby et al. [9] have systematically investigated
the effects of the bonded phase, mobile phase, buffer
type, field strength, pH, and temperature on the reso-
lution of specific substituted barbiturates. Critical pa-
rameters for the optimization of efficiency of basic
drugs by CEC (as for HPLC) include the nature of the
sample solvent, pH, and concentration of ion-pair
reagents, for example.

Typical buffers include alkali metal and ammonium
phosphates and acetates, morpholino ethanesulfonic
acid and Tris. Silica-based packings are used in the pH
range 2-9. Methanol and acetonitrile are the two most
commonly used organic solvents. Ion-pair reagents
such as hexylamine and trifluoroacetic acid have been
employed for basic compounds.

Problems, Issues, and Future Prospects

A fundamental theory of CEC that will provide a bet-
ter understanding of mechanisms of separation is be-
ing developed. In particular, the work of Rathore and
Horvath [10] in elucidating electrical properties of
packed is particularly interesting. Technological issues

3

that remain to be addressed include the difficulty of
dealing with bubble formation and the fragility of con-
ventional columns due to the aggressive frit-forming
methods currently used. Monolithic columns [8,11,12]
appear to have advantages in this regard.

Majors [13] has compiled the results of his perspec-
tives survey of 14 leading separation scientists with an
interest in CEC. As expected, there is a wide diver-
gence in the opinions of these leaders with regard to
current issues and future prospects for CEC. However,
few underestimated the current technological difficul-
ties of column manufacture, reproducibility of chro-
matographic and electro-osmotic properties of the
packed capillary, and the short-term problems of com-
peting with HPLC or CE, but the majority of scientists
interviewed believe that like any new technique, these
problems will be overcome and that CEC will become
a routine method of analysis in time.

On the other hand, the future of CEC may lie with
the exciting developments in microfabrication [14],
where capillaries are open channels 1.5 um wide and
4.5 cm long and can achieve efficiencies of 800,000
plates per meter.
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INTRODUCTION

High-performance liquid chromatography (HPLC) can be
considered to have been established by Ettre and Horvath.
The popularity of HPLC may be explained by the ver-
satility of this technique, which can be used to separate
and quantify large or small; polar, nonpolar, or inorganic;
and chiral or achiral molecules. In addition, its methods
are easily automated, increasing the number of analyses
that can be performed in a given time, improving accuracy
and precision, as well as reducing costs. It was around
1960 that HPLC achieved its peak growth. This can be
attributed, in large part, to its widespread acceptance by
the pharmaceutical industry.

Electrophoresis is an analytical technique that was first
introduced by Tiselius? in 1937. Thirty-five years ago,
Hjertén™! showed that it was possible to carry out
electrophoretic separations in a 300.0-pm glass tube and
to detect the separation of compounds by ultraviolet
absorption. Capillary electrophoresis (CE) did not become
popular until 1981, when Jorgenson and Lukacs'
published work in which they demonstrated the simplicity
of the instrumental setup required and the high resolving
power of CE. The results shown were astonishing: sharp
narrow peaks, 400,000 theoretical plates per meter
(compared with 10,000 theoretical plates per meter of
HPLC), and short analysis times. Galery introduced the
first commercial instrument in 1988. There are excellent
reviews of CE, among which should be mentioned are the
ones done by Kuhr, Isaaq or Camilleri. These look at the
increasing number of applications and future prospects.

CAPILLARY ELECTROPHORESIS

CE has had considerable success over the last 20 years.
Gas chromatography and HPLC'"! are still the dominant
techniques. However, CE has several distinct advantages
over other separation techniques.”””! One advantage CE
has, relative to HPLC, is its simplicity and applicability for
the separation of widely differing substances, such as or-
ganic molecules, inorganic ions, and so on, using the same
instrument and, in most cases, the same capillary, while
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changing only the composition of the buffer used. This
cannot be said with regard to any other separation tech-
niques. In addition, CE offers the highest resolving power.

The aim of the work reported here was to study
how changes in the principal parameters for each
technique affect the separation processes when analyz-
ing a series of aromatic diamidines, and, based on the
results obtained, to establish comparisons between the
two analytical techniques.

The aromatic diamidines are compounds of consider-
able pharmaceutical interest. This is, among others, for
the following reasons: they have a strong antiprotozoan
action and participate in the metabolism and transport of
polyamines, inhibiting, for instance, S-adenosyl-L-methi-
onine decarboxylase (SAMDC). Therefore, because this
route is closely linked to cell proliferation processes,
aromatic diamidines can slow down or prevent the growth
of tumors.®'% The substances used in this work are as
follows:!1-1%!

1. Pentamidine: 4,4’-[1,5-pentanediyl bis(oxy)]bis-ben-
zenecarboximidamide

2. Stilbamidine: 4,4'-(1,2-ethenediyl)bis-benzenecar-
boximidamide

3. DAPIL: 4',6-diamidino-2-(4-amidinophenyl)indole
dilactate

4. Propamidine: 4,4'-[1,3-propanediylbis(oxy)bis-ben-
zenecarboximidamide

5. Hydroxystilbamidine: 4-[2-[4-(aminoiminomethyl)-

phenyl]ethenyl]-3-hydroxybenzene-carboximidamide

Phenamidine: 4,4'-diamidinodiphenylether

Diampron: 3,3’-diamidinocarbanilide

Berenil: 4,4'-diamidinodiazoamino benzene

Dibromopropamidine: 2',2"-dibromo-4’,4"-diamidino-

1,3-diphenoxypropane.

A

EXPERIMENTAL TECHNIQUES
Chemicals and Reagents

Pentamidine isethionate salt, berenil diaceturate salt,
and DAPI dihydrochloride salt were obtained from

1
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Sigma-Aldrich Quimica SA (Madrid, Spain). Diampron
isethionate salt, hydroxystilbamidine isethionate salt,
propamidine isethionate salt, dibromopropamidine isethi-
onate salt, phenamidine isethionate salt, and stilbamidine
isethionate salt were generously donated by Rhone
Poulenc Rorer (Dagenham, UK). The ion-pairing re-
agents, pentane sulphonate, hexane sulphonate, heptane
sulphonate, octane sulphonate, and decane sulphonate
sodium salts were supplied by Sigma-Aldrich Quimica
SA. Methanol of HPLC grade and other chemicals of
analytical grade were supplied by Merck (Darmstadt,
Germany). The water used was purified with a Milli-Q
system purchased from Millipore (Bedford, MA).

Chromatographic System

The HPLC system comprised a Beckman 116 program-
mable solvent pump with a Beckman 168 photodiode
detector—this was checked and data were processed with
the Gold Nouveau software system (Beckman Coulter,
Palo Alto, CA) and a Beckman 507 automatic injector
with a 100.0-uL loop and a heating chamber for the
columns. Analyses were carried out with an Ultrasphere
ODS column (5.00-pm particle size, 15.0 cm x 4.60 mm
internal diameter) purchased from Beckman Coulter. A
guard column (2.00 cm x2.00 mm internal diameter),
packed with Sperisorb RP-18 (30.0-40.0 pum pellicular),
was supplied by Upchurch Scientific (Oak Harbor, WA).

Electrophoretic System

The CE system consisted of a P/ACE System 2100 high-
performance CE apparatus (Beckman Coulter, Fullerton,
CA). An untreated, fused silica capillary tube (Beckman
Coulter) was used, with dimensions of 75.0-um ID,
L,=57.0 cm, and Ly=50.0 cm, enclosed in a liquid-cooled
cassette. Detection was performed with a UV-VIS
detector (A=200.0 nm). Equipment was checked and data
were processed with the Beckman P/ACE Station V 1.2
software (Beckman Coulter).

RESULTS AND DISCUSSION

To carry out a comparison of HPLC and CE, the effects of
varying the parameters common to the two techniques
with the greatest impact on the separation processes were
evaluated. These were: pH of the mobile phase and
electrolytes, buffer concentration, and temperature, with
the gathered data compared in each case.

As these are separation techniques based on radically
differing physical principles, it is evident that there are
certain parameters, specific to a given technique, that have
a strong influence over the separation process in only one

of the two and are not comparable. In HPLC, there is the
influence of concentration and chain length of the ion-
pairing reagent and the methanol percentage; in CE, there
is influence of the choice of electrolyte, length of the
capillary, and voltage applied. Variations in these para-
meters were also taken into account because they provide
extremely useful information for making an overall com-
parison of the two techniques.

Parameters Common to HPLC and CE
Influence of pH in the mobile phase

The pH value is the parameter with the greatest impact on
the separation of ionizable molecules. To keep aromatic
diamidines ionized, it is necessary to work at very low pH
levels, in the range 3.00-4.50, as the diamidine groups
twice present in each molecule confer on them a strongly
basic character (pKa=13.86).[13J To determine the influ-
ence of pH in HPLC, five diamidines were analyzed using
a mobile phase consisting of 25.0 mM citrate buffer,
45.0% methanol, and 4.00 mM octane sulphonate sodium
salt, at a temperature (7') of 30.0°C and at pH values of
3.00, 3.25, and 3.70. The chromatograms obtained are
shown in Fig. 1. It can be observed that, as pH increases,
retention times are noticeably shortened for all the
substances, with no significant variations being noted
in resolution. The influence of pH in CE"*! was studied
by using 25.0 mM citrate buffer at 7=30.0°C, 14.0 kV
voltage, and pH levels of 3.50, 3.70, and 4.25. Figure 1
shows that a drop in pH does not bring with it any large
change in migration times, but it does produce a sig-
nificant variation in resolution. It may be observed that a
good separation of all nine diamidines is possible only at
pH=3.70. For all the substances, it can be noted that the
times required for analyses using CE are around half those
in HPLC and that efficiency is much greater in all cases
with CE than it is with HPLC, with good resolution. The
most appropriate pH levels for the analyses of these
substances in aqueous solutions and in the serum and urine
are very similar with the two techniques because both
require the molecules to be strongly ionized.

Influence of buffer concentration

For HPLC, it has been decided that the preferred buffer is
citrate; it was necessary to establish the most suitable
concentration. To study this influence, five diamidines
were analyzed using a mobile phase consisting of 45.0%
methanol, 4.00 mM octane sulphonate, and citrate buffer
at various concentrations of 15.0, 25.0, and 35.0 mM, with
T=30.0°C and pH=3.25 in all cases. In Fig. 2, we see the
results obtained. A change from 25.0 to 35.0 mM barely
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Fig. 1 Influence of pH in HPLC and CE. In HPLC, this effect was studied using a mobile phase consisting of 25.0 mM citrate buffer,

45.0% methanol, T=30.0°C, 4.00 mM sodium octane sulphonate, and pH levels of 3.00, 3.25, and 3.75. In CE, a 25.0-mM citrate buffer
electrolyte was used; pH values were 3.50, 3.70, and 4.25, and the voltage was 14.0 kV. (View this art in color at www.dekker.com.)

affects retention times for any of the substances, but a
drop from 25.0 to 15.0 mM decreases retention times by
almost 30.0% in every case.

With CE, citrate buffer was also selected as the
electrolyte for the study, and all nine diamidines were
analyzed by using an electrolyte composed of citrate
buffer at pH=3.70, T=30.0°C, and 14.0 kV voltage, at
various concentrations (10.0, 25.0, and 40.0 mM), to
determine which was the most appropriate. The results
obtained are presented in Fig. 2. It can be seen that when

concentrations go down to 10.0 mM, migration times are
greatly reduced, but resolution also falls considerably; at
25.0 mM, resolution starts to be acceptable, and, at
40.0 mM, a good compromise between migration times
and resolution is achieved. Comparison of the variations
in buffer concentration in HPLC and CE allows one to
conclude that, in both cases, a decrease in the concentra-
tion of the buffer reduces the time required for analyses.
This reduction is much more striking in the case of CE
and, in every instance, analysis times with CE are on the
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Fig. 2 Influence of buffer concentration in HPLC and CE. In HPLC, this effect was studied using a mobile phase consisting of citrate;

buffer at concentrations of 15.0, 25.0, and 35.0 mM, with 45.0% methanol, 4.00 mM sodium octane sulphonate, and pH=3.25. In CEZ,
a citrate buffer electrolyte was used at concentrations of 10.0, 25.0, and 40.0 mM, with pH=3.70, voltage, 14.0 kV; and T=30. O°C

(View this art in color at www.dekker.com.)
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order of half of what they are with HPLC. Consequently,
efficiency is much higher for all the compounds with CE
than with HPLC, whereas resolution is good in both.

Influence of temperature

To study the effects of temperature in the analysis of these
diamidines by means of HPLC, we used a mobile phase
composed of 25.0 mM citrate buffer, with pH=3.25,
45.0% methanol, and 4.00 mM octane sulphonate, at three
different temperatures: 24.0°C, 30.0°C, and 39.0°C. It
may be noted in Fig. 3 that increasing the temperature
causes a notable drop in retention times, whereas re-
solution remains at very good levels.

The temperature at which CE is carried out has to be
selected carefully because this is one of the most
influential parameters in the CE process.''> Precise
temperature control during the CE process is of great
importance in achieving good separation selectivity and,
above all, good reproducibility.!'®!'”! To study tempera-
ture variation in CE, an electrolyte composed of 25.0 mM
citrate buffer, with pH=3.70 and 14.0 kV voltage, was
used at temperatures of 25.0°C, 30.0°C, and 40.0°C.
Figure 3 shows that an increase in temperature causes a
drastic reduction in migration times, but also reduces
resolution excessively, causing serious problems for
separation from 30.0°C onward.

If CE and HPLC at 30.0°C are compared, it will be
noted, as in all previous cases, that CE has much shorter
analysis times than HPLC and that efficiency is much
higher with CE than with HPLC, with good resolution
being attained in both.

CE
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Parameters Exclusive to HPLC

Influence of concentration and chain length
of the ion pair-forming agent

A technique often used in the analysis of ionic molecules
is the formation of ion pairs'® because this permits
the separation of substances that are too ionized to
separate by means of adsorption—partition methods, but
are too insoluble in water to be analyzed through ion
exchange techniques."'®’ The pH of the mobile phase
must be adjusted to ensure that the molecules are total-
ly ionized and can combine with the ion pair-form-
ing agent through the counterion. The substances most
often used to form ion pairs are alkyl-sulphonate salts of
varying chain length. In this work, several reagents of
this type were evaluated, having chain lengths ranging
from 5 to 10 carbons; the influence of the concentration of
each was also investigated to determine which was the
most suitable.

The effects of sulphonate salt concentration and chain
length on the retention factor (k') were studied by
measuring k', using only berenil as the diamidine, with a
mobile phase consisting of 25.0 mM citrate buffer,
pH=3.25, 45.0% methanol, T=30.0°C, with pentane
sulphonate, hexane sulphonate, heptane sulphonate, oc-
tane sulphonate, and decane sulphonate sodium salts at
concentrations of 0.00, 1.00, 2.00, 3.00, 4.00, 5.00, 6.00,
9.00, and 12.00 mM. The resultant data are shown in
Fig. 4, where it may be observed that retention times and
hence k' increase as the concentration of the ion pair-
forming agent increases. This increase is much more
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Fig. 3 Influence of temperature in HPLC and CE. In HPLC, this effect was studied using a mobile phase consisting of 25.0 mM citrate
buffer, 45.0% methanol, 4.00 mM sodium octane sulphonate, pH=3.25, and T=24.0°C, 30.0°C, and 39.0°C. In CE, the electrolyte used
was 25.0 mM citrate buffer, with pH=3.70, 14.0 kV voltage, and T=25.0°C, 30.0°C, and 40.0°C. (View this art in color at

www.dekker.com.)
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Fig. 4 Influence of concentration and chain length of the ion
pair-forming agent in HPLC. This effect was studied using a
mobile phase consisting of 25.0 mM citrate buffer, 45.0%
methanol, and pH=3.25, containing pentane sulphonate, hexane
sulphonate, heptane sulphonate, octane sulphonate, and decane
sulphonate sodium salts at concentrations of 0.00, 1.00, 2.00,
3.00, 4.00, 5.00, 6.00, 9.00, and 12.0 mM. (View this art in color
at www.dekker.com.)

pronounced when reagents with longer chain lengths
are used.

Influence of methanol content

Two solvents were initially evaluated as organic modi-
fiers for the mobile phase, these being acetonitrile and
methanol. Methanol was finally selected, principally
because of its greater solubility with respect to ion-
forming reagents.

The effect of methanol percentage in the mobile
phase on retention times was studied by using a mobile
phase consisting of 25.0 mM citrate buffer, pH=3.25,
T=30.0°C, and 4.00 mM octane sulphonate and methanol
at 42.0%, 45.0%, and 50.0%. Figure 5 shows that, with
increasing percentages of methanol, retention times drop
considerably and resolution decreases, but up to 50.0%
methanol, this remains within acceptable limits.

Parameters Exclusive to CE
Selection of electrolyte

With a view to selecting the most suitable electrolyte for
CE,"**2" a1 the diamidines under study were analyzed by

studied using a mobile phase consisting of 25.0 mM citrate
buffer, pH=3.25, T=30.0°C, 4.00 mM octane sulphonate, and
42.0%, 45.0%, and 50.0% methanol. (View this art in color at
www.dekker.com.)

using various buffers (phosphate, acetate, and citrate), all
at 25.0 mM, pH=3.70, T=30.0°C, and 14.0 kV voltage, as
shown in Fig. 6. Only citrate gave useful values of
resolution and efficiency for all the diamidines, together
with migration times that were adequate for the kind of
analysis they intended to optimize. Hence, citrate was also
chosen for all the CE works.

Length of capillary

The length of the capillary is directly related to the
electric field, efficiency, resolution,

(221 and amount of
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Fig. 6 Selection of electrolyte in CE. Electropherograms ofg:
nine diamidines using phosphate, acetate, and citrate electrolytes~

(25.0 mM), pH=3.70, T=30.0°C, and 14.0 kV voltage. ﬂ

Marcer DekkER, Inc.
270 Madison Avenue, New York, New York 10016



ORDER |

REPRINTS

6 Capillary Electrophoresis and HPLC for Analysis of Aromatic Diamidines, Comparison of

Table 1 Effect of capillary length on the volume of sample loaded and strength of the electric field

Percentage of
capillary occupied

Strength of

Analyte loaded (ng) electric field (V/cm)

Length of Volume Capillary occupied by
capillary (cm)  injected (nL) the injection (mm)
77.0 21.77 4.92

57.0 29.41 6.65

0.70 8.80
1.33 147.0

181.0
245.0

Capillary, 75.0-um ID; overall lengths, 77.0 and 57.0 cm (70.0 and 50.0 cm to the detector); electrolyte, 25.0 mM citrate buffer; pH=3.70; voltage,

14.0 kV; T=30.0°C; injection under pressure for 5.00 sec.

sample loaded. An increase from 50.0 to 70.0 cm, up
to the detector (from 57.0 to 77.0 cm overall dimension)
in the length of the capillary, causes the quantity of
sample loaded to be reduced by approximately 26.0%
and the strength of the field to be generated when applying
the same potential drops by approximately the same
amount (Table 1). To study the influence of the length
of the capillary on migration times, the following con-
ditions were used: capillary, 75.0-um ID; lengths, 50.0
and 70.0 cm to the detector (57.0 and 77.0 cm over-
all length); electrolyte, 25.0 mM citrate buffer; pH=3.70;
T=30.0°C; and voltage, 14.0 kV. Figure 7 shows that
as the length is increased from 50.0 to 70.0 cm, migration
times are virtually doubled and a striking improvement
in efficiency is achieved (i.e., an increase of between
10.0% and 15.0% in the number of theoretical plates),
with good resolution.

Voltage applied

The voltage applied is one of the factors of greatest
influence in a CE experiment because almost all the
parameters governing separation are related to this
voltage. The analysis time is inversely proportional to
the applied voltage because of, among other things, the
higher electrosomotic flow. An increase in the voltage

0.005 6 0.005

A 0003 77.0cm 2 7 19 0003 A
u u

0.001 0.001

-0.001 0.001

0.007 0.007

0.005

0.003

0.001

-0.001 7o 0.001
t (minutes)

Fig. 7 Influence of capillary length in CE. Capillary, 75.0-um
ID; lengths, 50.0 and 70.0 cm to detector (57.0 and 77.0 cm
overall); electrolyte, 25.0 mM citrate buffer; pH=3.70;
T=30.0°C; and voltage, 14.0 kV.

also brings with it a growth in Joule heating!'>'®! and,
if this is not effectively eliminated, it may cause varia-
tions in resistance, pH, viscosity of the electrolyte, and so
on, thus rendering the analysis impossible to reproduce.
With a view to optimizing the voltage, the Ohm’s law plot
of intensity against voltage must be kept in mind. The
maximum efficiency in electrophoretic separation is
attained at the point where this plot begins to deviate
from linearity.m] In the work reported here, this occurred
from 24.0 kV upward, and, when this value was exceeded,
a pronounced decrease in efficiency occurred.””* In Fig. 8,
the effects mentioned above can be readily seen; between
the electropherogram at 8.00 kV and its counterpart at
14.0 kV, a clear increase in efficiency is observed, with
resolution remaining at acceptable levels. On the other
hand, in the electropherogram taken at 26.0 kV, outside
the limits of linearity under Ohm’s law, there is a
complete loss of the improvements in both resolution and
efficiency produced by higher voltage. This work was
carried out using 25.0 mM citrate electrolyte, pH=3.70,
and T=30.0°C, at voltages of 8.00, 14.0, and 26.0 kV.

0.006: 0.006
0.004 0.004
A A
U 0002 8.00 kV 0002U
0.000- 0.000
5
0.006 -0.006
0.004 -0.004
A A
U o002 14.0kV 0.002U
0.000 0.000
5 10
0.006 £0.006
A 0.0044 £0.004 A
u 0.0024 £0.002 u
0.0004 +0.000
5 _ 10
t (minutes)
Fig. 8 Influence of variations in voltage in CE. Electrolyte,

25.0 mM citrate buffer; pH=3.70; T=30.0°C, and voltages,
8.00, 14.0, and 26.0 kV.
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Table 2 Performance of HPLC and CE in separation of
aromatic diamidines

HPLC CE
Detection limit (ng/mL)
Pentamidine 20.00 300.0
Stilbamidine 10.00 300.0
DAPI 5.00 300.0
Propamidine 30.00 200.0
Hydroxystilbamidine 15.00 400.0
Phenamidine 20.00 150.0
Diampron 10.00 300.0
Berenil 60.00 500.0
Dibromopropamidine 40.00 600.0
Precision (% CV)
Pentamidine 1.09 3.04
Stilbamidine 1.03 1.68
DAPI 1.16 2.88
Propamidine 1.53 237
Hydroxystilbamidine 0.70 3.73
Phenamidine 0.70 3.52
Diampron 0.97 243
Berenil 0.85 1.55
Dibromopropamidine 1.36 5.30
Efficiency (theoretical plates)
Pentamidine 2.22x10° 2.92x 10
Stilbamidine 3.91x 10 3.04x 107
DAPI 4.60 x 10° 2.93x 107
Propamidine 3.19% 10° 2.92%10°
Hydroxystilbamidine 3.87x 107 279 % 10°
Phenamidine 3.65x 10° 3.06 x 10°
Diampron 457%10° 278 % 10°
Berenil 3.17x 10 2.43x10°
Dibromopropamidine 2.63x 10° 2.46 % 10°
CONCLUSION

A detailed study was undertaken of each of the parameters
affecting the process of separation analysis in HPLC and

Table 3 Operational differences between HPLC and CE

CE for nine aromatic diamidines. The results obtained
are noted and discussed; in the tables, comparative
features of the two techniques that emerge from the data
collected are recorded.

Performance of HPLC and CE in the
Separation of Aromatic Diamidines

The data emerging from this work allow the selection of
the optimum conditions for the analysis of each substance
in aqueous solution, serum, and urine. For HPLC, they
are: 25.0 mM citrate buffer, pH=3.25, 45.0% methanol,
column Ultrasphere ODS (5.00-pm particle size, 15.0 cm x
4.60 mm ID), 1.00 mL/min flow, and T=30.0°C. The
following features depend on the specific substance
under analysis: pentamidine, 4.00 mM hexane sulpho-
nate, A=265.0 nm; stilbamidine, 4.00 mM octane sulpho-
nate, 2=330.0 nm; DAPI, 8.00 mM heptane sulphonate,
A=350.0 nm; propamidine, 6.00 mM heptane sulphonate,
A=265.0 nm; hydroxystilbamidine, 4.00 mM octane sul-
phonate, 1=350.0 nm; phenamidine, 4.00 mM octane
sulphonate, 1=265.0 nm; diampron, 4.00 mM octane
sulphonate, 4=254.0 nm; berenil, 4.00 mM octane sul-
phonate, A=370.0 nm; and dibromopropamidine, 3.00 mM
hexane sulphonate, 1=265.0 nm.

For CE, the optimum values were: overall length of
capillary, 57.0 cm (50.0 cm to the detector); 75.0-um ID;
electrolyte, 25.0 mM citrate; pH=3.70, injection under
pressure for 5.00 sec; voltage, 14.0 kV; T=30.0°C; and
A=200.0 nm.

Analyses by means of HPLC and CE were carried out
under these conditions for all the compounds, and
comparative data for the two techniques are summarized
in Table 2. The efficiency of CE is two orders of
magnitude greater than HPLC for all the substances
analyzed. The limits of detection for HPLC are much
lower than in CE, there being some cases, such as DAPI,

HPLC CE

Quantity of sample introduced into the system
Size of the detector cell
Detection wavelength

Interference All components of the sample must Possible to stop the analysis
pass through the detector once the substance of interes
has been detected
Flow 0.50-2.00 mL/min Few microliters per minute

Equipment stabilization time

10.0-1000.0 pL
8.00-12.0 mm’
Generally from 230.0 nm upwards

Requires balancing of the column
with different timings before reliable
results are obtained

1.00-50.0 nL

0.015 mm’

Possible to use wavelengths
down to 185.0 nm

Analysis can be carried out
almost immediately after
connection of equipment

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 4 Schematic table of the advantages of HPLC and CE

HPLC CE
Versatility -+ I
Speed of optimization of methods ++ ++++
Stabilization time ++ T+
Analysis time ++ +++
Sensitivity o+ ++
Reproducibility of times +++ ++
Reproducibility of areas +++ ++
Precision T+ ++
Efficiency ++ .
Amplitude of linear range 4+ ++
Resolution capacity ++ ++++
Interferences in complex samples ++ RIS
Sample preparation ++ A+
Sample volume ++ T+
Application at pilot scale ++++ +
Automatization +++ A+
Price of reagents and other consumables ++ ++++

where the detection limit is 60 times lower with HPLC
than with CE. Values for precision are significantly better
with HPLC than with CE.

Operational Differences
Between HPLC and CE

Table 3 shows some of the differences in working prac-
tices between HPLC and CE.

Advantages of HPLC and CE

To summarize the work reported here, there is a schematic
presentation of views on the advantages and drawbacks of
each technique in Table 4.
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Introduction

Organic solvents are used in capillary electrophoresis
(CE) for several reasons:

1. To increase the solubility of lipophilic analytes.

2. To affect the actual mobilities of the analytes

(those of the fully charged species at the ionic

strength of the solution).

To change the pK values of the analytes.

4. To influence the magnitude of the electro-os-
motic flow.

5. Toinfluence the equilibrium constant of associ-
ation reactions between analytes and additives
(e.g., for the adjustment of the degree of com-
plexation; an important example is the separa-
tion of chiral compounds by the use of cy-
clodextrins).

6. In some rare cases, to allow homoconjunction
or heteroconjugation of the analytes with other
species present and, thus, enable separation.
For such interactions, a low dielectric constant
of the solvent is a prerequisite.

»w

Application of Nonaqueous
Solvents

The organic solvents are applied in many cases in or-
der to enhance the separation selectivity by changing
the effective mobilities of the analytes. They are either
applied as pure solvents, or as nonaqueous mixtures,
or as constituents of mixed aqueous—organic systems.
Solvents used for CE, as described in the literature, are
methanol, ethanol, propanol, acetonitrile, tetrahydro-
furan, formamide, N-methylformamide, N,N-di-
methylformamide, N,N-dimethylacetamide, dimethyl-
sulfoxide, acetone, ethylacetate, and 2,2,2-
trifluoroethanol.

Organic solvents have relevance in many fields of
application: for the separation of inorganic ions, or-
ganic anions and cations, pharmaceuticals and drugs,
amino acids, peptides, and proteins.
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There are some practical restrictions for the use of
organic solvents:

1. Many organic solvents have a significant ultravi-
olet (UV) absorbance in the range of wave-
lengths that are normally also used for the de-
tection of the analytes. This property leads to a
poor signal-to-noise ratio or limits the applica-
bility to solutes with UV absorbances at a
higher wavelength.

2. Many electrolytes cannot be used as buffers,
due to their low solubilities in organic solvents.

3. The low dielectric constant of solvents sup-
presses ion dissociation and favors ion-pair for-
mation.

4. Important physicochemical properties (e.g.,
ionization constants of weak acids and bases)
are often not known, which leads to a more or
less random experimental approach for the op-
timization of the resolution.

5. In this context, it should be mentioned that the
clear determination of the pH scale in these sol-
vents is not a straightforward task, which may
introduce a certain inaccuracy for the descrip-
tion of the experimental conditions. As this as-
pect is not adequately considered in many arti-
cles on CE in nonaqueous solvents, it is
discussed here in more detail.

Acidity Scales in Organic Solvents

When investigating the effect of organic solvents on
the pK, of an acid, the significance of the pH scale in
this solvent must be questioned. We base such scales
on the measurement of the activity of the solvated pro-
ton. We define the activity, g;, of a particle, i, the pro-
ton in the case of interest, by the difference between
the chemical potential, o, in the given and in a stan-
dard state (indicated by superscript 0)

w; = w! + RTInag

[
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In practice, we therefore differentiate a number of
acidity scales: the standard, the conventional, the op-
erational, and the absolute (thermodynamic) scale.

Standard Acidity Scale

The standard state might be chosen in various ways
(e.g., as the state at infinitely diluted solution). The re-
sulting standard acidity scale is characterized by the
activity of the proton solvated by the given solvent, HS,
according to

pH = —log agy,+ (1)

The range of this scale is defined by the ionic product
of the solvent, pKys.

Measurements in the standard acidity scale are car-
ried out in cells without liquid junctions (e.g., with the
following setup: Pt/H,/HCI in SH/AgCl/Ag). It is as-
sumed, here, that the activities of the solvated proton
and the counterion, chloride, are equal. In this case,
the electromotive force (emf) of the cell can be ex-
pressed by

E= Eg - ﬂln asp,~dcr- = Eg - ﬂln(chﬁHa)
F : F )

where ¢y is the concentration and vy, is the mean ac-
tivity coefficient of HCI. E2 is the standard potential of
the silver chloride electrode in the given solvent, S, af-
ter extrapolation of the measured emf to zero ionic
strength. Rearrangement leads to the expression of the
pH in the standard scale:

(E - EYF

H = —
p 23RT

+ log Cer- + lOg Yo

3)

Conventional Acidity Scale

The standard acidity scale, although well defined
theoretically, has the limitation in practice that only
the mean activity coefficient, but not the single-ion ac-
tivity coefficient, is thermodynamically assessible. The
single-ion coefficient depends on the composition of
the solution as well. One way to circumvent this prob-
lem would be to have a defined value of the activity
coefficient for one selected ion. Given that, all other
activity coefficients could be obtained from the activity
coefficients of the particular electrolytes and that spe-
cial single-ion coefficient. The value of this selected

dﬂ) MARCEL DEKKER, INC.
s 270 Madison Avenue, New York, New York 10016
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coefficient could be used, then, as the base of the con-
ventional acidity scale. This single-ion activity
coefficient is derived for chloride by the Debye-—
Hiickel theory. This choice is made by convention, ini-
tially proposed for aqueous solutions; it is accepted
also for other amphiprotic, polar solvents. Note that
the measurements of the proton activity are carried
out in cells without liquid junction.

Operational Acidity Scale

Due to the disadvantage of working with cells without
liquid junctions, in practice the operational scale uses
buffer solutions with known conventional pH for the
calibration of cells with liquid junction [e.g., the con-
venient glass electrode (with the calomel or silver elec-
trode, respectively, as reference)]. After calibration of
the measuring cell (with a buffer of known conven-
tional pH), the acidities of unknown samples can be
measured in the same solvent. It is clear that for the
standard buffers used, the conventional and the opera-
tional pH are identical. However, we cannot assume
such an identity for the unknown samples. This is be-
cause the activities and the mobilities of the different
ionic species might change the potential on the bound-
ary with all liquid junctions (even without taking effect
of the nonelectrolytes into account).

Absolute (Thermodynamic) Scale and
Medium Effect

This scale, in fact, would allow comparing the basicities
of the different solvents in a general way. It is based on
the question of the chemical potential of the proton (as
a single-ion species) in water, W, and the organic sol-
vent, S. Taking the hypothetical 1M solution as the
standard state, the chemical potential is given, accord-
ing to Eq. (1), as

oy = oY + RTInmy. + RTIn yy- (4)

where m is the molal concentration. The so-called
medium effect on the proton is given by

_ WYH"
In wYHt — In SYH* = ln( i >

0 0
SWH' — wWH'
=1y = AL (s)

mYur is named the transfer activity coefficient. The
medium effect is proportional to the reversible work of
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transfer of 1 mol of protons in water to the solvent, S
(in both solutions at infinite dilution). If the medium
effect is negative, the proton is more stable in the sol-
vent, S. It is, thus, an unequivocal measure of the ba-
sicity of the solvent, compared to water, as it allows us
to establish a universal pH scale due to

—log wag+ = —log sag+ — log ,,yu- (6)
It is a serious drawback that it is not possible to deter-
mine the transfer activity coefficient of the proton (or
of any other single-ion species) directly by thermody-
namic methods, because only the values for both the
proton and its counterion are obtained. Therefore, ap-
proximation methods are used to separate the medium
effect on the proton. One is based on the simple
sphere-in-continuum model of Born, calculating the
electrostatic contribution of the Gibb’s free energy of
transfer. This approach is clearly too weak, because it
does not consider solvation effects. Different ex-
trathermodynamic approximation methods, unfortu-
nately, lead not only to different values of the medium
effect but also to different signs in some cases. Some
examples are given in the following: log, vy for
methanol +1.7 (standard deviation 0.4); ethanol +2.5
(1.8), n-butanol +2.3 (2.0), dimethyl sulfoxide —3.6
(2.0), acetonitrile +4.3 (1.5), formic acid +7.9 (1.7),
NH; —16. From these data, it can be seen that
methanol has about the same basicity as water; the
other alcohols are less basic, as is acetonitrile. Di-

3

methyl sulfoxide, on the other hand, is more basic than
water. However, the basicity of the solvent is not the
only property that is important for the change of the
pK values of weak acids in comparison to water. The
stabilization of the other particles that are present in
the acido-basic equilibrium is decisive as well.
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INTRODUCTION

Capillary electrophoresis (CE) has many well-known
advantages including low sample-volume requirements,
high plate number (i.e., peak efficiency), the ability to
separate positive, neutral, and negatively charged
species in a single run, and, when properly developed,
relatively short analysis times. The ability of CE to
separate ionic multispecies and to have low operational
costs makes the technique superior in certain specific
applications to conventional high-performance liquid
chromatography (HPLC). The inductively coupled plas-
ma-mass spectrometer (ICP-MS) has the advantages of
possessing low detection limits for the majority of the
chemical elements. The ICP-MS detector has other ad-
ditional positive attributes including linearity over a
wide dynamic range, multielement detection capability,
and the ability to perform isotopic analysis. Also, the
ICP-MS is known to have minimal matrix-effect prob-
lems when compared to other detection systems. Sample
matrix-effect problems are further reduced in CE-ICP-
MS analysis owing to the small sample size and flow
rates associated with CE. With all of these strong points,
CE-ICP-MS is a rapidly growing hyphenated technique;
the separation capability of CE is combined with the
highly sensitive, element-specific detection system of
ICP-MS.

HISTORICAL BACKGROUND AND USE

The first research papers describing CE-ICP-MS were
written in 1995 by the Olesik, Lopez-Avila, and Barnes
research groups."' = The coupling of the ICP-MS detector
with CE and HPLC has become the dominant analysis
technique for elemental speciation analysis. Elemental
speciation analysis is defined as the separation, identifi-
cation, and quantification of the different chemical forms
(organometallic and inorganic) and oxidation states of
specific elements in a given sample. Information on
elemental speciation in clinical and environmental
material is vital in the study of mechanisms of element
transport within living as well as environmental systems,
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elemental bioavailability, metabolic pathways within
living organisms, and toxicology.

THE FUNDAMENTALS OF CAPILLARY
ELECTROPHORESIS-INDUCTIVELY
COUPLED PLASMA-MASS SPECTROMETRY

The Inductively Coupled Plasma-Mass
Spectrometry Detector

Mass spectrometry (MS) has established itself as the
detection system of choice for CE of trace metals and
metalloids, as well as their chemical species. The
inductively coupled plasma-mass spectrometer (ICP-MS)
has dominated CE analysis methods in recent years. The
ICP-MS differs from the more commonly used electro-
spray or ion-spray mass spectrometer method of ion
generation. The electrospray MS can be described as using
a ‘‘soft’” ion source; that is, structural information can be
obtained from molecular fragments. The ICP-MS is a
“‘hard’’ ion source; that is, the plasma generally operates
at an approximate temperature of 8000 K. Under these
conditions, the ICP generates ions of elements and a few
polyatomic ions. The ICP-MS has been well documented
since its early development by both the Houk! and
Gray™! research groups over 20 years ago. A diagram of a
typical commercial ICP-MS detector is shown in Fig. 1.
The inductively coupled plasma is formed from a flow of
gas, typically argon, through a series of concentric tubes
made of quartz called the torch. The ICP torch is
surrounded by a copper load coil. The load coil is
connected to a radio-frequency generator, which operates
between 27 and 40 MHz at a power of 700-1500 W.'°!
This induces an oscillating magnetic field near the exit of
the torch. A plasma is formed while a spark is applied to
the flowing gas stream to form gaseous ions. The free
electrons created during this process are accelerated by the
magnetic field and bombard other gas atoms; this causes
further ionization and produces the plasma. Sample
introduction into the plasma is via a carrier argon gas
flow through the central tube of the ICP torch. Liquid
samples are nebulized into an aerosol before being carried
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Fig. 1 The inductively coupled plasma-mass spectrometer
(ICP-MS) used as a detector for high-performance liquid
chromatography (HPLC). The liquid sample passes through
the capillary into a nebulizer where it is changed into an aerosol.
The aerosol passes through a spray chamber and into the plasma.
The analytes pass into the mass spectrometer. The CE interface
is not in detail in this figure.

into the ICP torch, a function performed by a nebulizer
and spray chamber. The nebulizer produces the aerosol,
and the spray chamber separates and removes the large
droplets from the aerosol to form a more uniform mist.
Once the fine aerosol sample reaches the plasma,
vaporization, atomization, and ionization of the analyte
to element ions occur almost simultaneously. Coolant and
auxiliary gas are added to the ICP torch to keep the quartz
from melting and to provide a tangential flow of gas,
which serves to center and stabilize the plasma.

Beyond the ICP torch are the sampler and skimmer
cones of a typical mass spectrometer (Fig. 1). Ions
generated from the sample pass through the aperture of
the cones into low-pressure chambers. Ion lenses, which
are actually a series of electrodes, are used to ‘‘focus’
the ion path, before reaching the quadrupole mass
analyzer. Ions of only one mass-to-charge ratio are
transmitted at a time and impacted onto an electron
multiplier detector. The electron pulse is amplified and
this signal is then recorded by the instrument’s data
system. The diagram in Fig. 1 displays a quadrupole mass
analyzer, but other spectrometers have been used with CE
including scanning instruments such as the double-
focusing and sector-field mass detectors, and for fast
separations of multielement mixtures of chemical species,
the time-of-flight (TOF) MS.

Alternative plasmas have been occasionally used for
elemental speciation analysis, including the microwave-
induced plasma (MIP), which has been reviewed in
Ref. [7] and the low-power helium plasma. Both of these
plasma sources have the advantage of reduced gas and
power consumption over the traditional ICP; however, the
use of these plasmas with interfaces with CE has been

very infrequent and does not warrant further discussion in
this article. The MIP has been occasionally used with low
flow rate liquid sample introduction. The low-power
helium plasma has generally only been used with gas
chromatographic (GC) interfaces; their low-power levels
are generally not capable of properly vaporizing and
ionizing a liquid aerosol.

Interfacing Capillary Electrophoresis
to the Inductively Coupled
Plasma-Mass Spectrometer

Overview of design considerations

The main design challenge of CE-ICP-MS is in the actual
interface. In the typical practice of CE, a fused silica
capillary filled with a buffer has both ends submerged
or in physical contact with two buffer reservoirs.
Electrodes placed in the buffer reservoir provide the
application of a high electrical potential through the
capillary. When attempting to interface CE to an ICP-
MS, several problems need to be overcome. One is that
CE has an extremely low flow rate (approximately 1 pL
min~"' or less). This requires the use of a low liquid
flow nebulizer to be used in the interface. A low liquid
flow rate nebulizer is required that maintains a high
transport efficiency and delivers a large quantity of
analyte to the plasma. The ICP-MS detector sensitivity
is based on mass of the analytes, not concentration of
the solution. Because CE injection volumes are low, high
transport efficiency by the nebulizer is vital to reduce
analyte loss to the MS detector. The second problem with
CE-ICP-MS interfacing is that an electrical connection
must be maintained to the end of the fused silica capillary,
yet the capillary must still introduce the CE buffer
flow into the nebulizer and produce a uniform aerosol
for the analysis system. This problem has been solved
by various designs, which usually involves the addition
of a ‘“‘make-up’’ buffer or sheath electrolyte added near
the end of the fused silica capillary. Interfacing CE with
ICP-MS has the advantage of requiring a low liquid
flow rate, and therefore places a small demand on the
desolvation and solvent load capacity of the inductively
coupled plasma. This makes a more stable plasma less
subject to long-term signal drift over the course of several
CE runs. Two other design considerations of a CE-ICP-
MS interface are countering or minimizing laminar
flow through the capillary generated by the operation of
the nebulizer™ and minimizing band broadening for
the separation of analytes. There are various strategies
in reducing laminar flow through the electrophoretic
capillary, and band broadening is minimized through
geometry considerations in the design of the CE-ICP-MS
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