Available online at www.sciencedirect.com

SCIENCE@DIHEGT° JOURNAL OF
CHROMATOGRAPHY B

ELSEVIER Journal of Chromatography B, 797 (2003) 91-109

www.elsevier.com/locate/chromb

Review

Role of biological matrices during the analysis of chiral
drugs by liquid chromatography

Csilla MigI'anov&*, Milan HuttaP

a ngtitute of Preventive and Clinical Medicine, Limbova 14, SK-833 01 Bratisava 37, Sovak Republic
b Department of Analytical Chemistry, Faculty of Natural Sciences, Comenius University, Mlynska dolina 2, SK-842 15 Bratislava, Sovak Republic

Abstract

The review article covers advances of chiral drugs analysis by high-performance liquid chromatography (HPLC) methods achieved during
last 10 years. Emphasis is given to various aspects of influence of biological matrix in pharmacodynamics, pharmacokinetics, HPLC analysis.
Discussed is composition of main biological matrices from the point of view of potential interferences to above-mentioned fields of study.
Beside typical analytical approachesto chiral recognition in HPLC, sample pretreatment and/or clean-up by conventional extraction procedures,
column switching (CSW) techniques using restricted access materials (RAMs), microdialysis (MCD) is discussed. Measurement of unbound
drug concentration and discussion of column maintenance and remedy is an additional source of information and field where knowledge on
complex properties and interactions of biological matrix is usefully applicable.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction From the point of view of simplicity and clarity, the inter-
actions among atoms and molecules are classjfigihto
More than one-half of marketed drugs are chiral: that is strong and weak. The classification is made on the basis of
their molecules contain one or more chiral centers. Many the energy liberated during the formation of an associate.
drugs developed from organic synthesis are still adminis- Decisive interaction energy is about 40 kJ/mol.
tered as a racemic mixtures which may even disturb other The distance between interacting subsystems is shorter for
biological processes and may cause catastrophic side efstrong interactions (0.08-0.2 nmH —40 to —400 kJ/mol,
fects [1]. Chirality is common to reality, ranging from  AS contribution to the Gibbs energy inversely depends on
molecules to human beings and from objects to processesAH) and longer for weak interactions (for weak around
Enantiomers behave differently in a chiral environment, 0.2—-0.5nmAH —0.01 to—40kJ/mol,ASis always signif-
such as biological systems or a chiral synthetic medium. icant), for which also geometric and electronic structure of
Enantiomers exhibit diferent biological physiological and interacting units change very little during associate forma-
biochemical behaviour and may exert different pharmaco- tion. Product formed by weak interactions is called van der
dynamic, pharmacokinetic and toxicologic activities in a Waals molecule, or now supramolecule.
biological environment, although they have identical chem-  Intermolecular interactions play a key role also in liquid
ical and physical properties, except those bound to their chromatography, influencing final resolution of the sys-
space structure, e.g. the property of rotation of polarized tem via influence to efficiency, selectivity and retention.
light. They influence either isolated molecules of analytes, or
In the nature, via biological systems, asymmetry and op- matrix component or functional groups of stationary phase
tical activity are widely distributed as is illustrated, e.g. by by conformation changes and steric effects. Observable is
sugars, proteins, enzymes and receptors. Thus, it is to bepresence of these interactions in liquids (mobile phases)
expected that chiral drugs and metabolites having stereo-where they influence bulk associations (e.g. solvophobic
genic centres interact stereospecifically with biological effects, micelle formation, etc.). These interactions are ex-
systems. In fact, enantiomers are often behaving differ- pressed also by interaction of a molecule with a set of
ently undergoing the processes of transport, absorption,different molecules, known as solvation phenomena, par-
distribution, metabolisation and elimination from the body titioning of molecules between two immiscible liquids (or
[2,3]. liquid and chemically-bonded phase), physical sorption and
The enantiomeric separation and analysis of chiral drugs solubilization of an inert gas in a liquid. Association of
have become essential for many reasons. Enantiomers cana few molecules creating true van der Waals molecules,
not be separated using conventional analytical methods. Inor hydrogen-bonded systems, or electron donor—acceptor
order to discriminate between enantiomers it is necessary tocomplexes performes at even more complex levels of
introduce, similarly to biological systems, an asymmetric or interactions.
chiral environment and this can be achieved in a number of In separation systems used for analysis of biologically ac-
ways. tive substances in a biological matrices, all this complicated
The most widely used approach in quality control of interactivity is present at once and considerably influences
pharmaceuticals and pharmacokinetic studies of drugs isour chance to forecast the result of their influence to an-
high-performance liquid chromatography (HPLC) separa- alytical signal, or chance to take consequences via correct
tion, which has become a powerful and important technol- interpretation of observed phenomena.

ogy also in various other fields. The determination of drugs, metabolites and endogenous
HPLC methods devised for chiral separation can be clas-compounds in protein-containing biological fluids (e.g.
sified into three categories: whole blood, plasma, cerebrospinal fluid, etc.) by direct

injection of the sample into the LC system is very compli-
cated owing to the high concentration of proteins and the
large number of endogenous compounds present in this kind
of samples. The major challenge is the removal of macro-
molecules (e.g. proteins) to avoid damage of expensive and
smart chromatographic columns. Proteins in the biologi-
cal fluids can precipitate or denature and adsorb onto the
packing material, leading to backpressure build-up, changes
in retention time and decreased column efficiency and ca-
At first sight is apparent, that biological matrices and pacity. The extent of sample pretreatment depends on the
enantioselective or general interactions of drugs with their complexity of the sample, and is especially important when
components can adversly influence the result of analysis.analysing drugs and endogenous compounds in biological
However, knowledge obtained from investigation of these matrices, such as plasma, urine or tissue homogef&gs
interactions can be and actually is useful for the separation With development of new analytical methods, there are
system design. growing new alternatives for direct injections of biological

(i) direct method using a chiral stationary phase (CSP);

(i) separation on an achiral stationary phase by adding
a chiral agent to the mobile phase which then forms
adducts with the enantiomeric analytes (chiral mobile
phase additive method (CMPA)); and

(i) separation of the diastereomers formed by precolumn
derivatization with a chiral derivatization reagent (in-
direct methodJ4].
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samples into the chromatographic columns. A microdialy- light to an equal extent but in oposite direction. How-
sis (MCD) as a sampling methodology seems to be very ever, three-dimensional structure differences between the
perspective method which enables continuous monitoring of enantiomers can lead to significant biochemical differences
free drug concentrations in different body compartmésits [12].

The more manipulations the samples undergo prior to the A molecule containing a single chiral center can exist in
guantitation step, the lower is the accuracy and precision two different forms which are mirror images of each other
obtained. It is advantageous to inject the sample directly and are nonsuperimposall&3]. The mirror images may
into the liquid chromatographic system without off-line iso- also be a result of a chiral axis or chiral plane. Enantiomers
lation procedures. It is still challenge for the bioanalyti- are stereoisomers that contain identical type and number of
cal chemist to develop methods where the sample prepa-atoms, but they differ in a spatial arrangement. Enantiomers
ration step can be automated and integrated with the LC have identical physical and chemical properties, but they
procedure. behave differently in a chiral environment involving also

On-line column switching (CSW) devices combined with polarized light.
advanced separation media technology (restricted access me- Enantiomers of chiral drugs may differ considerably in
dia (RAM)) represent a powerful and reliable solution to the their pharmacological and toxicological effects because they
automated clean-up and trace enrichment of drugs in com-interact with biological macromolecules, the majority of
plex biological samples with a consequent improvement in which are stereoselective. For chiral drugs, the most impor-
the analytical proced9]. tant addition to the normal requirements for drug approval

In the most of cases, the authors present only the bestis the need to justify on chemical, preclinical and clinical
chromatograms from the analysis, but there is not enoughgrounds the choices of the stereoisomeric forms for market-
information about the column behaviour after injection of a ing [12].
large volume of biological sample. In due to the complexity =~ Stereoisomers that are not mirror images of each other
of handled problems not only a number, but also a variability are called diastereomers. They can have similar chemical
of partial problems, which are needed to solve, is growing. properties but different physical properties.

The problem solving is depending on different conditions.  Because of the chiral environment of living systems, two
Therefore, particular solutions are always unique and it enantiomers may exhibit the same pharmacological activ-
is needed to take into account different approaches. Thisity to different degrees, or may exhibit entirely different
review considers an influence of biological matrices in the kinds of chemical or pharmacological activities. One good
analysis of chiral drugs from different angles of view. It example is propranolol that has different pharmacodynamic
includes a specific discussion for the drug interactions in and pharmacokinetic profiles foR- and S-enantiomers.
organism, the mutual interactions between drug and ana-S-propranolol is 100 times more potent thRrpropranolol
lytical system as well as different approaches for removal as a beta-blocker, becauS@ropranolol has a longer plasma
of interfering macromolecular compounds of biological half-life thanR-propranolol.
samples. The ability of our body to distinguish between two
enantiomers of a compound was recognized very early
and some well-known examples are found in the dif-
2. Drug stereochemistry: general considerations ferent smells and tastes of the optical antipodes of
structurally rather simple organic compounds. A direct

The new trend toward development of enantiospecific enantiomer-discriminating action by the receptor proteins
drugs has increased the interest in enantiospecific pharmameans that the chiral binding site of the receptor is pref-
cokinetic studies of chiral drugs, mainly in the case where erentially occupied by one of the enantiomers due to
only one of the two enantiomers is responsible for the phar- a stronger binding interaction. While direct effects are
macologic activity. Enantiospecific bioassays are also usefulsimple and easy to comprehend, the situation is more
in investigation of pharmacokinetic behaviour of two enan- complex when it comes to the different actions of drug
tiomers when a given drug is marketed as a raceiife enantiomers.

Many biologically active substances exist as single enan-
tiomers in organisms, and the stereochemistry plays an
important role. The enantiomers administered as drugs3. Understanding to drug interactions with
have often different activities, toxicities and pharmacoki- biological systems
netic properties, because macromolecular substances such
as enzymes and receptors have inherent chiral selectivity in Enantioselectivity plays an important role not only in
biological system$11]. pharmacodynamics involving the interaction of bioactive

The enantiomers share essentially the same physico-agents with macromolecules (enzymes and receptors) in
chemical properties, including refractive index, melting the target organs, but also in pharmacokinetics, involving
point, boiling point and solubility. Because enantiomers transport, absorption, distribution, metabolic conversion and
exist as mirror images, they interact with plane-polarized excretion of the drug. The different pharmacodynamics and
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pharmacokinetics of eutomers (isomers with higher affinity) of absorption, distribution and excretion would normally in-
and distomers (isomers with lower affinity) in racemates volve passive diffusion which would not be expected to be
lead to variety of effect§l4]. For instance, the distomer affected by drug chirality2,21-23]

sometimes exhibits undesirable side effects, such as the A number of mechanisms in the body can be stereo-
hallucinogenic effect of §)-ketamine, the mutagenicity of  selective, among them first-pass metabolism, metabolic
(R)-penicillamine and the teratogenicity df){thalidomide clearance, renal clearance, protein and tissue bindiap

[15]. Drug action is the result of pharmacological and Differences in first-pass metabolism may cause differences
pharmacokinetic processes by which it enters, interacts andin the ratio of plasma concentrations of enantiomers when
leaves the body. a drug is given by the intravenous route compared with the

Stereoselectivity in biological activity may be related to oral route[21].
the drug-receptor interaction or to the pharmacodynamics Perhaps the most interesting and certainly the most im-
of the agent. It may also be due to differences in pharma- portant of stereoselective processes in drug disposition is
cokinetics. Different enantiomers may have different plasma stereoselective metabolism. It is generally accepted that it is
concentration—time profiles as a result of chiral discrimina- exactly drug metabolism that introduces the greatest degree
tion in pharmacokinetic processes. These differences mayof stereoselectivity into drug disposition. Any alteration of
be further influenced by other factors such as the route the activity of the enzymes involved in metabolism of clin-
of administration, the ag§l6,17] and sex of the subject ical compounds can effect stereoselective disposition. Dif-
[18], disease statd49] and genetic polymorphism in drug ferent scenarios have to be taken into account:
metabolism12].

Stereoselective disposition and/or dynamics were im-
portant in explaining anomalous concentration effect and
drug—drug interaction findings with racemic drugs. The
problems occur when the pharmacodynamic effect of the
enantiomers is quantitatively and qualitatively significantly
different, when enantiomers are metabolized by different
enzymes and when these enzymes are either polymorphic
in our population or can be induced or inhibitgd]. The pharmacokinetics and metabolism of an increasing

All the pharmacological activity may reside in one enan- number of drug enantiomers following administration of the
tiomer, in which case the other enantiomer may be regardedracemate have been documented and there are now many
to as an impurity[20]. The impurity may be inactive or examples of stereoselectivity in the processes of drug ab-
have desirable or undesirable activity. Two isomers may have sorption, distribution, metabolism and excretion.
nearly identical qualitative and quantitative pharmacological ~ The potential advantages of using pure enantiomeric drugs
activity. Enantiomers may have activity that is qualitatively are:
similar but quantitatively different. Most drugs that exist as
stereoisomers are in this category, e.g. warfarin, verapamil.
Enantiomers may have qualitatively different pharmacolog-
ical activity. Pairs of enantiomers may compete each with . o
other for receptor binding. Pharmacokinetic differences be- o less complex drug interactions; .and . .

. .o less complex plasma concentration—response relationships
tween enantiomers are not as great as the pharmacodynamic [21]
differences but have to be considered in understanding drug ’
disposition and the time course of drug action. Stereoisomers of a drug may be metabolized by two

The rational design of novel drugs finds its basis in a thor- different enzyme systems, resulting in different rates of
ough understanding of the interaction between a small lig- metabolic clearance; age and sex may also affect the rates
and (hormone or drug) and a macromolecular target in the of enzymatic metabolism of sterecisomg4]. Drug bind-
human body (e.g. a receptor or enzyme). Tools are avail-ing to specific plasma transport proteins (human serum
able to study such interactions at a (sub)molecular level. albumin (HSA),a1-acid glycoprotein (AGP), lipoproteins)
Stereoselective is not only the interaction of enantiomers is an integral part of many other types of intermolecular
with biological macromolecules but also the enatiomers of interactions in a cellular or organ environment. Different
a chiral drug can interact mutually in a different wd{s. aspects of drug—protein interactions have been reviewed

The interaction of a chiral drug molecule with asymmet- recently including their molecular nature, biological func-
ric macromolecules, such as hepatic metabolizing enzymestions, pharmacological significance as well as methodolog-
and plasma proteins, results in the formation of transient di- ical approaches applied and their potential shortcomings.
astereomeric complexes which might lead to differences in  Substantial differences in the protein binding of two
drug disposition profiles. Differences in the disposition of enantiomers may result in a difference in their glomerular
drug enantiomers usually result from differences in hepatic filtration rates, when one enantiomer is more highly bound
metabolism and plasma protein binding, since the processedo plasma proteins, it will have a lower free fraction and

(1) both enantiomers of a chiral drug can be metabolized
by the same enzymes at different rates (verapamil).
Induction or inhibition of these enzymes will affect
metabolism of both enantiomers, but possibly to a
different extent;

(2) enantiomers of some chiral drugs (such as warfarin) are

metabolized by different enzym¢ki].

e less complex and more selective pharmacological profile;
e greater therapeutic index;
e less complex pharmacokinetics;
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free drug concentration in the plasma than the other enan-Detection enantioselectivity via chiroptical detectors (e.g.
tiomer, resulting in decreased filtration of the more highly circular dichroism, polarimetry) can aid the analysis in all
protein-bound enantiomer. It combines both passive andcases where we are in doubt about changes in enantiomeric
active processes, including glomerular filtration, passive ratio after administration of pure enantiomer, or when chro-
reabsorption, active secretion and reabsorption and renalmatographic resolution of enantiomers falls below 0.6, or in
metabolism, but unlike absorption, these may be bidirec- many other cases (e.g. coelution of matrix component).
tional and dependent on protein binding. Potential source of useful ideas and concepts for HPLC
Clinically important differences occur in the binding of can be found in (now complementar) methods creating back-
various drug enantiomers to plasma proteins. The extentground of chiral immuno- and radioimmuno assays.
of stereoselective plasma binding of drugs ranges up to a Accepted explanation of fundamental mechanism for chi-
factor of about 1.5, reflecting a diastereomeric association ral recognition is based on mechanistic three-point fit model
with both albumin, the major binding protein for most acids of Dalgliesh[35]. At least three interactions are required be-
(warfarin, ketoprofer]25], zopiclone[26]) and with AGP, tween the chiral selector and one of the enantiomers in the
which binds predominantly basic compounds (verapamil racemate to be separatdd,19,36,37]At least one of these
[27], propranolol[28]). Propranolol illustrates a case where interactions must depend on the stereochemistry at the chi-
the stereoselectivity of binding occurs in opposite directions ral center of the chiral selector and the enantiomer. Exam-
for the different proteins. Plasma binding can independently ples of the required interactions are hydrogen bondsy
affect both distribution and elimination of the drug. The interactions and dipole—dipole interactions.
plasma protein binding is stereoselective for many chiral
drugs[29]. 4.1. Direct method
Pharmacokinetics describes the time course of total
plasma or serum concentrations. Modern pharmacokinetic It relies on the formation of temporary diastereomeric
theory underlines the importance of knowledge about the molecular complexes between the drug enantiomers and a
unbound fraction of drug for better understanding concepts chiral discriminant (CSP or CMPA) or chiral environment
of clearance and distribution. within the chromatographic systejd]. Chiral discriminant
Protein binding is important in many processes that de- must have an enantioselective affinity for the individual
termine the eventual activity and fate of a drug once it enantiomers. Discrimination between the enantiomers by
has entered the bod$0]. Some examples of such binding the chromatographic system requires that one of the enan-
include the interactions of a drug with a target enzyme or tiomers undergoes a three-point interaction with the CSP or
receptor. Another type of interaction is the binding of phar- the CMPA. When this occurs, the other enantiomer is there-
maceutical agents with blood proteins. These interactionsfore able to undergo prevalently a two-point interaction.
can be important in determining the overall distribution,
excretion, activity and toxicity of a drug. In some instances, 4.1.1. Chiral stationary phases
this protein binding occurs with general ligands, such as the Most of enantioseparations have been achieved with the
interaction of many drugs with HSA or AGP. This binding direct methods that employ CSPs. During last two decades,
is highly specific in nature. the number of CSPs available for the separation of enan-
tiomers has grown rapidly and made it possible to develop an
analytical separation of nearly any racemic mixt{8e38].
4. Analytical approaches Different types of chiral selectors have been used for CSPs,
such as: proteins and enzymf9-41} polysaccharides
Conventional analytical techniques for drug analy- and their derivatep42,43] cyclodextrins or derivatized CD
ses often do not differentiate enantiomers, however one[12,44} macrocyclic antibiotic§45-47} molecularly im-
enantiomer of drug may be absorbed very well and/or printed polymerg48,49} crown-ethef50,51]
metabolized and/or excreted at different rates than the Polysaccharide derivatives (cellulose esters, cellulose car-
other enantiomeric forms. The importance of stereoselec-bamates, amylose carbamates) belong to the most widely
tive assays in pharmacokinetic and pharmacodynamic drugused CSPs for HPL(52-56] They can be successfully

interaction studies is now widely recognizgi—34] used not only in the common size HPLC columns but also
In a chromatographic assay, separation enantioselectivityin @ miniaturized techniques. Although reverse and normal
can be achieved by: phase modes cover almost completely the potential applica-

tions of CSPs in HPLC, the polar organic mode becomes
e use of a proper CSP capable of separating enantiomersncreasingly popular for the various CSPs during last few
(direct method); years. Popular pure organic eluents may offer the advan-
e use of CMPA (direct method); tages of alternative chiral recognition mechanisms, higher
o formation of a diastereomeric derivative through a reac- so|ub|||ty of some ana|ytes, can be Cheaper and easier to
tion with another chemical substance possesing a stereohe removed from the analytes, however their compatibility
genic centre (indirect method). with biological matrices can be questionable.
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Protein-based CSPs (i.e. ovomucoid (OVNb7-60] tional groups of CSPs. The reason is obvious, we are too fo-
az-acid glycoprotein [61-63] ovoglycoprotein (OVG) cused to chiral analyte separation using CSPs and moreover
[58,64-66] avidin (AVD) [57], flavoprotein (FLA)[57]) why to waste expensive CSP, time and money for achiral
are of special interest because of their unique enantio-separation? The authors opinion is that this approach could
selective properties and because they are suitable for sephelp to understand such phenomena as is CSP column poi-
aration of a wide range of enantiomeric forms. Protein soning by sample components, lifetime shortage, its reme-
CSPs (e.g. chymotrypsin CSH%0,41] are compatible  diation and maybe elucidation of its chiral selectivity, too.
with aqueous mobile phases. Cellobiohydrolase | (CBH 1)

[56,60,67]immobilized on porous silica is supposed to be 4.1.2. Chiral mobile phase additive

now the best CSP suited for resolving chiral drugs con- The transient diastereomeric complexes formed between
taining in their structure one or more basic nitrogen atoms the drug enantiomers and the CMPA may be resolved on a
and one or more hydrogen-acceptor or hydrogen-donornon-chiral HPLC column. Various chiral mobile additives
groups. may be employed, including proteins (albumin, AGP), cy-

Although, the protein-based CSPs provide the possibil- clodextrins,L-proline chiral counter ionfl1,37,68]
ity to use aqueous eluents (e.g. buffers with organic modi- The applicability of the method in the biomedical and
fiers), disadvantageous features of these phases may be thepharmaceutical areas is limited because of purity of chiral
tendency to loose enantioselectivity during the use for bio- selectors and potential problem with detection. CMPAs offer
analytical applications due to remnant contaminating ma- the advantage of using less expensive conventional columns
trix components as well as low separation capacity, lack of and higher flexibility in proper additive selection step of
column ruggedness and limited understanding of the chiral optimization of chiral separation. In comparison to chiral
recognition mechanisiy89]. Insufficient column efficiency  columns, conventional columns are more rugged, more effi-
may also be caused by higher LO[39]. cient and have higher sorption capacities. The most signifi-

In CSPs enantiomeric separation arises from the formation cant disadvantage is that large amounts of expensive CMPA
of transient diastereomeric complexes involving the chiral or counter ion may be needed, what however can be solved
selector and enantiomers. The retention times of enantiomershy use of microcolumn HPLC.
depend on the differences in stabilities of these complexes.

The drawbacks associated with this approach include the4.2. Indirect method

high price of most chiral columns and the fact that some chi-

ral columns exhibit higher batch-to-batch variability in com- This approach is based on a diastereomers formation by
parison to achiral columns, what probably relates to more reaction of a pair of enantiomers with a pure chiral com-
complex chemical nature of CSPs. Column efficiencies gen- pound. These diastereomers are further separated using an
erally tend to be lower than those for conventional HPLC achiral stationary phase or a CSP. Although the derivatiza-
columns, what corresponds to lower probability of optimal tion methods have been widely practiced, they suffer from
arrangement of functional groups of CSP and analyte during potential racemization during the derivatization steps and
the enantioselective interaction needed for chiral resolution. can be used only when the enantiomeric molecule possesses
The prediction of suitable phases is difficult and often based an easily derivatized functional group. With respect to phar-
on an empirical experience. One of the most important crite- maceutical applications, the indirect techniques have been
ria for the separation of enantiomers is the chiral selectivity used extensively for the enantioselective analysis of drugs
expressed by a particular CSP, which is determined by thein biological fluids. Review about precolumn derivatization
difference in the stability of the diastereomeric complexes and diastereomer formation has been publigig€d69,70]
formed between the individual enantiomers and the chiral However, there is a trend to use the CSP in preference to
selector. either the derivatization CMPA approaches.

Since there is no derivatization step in direct resolution,
no racemization occurs during the reaction with a chiral tag- 4.3. Chiroptical detection
ging reagent. The direct method, based upon CSP columns
seems to be preferable for the analysis of traces of antipode Laser-based polarimetric detectors may open the field for
enantiomers in main components. the determination of enantiomer ratios using UV and po-

The choice of the best column for the separation of each larimetric detection in series. The enantiomeric purity can
racemate is difficult, because the separation higly dependsbe calculated even in a case of a significant degree of peak
on the interaction between CSP and enantiomer. Furthemorepverlap.
the elution order of enantiomers is also dependent upon the Detection by polarimetry at one wavelenght is helpful to
CSP column used, and cannot be changed easily. LC on optically active or inactive sorbents because of #e (

Surprisingly, there is almost no evidence in literature and () signs provided. The combination with simultaneous
about investigation of achiral selectivity and the other chro- photometric detection can be used for the determination of
matographic figures-of-merit related to possible interactions optical purity, especially in case of overlapping peaks. The
of potential achiral sample components with complex func- acquisition of circular dichroism spectra during LC means
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that racemates can be applied instead of the antipodess ultrafiltration within membranes (separation of molecules
provided an analytical LC separation is accomplished. Ad- according to their molecular weight on the membrane);
vantage of this technique is its ability to determine relative e precipitation by metal complex formation;
configurations of interconvertible enantiomgré—73] e salting-out; and

o thermal denaturation.
4.4. Chiral immuno- and radioimmuno assays

Sample pretreatment is very often the most time-consuming

The use of immunoassay techniques represents an a|step of an analytical process. The extent of Sample pretreat—

ternative approach to the more common chromatographicment usually depends on the complexity of the sample.
methods for the determination of the concentrations of chi- Plasma and serum samples are known to be the most
ral drugs. The inherent stereoselectivity of the antibodies complex biological matrices because they contain a very
used appears to be an important parameter to be studiedlarge number of endogenous compounds of different kinds,
The structural features of the drug, including the environ- both low-molecular mass compounds of diferent hydropho-
ment around the asymmetric center, the flexibility of the bicity and macromoleculg§’5]. Proteins (such as albumin,
molecule and the ability of the molecule to undergo racem- AGP, lipoproteins) and other potential interferences (im-
ization, contribute to the molecule’s ability to be recognized munoglobulins) possess different physical and chemical
by stereoselective antibodies. These parameters are intrinsi€haracteristics and are present in matrices at high levels.
and cannot be influenced by the investigator. On the other The prevalent cation in blood plasma is sodium cation and

hand, other parameters can be modified to favor the raisingthe most important anions are chloride and hydrogencar-
of highly stereoselective antibodigzA]. bonate anions. Other cations Ta K", Mg+, as well as

anions HPQ@?~, Ho,POy~ and SQ?~ are present at minor
concentrationg76]. Contents of mineral compounds in a
normal plasma is shown ifable 1 Functional compounds
of blood plasma, which define its most important character-
The determination of drugs, metabolites and endogenousiStiCS' are electrolytes and proteins (60—8_0 a/l). EI_ectrontes
compounds in protein-containing biological fluids by direct (N CI~, HCO;™) are responsible for its physical and
injection of the sample into the LC system is very com- chemical properties, such as osmotic pressure, volume and
plicated owing to the high concentration of proteins and PH- Other plasma components are small organic molecules,
the large number of endogenous compounds present in thigVhich have only incosiderable influence on plasma prop-
kind of samplg5,6,75} Proteins in the biological fluids can ~ €'ti€S, however as matrix constituents can cause in some
precipitate or denature and adsorb onto the packing mate-nstances serious problemiable 2 offers brief summary

rial, leading to backpressure build-up, changes in retention ©f Main plasmatic proteins. , _
time and decreased column efficiency and capacity. Sam- Separation of analytes from matrices and detection at low

ple preparation separates an analyte of interest from pro_concentratior_l Ie\(els are gener_ally_required_ for an analyti_cal
teinaceous material, allowing the total amount of the analyte Méthod applied in pharmacokinetic and biopharmaceutical

(protein-bound and free) to be determined and preventing orStudies. The endogenous compounds, drugs and metabo-
reducing the adsorption of protein and other interferences /It aré retained on the extraction column and the amount
onto the analytical column. At the same time, the analyte is &xtracted is affected by the affinity to the plasma proteins
concentrated to improve sensitivity and detection capabili- and the affinity to the internal surface o_f the extraction gol-
ties. The major challenge is the removal of macromolecules, UMn- Some endogenous compounds in plasma are highly
proteins, to avoid damage to chromatographic columns. Dur- retained on the extraction column even when the column is
ing a deproteinization, there is necessary to take into ac- €luted with a mobile phase containing a high concentration

count the fact that some fractions of drug can be free and ©f organic modifier. The mobile phase composition and
the others can be bind to proteins. Except of this, solvents th€ flow-rate as well as wavelength of the detector play a
of deproteinization can interfere during the analytical deter- V'Y important role during the determination of the elution
mination. They must completely remove proteins and at the Profile of sample matrix75]. _ _
same time a precipitate must not bind a drug (absorption, Urine of a healthy person contains small concentration of

precipitation, occlusion). A traditional sample pretreatment Protein but it does contain major amounts of various salts,
focused to removal of proteins is based on: uric acid, creatinine and urea (for details Sable 3. When

kidneys cannot operate properly, toxic materials accumu-
e precipitation with solvents (to prevent of protein precip- late in blood and other physiological fluids, leading to death
itation on the chromatographic column during a contact within 10-12 days. Molar mass cut-off value of healthy men
with a mobile phase, which includes organic solvents or kidney (glomerular filtration)[77] is approximately 6000
buffers); (g/mol). However, at trace levels (ppm) urine contains hun-
e enzymatic deproteinization (employing proteolytic en- dreds of substances and at even lower levels (ppb) thousands
zymes); of substances, which can interfere by coelution or cause in-

5. Sample pretreatment
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Table 1
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Main inorganic compounds of normal blood plasiii&]

Substance Concentration (mmol/l) Concentration (mg/l) Molar mass (g/mol)
Sodium [N&] 137.0-147.0 3. 10°-3.4 x 10° 22.9
Potassium [K] 3.8-5.1 148.6-199.4 39.1
Calcium [C&™] 2.3-2.8 92.2-112.2 40.1
Magnesium [Mg+] 0.8-1.3 19.5-31.6 24.3
Chloride [CI] 98.0-106.0 3.5x 10°-3.8 x 1C° 35.5
Hydrogencarbonate [HGO] 24.0-35.0 1.5x 10°-2.1 x 1C® 61.0
Inorganic phosporus P (total) 0.7-1.6 21.7-49.6 30.9
Iron (Fe) in men 18.1x 1073 to 25.4 x 103 1.0-1.4 55.9
Iron (Fe) in women 16.3< 103 to 21.7x 1073 0.9-1.2

lodine | (total) 275.0x 10°% to 630.0x 107 34.9x 1072 to 79.9x 1073 126.9
Copper (Cu) in men 11.& 103 to 22.0x 1073 0.7-1.4 63.6

Copper (Cu) in women

13.% 103 to 24.3x 103

0.9-1.5

terferences to detection. In some cases (e.g. alkaptonuriafable 3

metabolic disordergy7] concentration of certain substances Main components of normal human

can rise up to gram per liter levels (e.g. homogentisic acid), Substance
what should be also taken into consideration.
Saliva is an easily accessible and sometimes usefuljygrogen [H]

body fluid for therapeutic drug monitoring and for phar-

Concentration (mg/l)

Sodium [N&]

Calcium [C&*]

macokinetic and pharmacodynamic studies. The total pro- Magnesium [Mg"]
tein content of saliva is approximately one-tenth that of Chloride [CI]

plasma[78]. Drug concentration in saliva correlates well
with unbound drug concentration in plasma. Since saliva s

Phosphates
Sulphates

is one of biological fluids which can be collected by us- uric acid
ing a non-invasive method, the collection of saliva from Creatinin
patients is non-invasive, easy to realise and does not give/Ammonium [NH;]

any pain to patients. Pharmacokinetic parameters calculated
from the disopyramide concentration-time data in saliva

3500
1500
150
60.0
6000
1500
1800
20000
500
750
400

were also in good agreement with those from the unbound of saliva—plasma concentration ratios. A drug should ex-
concentraton-time data. Drug concentrations in saliva may hibit a constant saliva/plasma ratio that is independent of
be regarded as equivalent to the plasma unbound concendrug concentration, resistant to effects of salivary flow and

trations on the elimination phad@9]. The usefulness of

consistent among individuals. The degree of drug protein

saliva for drug monitoring is limited to a selected array binding is an important determinant of the availability of
of drugs owing to intersubject and intrasubject variations drug for diffusion[80].

Table 2

Main macromolecular compounds of normal blood plagi&

Protein Average concentration in plasma (g/l) Average concentration in plasma (mol/l) Molar mass (g/mol)
Prealbumin 0.1-0.4 1.6 10610 6.5x 10°° 61000

Albumin 42.0 6.1x 10°° 69000

Acid a1-glycoprotein 0.2-0.4 5.6 10 %10 1.0x 10°° 40000
Apolipoproteins (globulins) 4.0- 9.0 20 105t0 3.0x 10°° 2 x 10°-3 x 10°
Haptoglobin {2-globulin) 1.0 1.2x 1075 85000
Hemopexin B1-globulin) 0.7 1.2x 1075 57000
Transferin B1-globulin) 2.9 3.8x 10°° 77000
Ceruloplasmin ¢-globulin) 0.4 2.5x 10°® 160000
Transcortin &;-globulin) 0.04 8.1x 1077 49500
Transcobalamin 94.6x 1078 1.6 x 10711 60000
apz-Macroglobulin 2.5 3.1x 106 820000
al-Antitrypsin 2.5 5.0x 10°° 50000

Protein binding metalo(;-globulin) 0.06 1.9x 1077 308000
Antitrombin 1l (az-globulin) 0.2 3.1x 1076 65000
Fibrinogen 4.0 1.2 10°° 340000
Imunoglobulines 4-globulins) 15.0-16.0 1.6c 104 to 1.7 x 10°° 150000-960000
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In all the cases, microbiological contamination of the sam- ations. Moreover, it is a multi-step process and is therefore
ples can cause either change of important characteristics ofsuspected to analyte loss. Finally SPE often involves a con-
the samples or introduction of new substances—metabolitescentration step through solvent evaporation and in this way
Suppression of the microorganisms can be done by deepit is not applicable to the extraction of volatile or thermola-
freezing, membrane filtration, chemical conservation or bile compounds.
physical treatment (thermal, photochemical, gamma and Compared with the solid-phase cartridge technique, the
X-ray irradiation sterilization). However, we should always disc solid-phase technique is relatively new with advan-
consider that every one of these approaches can potentialljtage of reduced bed mass (less capacity of retaining im-

influence also substances of interest. purities), no channeling, large flow area and rigid structure
[84]. Mixed-mode discs (combination of hydrophobic and
5.1. Conventional extraction procedures cation-exchange extraction mechanisms) achieved a higher

reproducibility SPE, reduction of volume of organic solvents

The most commonly used sample preparation techniquesand higher selectivity85].
include liquid—liquid extraction (LLE), protein precipitation In spite of the low capacity of disc, it has been ap-
and solid-phase extraction (SPE). These methods are laboplied for determination of methadone enantiomers in
intensive, increase the total analysis time and reduce the totakerum [118,119] The particle-loaded membranes and
recovery of the analyte of intereqd,7,81,82] particle-embedded glass fiber disks referred to generically

The extraction techniques like LLE are laborious, as disk technologies, are examples of alternative formats to
time-consuming and difficult to automate. They require rela- the cartridge design for SPB2].
tively large sample volumes-(L ml) and there is need for an Davankov and co-workerd20,121]described a micro-
internal standard due to a loss of analyte during a multi-step porous hypercrosslinked polystyrene sorbent Styrosorb for
sample manipulations. Moreover, the next disadvantage canextraction of non-polar compounds with extremely high ad-
be a production of emulsions with organic solvents; large sorption capacity, which readily adsorbs both nonpolar and
quantities of organic solvents which are often expensive, polar compounds. It has been used, for example, in sam-
toxic, carcinogenic and hazardous to the environment; aple clean-up of propranolol from serum and for stereose-
relatively low extraction efficiency and in some cases; in- lective determination ofR, S)-propranolol[122] as well as
sufficient reproducibility and a possibility of contamination. analysis of propranolol and its metabolites in blood plasma

Although there is a lot of disadvantages of LLE, it is [121]. Great hydrophobic surface area and the small pore
still employed for sample pretreatment of biological sam- sizes makes the material suitable for use as a restricted ac-
ples concerning their simplicity of performing (appropriate cess packing.
choose of organic solvents, pH, etc.) and it is still using  An alternative is the so-called micro-SPE (SPME). The
together with SPE for enantioselective as well as achiral dimensions of the sorbent beds are minimised in order to
determination of chiral drugs (s@@ble 4. An ideal sam- carry out the extraction in a disc or a packed pipette tip. In
ple preparation technique should be solvent-free, simple, exhaustive extractions with a solvent or on a solid-phase
inexpensive, efficient, selective and compatible with a wide the equilibrium between matrix compounds and drug is dis-

range of separation methods. turbed, leading to a shift towards the freely dissolved frac-
SPE became a widely used laboratory technique used fortion. An overview of the SPME applications for the analyses
sample preparation instead of deproteinization or [8H. of biological samples is described by Theodoridis ef&l].

SPE on disposable extraction cartridges can be directly The application of molecularly imprinted polymer (MIP)

coupled to HPLC. SPE columns provide higher chemical as chromatographic material in SP23] provides a combi-

selectivity than conventional LLE based only on different nation of polymer mechanical and chemical robustness with

solubility or distribution rates. An attractive feature of SPE highly selective molecular recognition comparable to bio-

is the availability of various extraction materials (including logical systems. Problems with peak broadening and tailing

numerous siloxane-bonded materials with different func- peaks play in this case only a minor role.

tional groups, porous synthetic polymers, immunosorbents Boos et al.[124] described a multi-dimensional SPE

and RAM), which favour and incorporate different types of sample-processing platform (so-called Six-S ProcEdure

interactions. (Six-SPE)), which involves a size-selective sample prepara-
In typical SPE, the sample is passed through a minicol- tion step followed by a solvent-switch. As a first application,

umn filled with an appropriate extraction material. In the they combine LiChrospher ADS RP-18 and Tramadol im-

most frequent case of drug trace analysis, compounds of in-printed polymer for on-line analysis of the analgesic drug

terest are retained on column while interferences are washedramadol in human plasma.

away. The analytes are recovered by eluting the column with

a proper solvent. SPE can also be automated and coupled.2. Column switching techniques

on-line to LC[83]. SPE has also some important limitations:

plugging of the cartridge or blocking of the pores by matrix A sample clean-up and an enrichment of traces of the in-

components, high elution volumes and batch-to-batch vari- vestigated compounds must be usually carried out prior to
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Table 4
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HPLC analysis of chiral drugs in biological matrices using LLE sample pretreatment

Drug Matrix Sample Analytical column LOQ Detection Influence of Reference
clean-up matrix
Citalopram Human plasma LLE Chirobiotic V 5 (ng/ml) FSC - [86]
Propranolol Human urine LLE Chiralcel OD 0.ud/ml) FSC - [87]
Trimipramine Human serum SPE Chiralcel OD-R 10 (ng/ml) uv - [85]
Ondansetron Human serum SPE Chiralcel OD-R 7 (ng/ml) uv - [88]
Halofantrine Erythrocyte pellets LLE Chiralpak AD 25 (ng/ml) FSC - [89]
Celiprolol Human plasma LLE Puresil C18 5 (ng/ml) FSC Non-directly [90]
Salbutamol Human urine LLE, SPE  Chifék 3022 10.4-10.8 (ng/ml) FSC Non-directly [91]
Bisoprolol Human plasma,urine LLE, SPE  Chiralcel OD 2 (ng/ml) FSC Non-directly[92]
Oxprenolol Rat plasma LLE Spherisorb C18 ODS-2 2.5 (ng/ml) FSC - [93]
Citalopram Human plasma LLE Chiral-AGP 1 (ng/ml) uv Yes [94]
(+)-Ethopropazine  Rat plasma LLE a{R-naphtyl)ethylurea 25 (ng/ml) uv - [95]
Praziquantel Human serum SPE Chiralcel OJ-R 5 (ng/ml) uv - [84]
Human plasma LLE Chiralcel OD-H 5.10 (ng/ml) uv - [96]
Bupivacaine Human plasma, SPE Chiral-AGP 8.10 (ng/ml) uv - [97]
ultrafiltrate
Thalidomide Human plasma SPE Bioptic AV-1 50 (ng/ml) uv - [98]
Propafenone Human plasma SPE Chiralcel OD-R 25 (ng/ml) uv - [99]
Labetalol Human plasma, urine  SPE Chit¥x3022 1.5-1.8 (ng/ml) - [100]
Losigamone Human plasma LLE Chiradex LiChroCart 0.00z8/l) uv - [101]
Diltiazem Human plasma LLE Ultron-OVM 1.8, 3.2 (ng/ml) uv - [102]
Ketoprofen Human plasma LLE Chiralpak AD 0.02g(ml) uv — [103]
Verapamil 4+ Human serum SPE Chiral-AGP 1.0-5 (ng/ml) FSC - [104]
metabolites
Tramadol Human urine LLE Chiralpak AD 80 (ng/ml) uv - [105]
Human plasma LLE Chiralcel OD-R 0.5 (ng/ml) FSC - [106]
Verapamil Human plasma LLE Ultron OVM - uv - [107]
Clenbuterol Human plasma LLE Chirobiotic T 0.25M) uv - [108]
Metoprolol Human urine SPE, LLE  Hypersil5 C18 5 (ng/ml) Psc Non-directly  [109]
Mefloquine Human plasma LLE ons 250 (nmol/l) FSC, U¥ - [110]
Capillary blood FSC 10 (nmol/l)
Ketoprofen Human plasma, urine  LLE Chiralpak AD - uv - [111]
Metoprolol Human plasma LLE Chiralcel OD 4 (ng/ml) FSC - [112]
Clenbuterol Bovine retinal tissue LLE LiChrospher 100 RP-18 5 (ng/ml) EC - [113]
Propafenon Human plasma LLE Chiralpak AD 25 (ng/ml) uv - [114]
Metoprolol Human plasma LLE Chiralpack AD 1 (ng/ml) FSC - [115]
SPE Chiralcel OD-H 5 (ng/ml)
Pantoprazol Human serum SPE Chiralcel OJ-R Oddrral) uv — [116]
Amlodipine Human plasma SPE Chiral AGP 0.5 (ng/ml) EC Non-directlyf117]

FSC: fluorescence detection; EC: electrochemical detection; (-) influence of biological matrix not mentioned within the article.
@ Derivatization with S-NEIC:S(-)-1-(1-napthyl)-ethylisocyanate.
b Derivatization procedure with FLEC:-(-)-1-(9-fluorenyl)ethyl chloroformate.

analysis. CSW is a powerful technique for the clean-up and the analytes on the precolumn are strongly retained, the elu-
separation of multi-component mixturfg7,125,126] The tion may require a high proportion of organic modifier. This
CSW includes all techniques by which the direction of the type of solvent system can cause a problem in the analysis
mobile phase flow is changed by valves, so that effluent from step. One limitation with conventional types of precolumns
a primary column is directed to secondary column for a de- is that the content of organic solvent that can be used in the
fined period of time. The transferred fraction must be recon- mobile phase is limited. High organic solvent concentration
centrated to reduce the dispersion of the analyte within the can cause buffer precipitation, which can clog the precolumn
chromatographic system and the dead volumes in the con-and/or connecting capillari¢$26]. Moreover, concentration
nections between columns and in switching valves must be of organic modifier (methanol, acetonitril, isopropanol, etc.)
minimized to achieve maximum separation efficiency. Des- higher than 15-20% precipitate plasma proteins, especially
orption of the analytes from the precolumn should occur in albumin, which can be present in blood or plasma sample at
as small volume of mobile phase as is possible to maintain. If high concentration levels.
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The simplest configuration consists of two columns con-  With a single mobile phase, columns may be of the same
nected by a switching valve and this has been succesfullytype but with different phase ratios or of different types. The
applied in many sample clean-up procedyie$,126] Two advantages of an isocratic mobile phase in CSW include
main problems are associated with direct injection of protei-
neous samples: strong and irreversible adsorption of somes ability to use one pump;
proteins combined with protein denaturation resulting in a e elimination of column regeneration time required in a gra-
rapid pressure build-up at the head of the column. Resolu- dient elution; and
tion decreases and the column lifetime is substantialy short-e capability to use gradient-incompatible detectors.
ened. The principle of CSW for sample clean-up is to trap, in
a primary column or precolumn, the fraction of the sample = The major disadvantage is that only a few components can
that contains the analytes. In most of cases, biological sam-be analyzed because of the limited peak capacity provided
ples are injected onto the precolumn, which retaines only by isocratic HPLC analysis.
small molecules. Interfering macromolecular compounds are The optimization of the chromatographic conditions
eluted to the waste whereas the cut-off effluent containing should include careful choice of the type of precolumn
the analytes is diverted to the secondary column or ana-(dimensions and packing), eluent conditions and system
lytical column, where they are separated for identification design, to obtain good recovery and minimum peak broad-
and/or quantification. The fraction of effluent to be further ening of the compounds of interest. The best enrichment
transferred may elute at the front (front-cut technique), in factors can be achieved by back-flushing the analytes from
the middle (heart-cut technique) or at the end (end-cut tech-the precolumn to the analytical colurfih125,126] Various
nique) of the poorly resolved zones from primary precolumn precolumns with different hydrophobicities are available
[125,127] Zone cutting probably is one of the most use- that have different extraction properties with respect to
ful and versatile of all CSW techniques. The different CSW apolar sample components.
sets-up were described in several revigW425,126,128] The goal of integrated sample preparation and analysis is

The simplest configuration described for processing of the complete elimination of matrix components that would
biological samples by CSW is so-called straight-flush mode. otherwise interfere with the separation and quantification of
Samples are initially chromatographed by precolumn, the the analytes. Optimization the fractionation step consists of
unwanted components being directly vented to waste. By achieving as large a time interval as possible betwgen
switching usually a six-port valve, the cut fraction of elu- (elution of the sample matrix) arg (start of the elution of
ate containing the analytes is directed to the analytical col- the analyte) on the precolunj8,129]
umn for further separation. A more powerful system can The CSW can tolerate many injections if the spe-
be achieved by operating in back-flush mode. This tech- cial precolumn packings are applied and ensure that the
nigue reverses the mobile phase flow through the precol- valve-switching times are set properly to flush the proteins
umn, so the analytes retained at the head of the precolumnfrom the precolumn completely. In a typical application
are directly transferred to the analytical column. The pre- of CSW, you can select the precolumn to either retain the
column can also be back-flushed to remove the componentscompound of interest or to allow it to pass unretained.
of the matrix that are strongly retained, after the fraction Moreover, CSW system definitely provides advantages over
of interest has been eluted; thereby the analytical column issingle-column systems in terms of their selectivity (ability
protected from contamination by late-eluting matrix com- to couple precolumns and analytical columns of different
ponents. The back-flush configuration also minimizes peak selectivities), detection sensitivity (analyte enrichment due
broadening. to larger sample volumes and reduced number of interfering

CSW is used for peaks) and higher variability of mobile phases and detection
modes. Employing reversed-phase packing in precolumn
proteins, salts an other highly polar compounds are eluted
to the waste, while from the other hand, endogenous com-
pounds are retained by precolumn before their injection to
the analytical columi6,7,125,129]

The on-line achiral-chiral systems were developed for
the determinations of metoprolol in human urife30];
verapamil and its metabolites in seruph04]; tramadol
The potential of the on-line CSW technique lies not only enantiomers in human urinfl05]; verapamil in human
in the selection of different modes for the primary and sec- plasma[131]; eliprodil in human plasma and urirj@32].
ondary steps but also in the ability to use different stationary Two different types of CSW set-up (single-pump sys-
and mobile phases to provide separation selectivity and ad-tem with ovomucoid CSP as well as two-pumps set-up
justment of retention factors of analytes. An important con- with teicoplanin CSP) were compared for determination
sideration in CSW is the requirement that the mobile phasesof propranolol enantiomers in rat blood microdialysate
must be compatibl§l25,126] [59].

e trace enrichment of selected analytes;

e improvement of resolution of part of a complex sample
(optimal resolution can be achieved by using different
separation modes, stationary phases and mobile phases)

e increase of sample throughput by using heart cutting,
back-flushing, front- or end-cutting and recycle chro-
matography
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5.3. Restricted access media support surface. It is based on hydrophilic materials that are
nonadsorptive for proteins, that is, porous glass materials
Conventional reversed-phase columns cannot toleratemodified by glyceryl (diol) ligands or porous polymeric sup-
larger volumes of biological fluids than several and ports (copolymers of oligoethylenglycol and methacrylates)
chromatographic performance of such columns deteriorates[151].
very rapidly. The backpressure also increases after injec- Rudolphi and Boo$133] compared several RAM pack-
tion of small volumes of biological fluids on such columns ings used in a single- and coupled-column mode and dis-
[129,133-135] cussed the advantages and disadvantages of the two ap-
A special type of packing material, so-called RAM were proaches for the determination of epirubicin and its metabo-
developed. Desilets et §1.36] introduced the term restricted  lites in human plasma.
access media, which expresses the limited accessibility of Alkyl-diol silica (ADS) sorbents, the ISRP sorbent, intro-
macromolecular sample compounds to the adsorption sitesduced by Boos et a]146] which has been developed for use
of porous supports surface due to their molecular size andas precolumn packing and for on-line liquid—solid extrac-
are eluted in the column void volume. RAM are tailor-made tion (LSE) and enrichment of hydrophobic compounds in
porous packing materials that prevent macromolecules suchproteinaceous fluids by classical reversed-phase or ion-pair
as proteins from penetrating the pores but allow free accesschromatography.
for low molecular weight compounds. The different types  The on-line LSE with the RAM is based on the complete
of RAM have been classified and reviewed in some publi- non-adsorptive size-exclusion of macromolecules (such as
cations[137-140] Beside size exclusion, which plays the proteins) and on the simultaneous extraction and enrichment
dominant role in the restricted retention of proteins, irre- of low-molecular weight target compounds (such as drugs).
versible protein binding and accumulation is prevented by LC-integrated sample clean-up of fluids using such materi-
the generation of a protective, non-adsorptive, hydrophilic als like LiChrospher RP-ADS and coupled CSW has some

outer packing surface by a protein coatjig1-143] poly- advantages: repeated direct injection of untreated fluids,
mer coating138,144,145]or enzyme-catalyzed hydrolysis quantitative removal of the matrix, on-column enrichment
[146]. of analytes, quantitative, matrix-independent analyte recov-

New kind of silica-based RAM has been tested by Chiap ery, no requirement for addition of an internal standard,
et al.[147]. The outer surface of RAM contains hydrophilic total automation, safe handling of hazardous or infectious
diol groups, while sulphonic acid groups are bound to the samples, high number of analysis cycles and low costs per
internal surface, which gives the sorbent the properties of aanalysis[152].
strong cation-exchange towards low molecular mass com- LiChrospher RP-ADS has a pore diameter of approxi-
pounds (atropine, fenoterol, ipratropium, procaine, sotalol, mately 6 nm (physical diffusion barrier) and excludes spher-
terbutaline). The internal surface reversed-phase (ISRP)ical macromolecules (e.g. proteins) having a relative molar
packing has a hydrophobic or ion-exchange partitioning mass larger than 15,000 in the void volume of a packed
phase on the internal surface and a hydrophilic diol phasecolumn. It possesses two chemically different surfaces.
on the external surface. Gisdi44], and Feinbush and The outer surface (glycerylpropyl, i.e. diol moieties) of the
Santasanig148] introduced shielded hydrophobic phase supportis hydrophilic, electroneutral and non-adsorptive to-
(SHP) which has a hydrophilic polymer through the bond- wards proteins. This means that the protein matrix of a bio-
ing of polyethylene oxide to porous silica with hydrophobic logical sample can be directly flushed into the waste as the
groups embedded in the polymer. Polyoxyethylene (or applied precolumn excludes the macromolecules in the void
polyethylene glycol (PEG)) network with a phenyl phase volume. Meanwhile, the analyte fraction having free access
enclosed within the polymer mesh. Williams and Kabra to the binding centers at the hydrophobic internal surface
[149] reported novel dual-zone materials (DZM) having of the porous particles is selectively extracted and enriched
perfluorobutylethylene dimethylsilyl (PFB) and octade- at the stationary phase of the precolumn. The bonded phase
cylsilyl groups on external and internal zones, respectively. which exclusively covers the internal pore surface of a
A hydrophilic perfluorobutyethylene dimethylsilyl phase is glyceryl-modified silica is a butyryl-(C-4), capryloyl-(C-8)
bound to the outer surfaces of the silica and alkyl-bonded or stearoyl-(C-18) moiety. The broad hydrophobic retentive
phase on the inside of the packing. capability of these packings permits chromatographic de-

The semi-permeable surface phase (SPS) is based on théerminations of a wide variety of compounds in biological
non-ionic surfactants coated on reversed phase silica. Poly-matrices Table 5. Out of the three types of LiChrospher
oxyethylene was both adsorbed hydrophobically (through RP-ADS phases covering the whole range of hydrophobic
the use of non-ionic surfactants) and covalently bonded retention factors, the most suitable precolumn for a given
to reversed-phase HPLC packings, thereby establishinganalyte has to be determined in each specific {538].

a semi-permeable hydrophilic layer over the alkylsilane As compared to Pinkerton sorbents GFFIl (ISRP type)
[138,150] [127], ADS sorbents proved the higher adsorption capacity.

Mixed-functional phases (MFP) combine different chro- For example, the lifetime of ADS exceeds more than 200 in-

matographic modes or different functionalities on a uniform jections of 50Qul of plasma)[161]. Centrifugation of sam-
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Table 5
HPLC analysis of chiral drugs in biological matrices by sample pretreatment using LiChrospher ADS precolumn in column switching technique
Drug Matrix LiChrospher ADS precolumn Analytical column Reference
Methylphenobarbital Human plasma RP-18 Chiralcel OJ-R [153]
Atenolol Human urine RP-18 Chirobiotic T [154]
Ketoprofen Plasma RP-18 Chiral-HSA [155]
8-Metoxypsoralen Plasma RP-8 LiChrospher RP-18 [156]
Drugs and metabolités Plasma, serum RP-18 LiChrocart RP-18 [152]
Propafenon Serum RP-18 Gromsil ODS AB [157]
Pirlindole Human plasma RP-4 Chiralcel OD-R [158]
Propranolol Blood RP-8 Ultron-OVM [59]
Microdialysate RP-18 Chirobiotic T
Bupivacaine Plasma RP-18 Kromsil C18 [159]
Arachidonic acid Urine RP-18 Hypersil ODS [160]
Cortisol Plasma LiChrospher 100 RP18

a Talinolol, celiprolol, metoprolol, trimterene, trimethoprim, tiracizine, articaine, detajmium, ajmaline, lamotrigine.

ples, use of in-line filters and addition of organic modifiers  This type of sorbent has been applied for determination
to the mobile phase can prolong the life of precolumns and of ibuprofene, naproxen, propranolol, carbamazepine and
analytical columns. phenytoin in human plasn{a67]. Two different extraction

Although the aforesaid recommended pretreatmets andcolumns have been tested, BioTrap Amine C18 (for extrac-
procedures for an optimal column lifetime were maintained, tion of basic drugs) and BioTrap Acid C18 (for extraction
some problems with a change of retention times or increaseof acidic drugs). The external surfaces are identical, but the
of the precolumn backpressure occured during the analy-internal surface of amine precolumn is end-capped for min-
ses of selected analytes with different hydrophobicity and imization of peak broadening on the extraction column.

lipophilicity (atenolol, pindolol, propranolol) arosen. De- By combining the Chiral-AGP chromatography of
tailed investigation of sample behaviour on ADS precolumn amlodipine with the achiral HPLC on a narrow bore col-
has been discussed by MiSlanova and H{&&2]. Similar umn Zorbax SB-Ph in a coupled-column system a sensi-
effects have been described by Lamprecht ef1d4] for tive on-line assay for determination of amlodipine enan-
enantioselective HPLC analysis of atenolol in human urine tiomers was obtained. Since the peaks from the Chiral-AGP
and plasma samples. were broad, they were trapped on short hydrophobic

Yu and Westerlund163] have studied the chromato- reversed-phase columns CT-sil Phenyl before final chro-
graphic behaviour of two types (ADS and SPS supports) matography with high sensitivity electrochemical detection
of RAM in CSW system with regard to peak performance, [117].
retention and column backpressure. There were observed
no differences between the individual columns. The results
indicate that the surfaces of packings have been altered by6. Measurement of unbound drug concentration
proteins after loading a large quantity of plasma. Being
adsorbed on the sealings and/or the external and internal Measurement of the total drug concentration does not pro-
surfaces through hydrogen bonding, proteins may act asvide the needed information concerning the unbound frac-
new surfaces. tion of drug in plasma, which is available for distribution,

The increase of column dead volume may mainly be at- elimination and pharmacodynamic actif$)168,169] Ac-
tributed to these effects and broadening or deformation of curate determination of unbound plasma drug concentra-
inert peaks observed on all columns after plasma injection tions is essential in the therapeutic drug monitoring of drugs.
supports the hypothesis of the change of surface charac-Protein binding has a great influence on drug distribution,
teristics. It seems that majority of pores available to the elimination and pharmacodynamic action. Highly plasma
analyte, i.e. the hydrophobic ligand, is not affected by such protein-bound drugs typically have a relatively low volume
adsorption. of distribution since their strong association with plasma pro-

Unlike ADS sorbents, BioTrap 500 is a new generation teins confines them to vascular spaces. On the other hand,
column, which is based on the same basic principles, but thedrugs that remain largely unbound in plasma are generally
surface chemistry is different. The particles have a biocom- available for distribution out of the vascular system. The vol-
patible outer surface and C18 groups on the surface within ume of distribution is also affected by the magnitude of drug
the pores. The biocompatibility has been obtained by at- binding by tissue proteins. Unbound drug concentration is
taching the plasma AGP to the outer surface of the silica also important in consideration of drug clearance. Plasma
particles[141,142,164-166] protein binding is dependent on drug concentrations over the
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therapeutic range. A drug—drug protein binding interaction and/or to monitor biotransformation. Its potential is valuable

is known to alter drug binding to plasma proteins. Changes also for chiral drugs, where different enantiomeric ratios

in the fraction of unbound drug can result in changes in drug in plasma and tissues may occur as a result of complex
concentrations available at the biological target site (recep- distribution phenomena or different metabolic pathways and
tors/channels/membranes). reaction route$172—174]

Many methodologies are available for determination of  Microdialysis is based on the principle that solute dif-
the extent of plasma protein binding of drugs. In the clinical fusion between two compartments separated by a semi-
evaluation of drug therapy, equilibrium dialysis, ultrafiltra- permeable membrane results from the concentration gradient
tion and ultracentrifugation are the most routinely utilised of particular low molecular substance across the membrane.
methodg8,170] The characterisation of the interactions be- These two compartments are represented by the tissue ex-
tween drug and protein molecules is essential for the assesstracellular fluid and the artificial physiological perfusion
ment of the pharmacokinetic implications of drug—protein fluid inside the microdialysis probe. A MCD probe contain-
binding. ing a dialysis membrane is surgically implanted in a blood

Equilibrium dialysis employs a dialysis cell that con- vessel, fluid containing space or tissue space. The perfusion
tains two reservoirs (with plasma and buffer) separated by physiological fluid (the ionic strenght and pH will match
a semi-permeable dialysis membrane. This membrane withthose of the extracellular space) is continuously pumped
various molecular weight cut-offs (MWCO) is available and at low flow rates through the probe and unbound drug in
should be selected on the basis of the molecular weight of thethe blood or tissue fluid diffuses across the membrane into
compounds and proteins of interest. After reaching equilib- the probe via a concentration gradient. Endogenous (such
rium, the fluid from each reservoir is removed and analysed as hormones) and exogenous (such as drug and its metabo-
for drug concentration. Since the post-dialysis drug concen- lites) compounds can cross the dialysis probes and can be
tration in the buffer reservoir will be in equilibrium with  collected over time and transported for the next analysis. On
unbound concentration, in the plasma reservoir, the drugthe other hand, large molecules (such as proteins and com-
concentration in the buffer is unbound concentration. Equi- plexes drug protein) are excluded by the dialysis membrane.
librium dialysis is an in vitro technique and so used buffer ~ MCD probes generally consist of an inlet tube, a semi-
solution is usually not physiologically identical to serum. A permeable membrane and an outlet tube, and are commer-
major disadvantage is that the drug concentration in plasmacially available in various sizes, design and matefia#5].
changes from its initial value. This is important for drugs ex- Basically, there are four probe geometries: linear, loop,
hibiting concentration-dependent binding. Equilibrium dial- side-by-side and concentric. The choice of probe geometry
ysis is also somewhat time-consuming. depends on the site of placement. Linear and loop styles

The drug-containing plasma is placed in an ultrafiltra- are typically suitable for sampling soft peripheral tissue
tion unit (two reservoirs separated by a filt¢t)/1]. The such as liver, muscle, skin and tumor. Both side-by-side and
filter allows low molecular mass substances of plasma concentric types of probe have the inlet and outlet tubes po-
pass through, while larger molecules, such as plasma pro-sitioned in a parallel fashion, thus requiring only one-point
teins, are retained. As the plasma sample is filtered, theof entry into the tissue. Dialysis membrane performance
ultrafiltrate is considered to contain unbound fraction. A is characterized by the molecular weight at which 90% of
disadvantage of ultrafiltration is that the protein concentra- the solute will be retained (preventing from permeating) by
tion in the plasma sample is concentrated as plasma wateithe membrane. This value is called the molecular weight
is filtered (concentration polarization of the filter). Only a cut-off. It is controlled by the size and shape of the pores in
small volume of ultrafiltrate should be collected to main- the membrane. Separation efficiency is influenced by pore
tain an appropriate protein concentration in the reservoir. size distribution and the presence of a substantial number
Small ultrafiltrate volume of drugs with extensive protein of pores much larger than the average will allow leakage of
binding may produce an ultrafiltrate drug concentration high molecular weight solutgd69,174]
that is below the limit of measurement of the assay method All dialysis membranes are made of highly biocompatible
[8]. and inert materials, such as cellulose acetate, regenerated

The use of microdialysis perfusion is proposed as an al- cellulose, polycarbonateether copolymer, polyacrylonitrile
ternative to these techniques (e.g. dialysis, ultrafiltration) to and polyther sulfonate. The MWCO expressed as a relative

study drug—protein interactions. molecular mass is from 5000 to 100,000 thus allowing a
variety of chemicals to be sampled by microdialydig5].
6.1. Microdialysis One of the critical and most difficult questions in micro-

dialysis is how to estimate the true concentration of an an-

This sampling methodology is undoubtedly an in vivo alyte in the interstitial fluid of the tissue from the measured
experimental alternative to the commonly used indirect in concentration in the dialysate. The dynamic nature of mi-
vitro methods, since it enables one to visualise free (i.e. crodialysis due to the continuous perfusion of dialysate fluid
protein-unbound) concentration, at the site of drug action,  and removal of the analyte, normally results in analyte con-
or eventually in tissues acting as drug depot compartmentscentration in the dialysate being less than that in the extra-
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cellular fluid. The ratio between these two concentrations is  However, from an analytical point of view, three inherent
commonly expressed as a percentage and defined to be ther potential problems could be identified by:

relative recovery. Absolute recovery is defined as the mass
of an analyte collected in the dialysate during a defined time
period. The term recovery will be used hereafter to refer to
relative recovery because it is most often the parameter of
interest. The recovery expresses the degree of equilibrium
reached176].

Since equilibrium is not achieved, it is essential that drug This means that relatively sensitive analytical techniques
recovery across MCD membrane is quantitated. An in vitro are required to measure drug concentrations, particularly for
method accomplishes this by placing the MCD probe in a highly bound drugs.
buffer containing a known concentration of drug. The drug  The temporal resolution of these sampling intervals de-
concentration of the dialysate after perfusing the solution can pends on the sensitivity of the analytical method employed
be determined and used to calculate recovery. Concerningand the time needed to perform the analy4i§9]. Sev-
the relative recovery of intravenous (i.v.) microdialysis sam- eral analytical methods have been employed to measure
pling, it has been shown previously by Lunte and co-workers compounds of interest in microdialysates. However, while
that probe recoveries determined in vitro correspond well to MCD sampling is a continuous sampling method, LC re-
probe recovery placed intravenou$tyr2,173,177,178] quires discrete samples. The dialysate is collected over

It is important to recognize that MCD sampling is a con- some fixed time interval to provide the required sample
tinuous process that results in drug concentration versus timevolume. The high temporal resolution of microdialysis is
data that are a reflection of the mean analyte concentrationlost and becomes dependent upon the sample requirements
(concentration averaging) at the sampling site over a dis- of the chromatographic system. To minimize the sample
crete time interval. This contrasts with traditional pharma- volume required and therefore increase the temporal resolu-
cokinetic sampling in blood or tissue which yields instant tion of the experiment, microbore chromatographic systems
drug concentrations at discrete time points. are often employed with MCD sampling.79-181,184]

There are many factors that can affect MCD probe re- The on-line system provides a near real-time response
covery. Characteristics of analyte (molecular weight and to multiple chemical species in an awake, freely moving
charge), probe membrane (surface area, pore size, interacexperimental animglL80].
tion between the analyte and the membrane) and perfusion A methodological risk may reside in contamination of an
medium (composition, flow-rate, temperature) will all affect incorporated CSP by remnant low-molecular mass endoge-
the rate of diffusior[175]. nous components of a microdialysate matrix which may lead

The greatest advantage of using MCD is that free analyte to fouling of the CSP resulting in diminishing enantioselec-
(drug) concentration can be determined i.v. With MGP, tivity. A general problem with chiral separations, especially
can be measured directly from the plasma or tissue fluid of in the case of protein-based columns (CBH-I, OVM, AGP)
interest over a desired time period. often resides in relatively poor efficiency, which causes a

In spite of volume limitations, MCD sampling provides decrease of the peak height and hence a lower detection
several advantages over conventional techniques includingsensitivity. On the other hand, the teicoplanin CSP provided
a means of continuous sampling with no fluid loss. No in- a good stability and efficiency for determination of propra-
ternal standard is needed and drugs can be separated fromolol enantiomers in rat blood microdialysate as compared
enzymes that might catalyze their degradation. Moreover, to OVM-CSP[59]. Some authorgl82,183]proved and val-
the volume of the sample is constant and the concentrationsidated already a rather complicated three-step procedure for
of the components of the sample do not change during thestereoselective determination@fblockers (propranolol, al-
experiment. The fact that no fluid is removed from or in- prenolol, metoprolol) in microdialysates: initial enantiosep-
troduced into the system during the process is especiallyaration was followed by trapping and on-column sharpening
advantageou$l74]. Microdialysis results in obtaining of  of the individual enantiomers on two separate achiral pre-
minute quantities of relatively simple, basically protein-free columns which were sequentially switched in-line to an
matrix (according to the cut-off and chemical properties achiral analytical column, increasing finally the separation
of the membrane used})72,179-181)which in principle, efficiency and detection sensitivity (employing CBH-I CSP).
could be injected directly into HPLC system via a sophis-  In studies of the distribution and metabolism of exoge-
ticated on-line interfacgl79,180]or simply via an off-line nous compounds (i.e. pharmacokinetic studies), there is
transfer[181-183] On-line systems, reduce the problems no baseline concentration of the exogenous substance (i.e.
associated with sample transfer and evaporation of the smalldrug and/or its metabolites) to which subsequent measure-
volume microdialysates. On-line coupling of the analytical ment can be related. The interpretation of data derived from
instrumentation to the sample flow allows for the analysis pharmacokinetic studies utilizing MCD therefore requires
of samples in near real-time, providing rapid feedback of an understanding of the qualitative and quantitative process
data. involved.

e usually relatively small recovery of the microdialysis
probe used;

¢ low amount (fraction) of free drug to be analysed in case
of highly protein-bound drugs; and

e low perfusion rates resulting in small sample volumes.
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7. Column maintenance and remedy of topics for creative application in separation science, in-
cluding HPLC. Knowledge of relations of drugs and biolog-
Despite analysts’ best attempts to protect HPLC columns ical matrices stereochemistry, composition and interactions
from foreign substances, certain analyte-matrix combination as studied by various branches of science, e.g. pharmacody-
can effect stationary phases detrimentally. Contaminatednamics and pharmacokinetics is also potentially transferable
columns can generate poor peak shapes, nonreproduciblédPLC analysis of chiral drugs. However, more often we con-
retention, high backpressures and baseline artifacts. Majorssider biological matrix as an enemy hindering our effort to
[185] discussed about cleaning procedures for bonded-silicaseparate and analyze similar substances—enantiomers, and
as well as other types of reversed-phase columns in de-not only them.
tails. When contamination results from the accumulation In the review article basic properties and composition of
of strongly retained substances from repeated injections, amost common biological matrices of clinical and pharma-
simple washing process to strip these contaminants oftencological interest are discussed. Analytical approaches to
can restore column performance. A recommended columnchiral HPLC of drugs are discussed and attempt to reveal
washing system with organic solvents and reagents (suchmatrix effect is presented. Surprisingly, in reviewed articles
as 100% methanol, 100% acetonitrile, 100% isopropanol, information on negative consequences of biological matrix
etc.) that can break the interactions with the bonded phaseis mentioned only seldom. The reason can be either per-
or underlying silica surface can clean these columns. In fect sample pretreatment and/or clean-up by conventional
case of protein residues from biological matrices (plasma, extraction procedures, column switching techniques using
serum, urine), neat organic solvents such as acetonitrilerestricted access materials, microdialysis, etc. or good habit
or methanol do not dissolve peptides and proteins and areto publish only positive and acceptable results. Measure-
ineffective for cleaning reversed-phase columns. However, ment of unbound drug concentration and discussion of col-
mixtures of organic solvents with buffer, acids (acetic acid, umn maintenance and remedy is an example of areas where
trifluoroacetic acid, etc.), bases (triethanolamine, etc.) and knowledge on complex properties and interactions is use-

sometimes, ion-pairing reagent can be effective.
If metallic ions are sorbed to the silica or bonded phase,
washing with organic solvents can fail to remove the col-

fully applicable.

umn contaminants. A chelating reagent such as 0.05mol/I9. Nomenclature

ethylenediaminetetraacetic acid (EDTA), citric acid or the
other chelating agents can be flushed through the column.HPLC
The EDTA creates soluble complexes with many metallic LC
species and dissolves them. If the sample matrix containsCSW
ionizable compounds, the change of pH could put them into RAM
an nonionized form and they can be flushed from the col- CSP
umn with water—organic solvent mixtures. CMPA
We suggested the process of the precolumn treatment emHSA
ploying the cleavage effect of proteolytic enzyme pepsin AGP
(0.1% solution in 10 mM HCI, pH 2) for removal of poten- CD
tially adsorbed protein molecules in combination with re- OVM
lease of metals by EDTA complexation (1 mM, pH 6) for OVG
removal of metals (mainly Fe)L62]. Due to the fact that  AVD
bioassays are run frequently using conventional stainlessFLA
steelinstrumentation (that gradually dissolves at trace levels)CBH |
and also biological sample usually contains constitutional LOD
metals released during sample collection and/or treatment—LOQ
formation of mixed complexes is probably the main source LLE

of troubles. SPE
LSE
SPME

8. Conclusion MIP
ISRP

Role of biological matrices in the analysis of (not only) SHP
chiral drugs is ambiguous. Biological matrices are unavoid- PEG
able items in very important fields of clinical (pharmaco- DZM
logical, partly environmental and the other) analyses. They, PFB
their properties and intrinsic behavior, as well as their in- SPS
teractions with the analytes can serve as a potential sourceMFP

high-performance liquid chromatography

liquid chromatography
column switching

restricted access media
chiral stationary phase
chiral mobile phase additive
human serum albumin
az-acid glycoprotein
cyclodextrin

ovomucoid

ovoglycoprotein
avidin

flavoprotein
cellobiohydrolase |

limit of detection

limit of quantitation
liquid—liquid extraction
solid-phase extraction
liquid—solid extraction

micro solid-phase extraction
molecularly imprinted polymer
internal surface reversed-phase
shielded hydrophobic phase
polyethylene glycol
dual-zone material
perfluorobutyethylene
semi-permeable surface
mixed-functional phase
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ADS alkyl-diol silica

MCD microdialysis

MwWC molecular weight cut-off
EDTA ethylenediaminetetraacetic acid
FSC fluorescence

uv ultraviolet

EC electrochemical

iv. intravenous

Cr free drug concentration

AH enthalpy change

AS entropy change

AG change of Gibbs free energy
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