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Abstract

In this report the affinity high-performance liquid chromatography data, which were determined on silica-based human
serum albumin, a -acid glycoprotein, keratin, collagen, melanin, amylose tris(3,5-dimethylphenylcarbamate), and basic fatty1

acid binding protein columns, are discussed. Using a quantitative structure–retention relationship (QSRR) approach the
affinity data were interpreted in terms of structural requirements of specific binding sites on biomacromolecules. The unique
chromatographic properties of immobilized artificial membrane and cholesterol stationary phases were also analyzed from
the point of view of mimicking biological processes. It has been demonstrated that chemometric processing of appropriately
designed sets of chromatographic data derived in systems comprising biomolecules provides information of relevance for
molecular pharmacology and rational drug design.  2002 Elsevier Science B.V. All rights reserved.
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cretion and receptor activation are similar to the kinetic properties of drugs [22–24] as well for
processes governing chromatographic separations. predicting human skin permeation of various organic
The same basic intermolecular interactions determine substances [25–27].
the behavior of chemical compounds in both the The HPLC and CE separation techniques have
biological and chromatographic environments [1]. been found to be a convenient tool to quantify

High-performance liquid chromatography (HPLC) drug–protein binding. In recent years Gao et al. [28],
and capillary electrophoresis (CE) techniques allow Hage and Tweed [29], Heegaard et al. [30] and
for inclusion of biomolecules as active components Shibukawa et al. [31] published reviews concerning
of separation systems. The extreme complexity of studies on drug–protein interactions by HPLC and
biological systems limits rational design of an in- CE.
dividual separation system that would directly mimic Combination of biochromatography and chemo-
a given biological system. On the other hand, HPLC metrics was demonstrated to provide information of
and CE are unique techniques that can readily yield a relevance to molecular pharmacology and rational
great amount of diversified but precise and reproduc- drug design. That research strategy was introduced
ible data. It can be presumed that chemometric and developed in the 1990s [3,32]. The first review
processing of appropriately designed and selected concerning discussion of data from affinity HPLC in
sets of chromatographic or electrophoretic data can terms of chemometrics was published in 1998 [33].
reveal systematic information regarding both the In the present report emphasis will be put on the
analytes and the affinity stationary phases studied achievements in this field during the last 3 years but
[2,3]. some important earlier papers will be mentioned

The first reports on the use of protein stationary briefly.
phases (PSPs) for HPLC appeared as early as the
1980s [4–6]. For the purpose of chiral separation of
drugs, the stationary phases containing serum pro- 2. Human serum albumin column
teins, such as a -acid glycoprotein (AGP) [7],1

bovine serum albumin (BSA) [8] and human serum Human serum albumin (HSA) is a serum protein
albumin (HSA) [9] were introduced. Also, for enan- of ca. 65,000 Da molecular mass. HSA shows
tiospecific separations of drugs other protein-bound affinity mainly to acidic and neutral drugs. It plays
phases such as ovomucoid [10], avidin [11], flavo- an enormous role in drug action because only the
protein [12] as well as enzyme-bound phases such as free, unbound fraction of a drug in blood undergoes
cellulase [13], trypsin [14], a-chymotrypsin [15], distribution. Therefore, affinity HPLC on immobil-
lysozyme [16] and pepsin [17] were developed. The ized human serum albumin protein stationary phases
low molecular mass proteins such as riboflavin (HSA–PSPs) can serve as a convenient tool for
binding proteins (RfBPs) [18] or basic fatty acid- studying drug–protein interactions [34,35].
binding protein (bFABPs) [19] were also used as In 1992 the first QSRR studies of HPLC retention
chiral selectors. A wide range of compounds were on the HSA phase were reported [36,37]. Firstly, a
separated on the protein-bonded columns, however set of 22 benzodiazepine derivatives consisting of
there is still a need to search for new PSPs which achiral and chiral compounds was chromatograph-
will be able to separate specific important analytes. ically analyzed. Next, the structures of compounds

Although not actually containing biomacromole- were characterized by means of quantum chemical
cules, interesting from the view point of bioanalysis and molecular modeling calculations. Based on
are the immobilized artificial membrane (IAM) multiple linear regression (MLR) analysis, retention
stationary phases introduced by Pidgeon and co- parameters of the first- and the second-eluting en-
workers [20,21]. These phases resemble natural antiomers were described by structural descriptors
membranes that are composed of lipids with a polar obtained from molecular modeling. According to the
headgroup and two nonpolar chains. Chromatographic derived QSRR, the structural requirements for two
retention parameters determined on the IAM col- postulated modes of benzodiazepine binding to HSA
umns appeared suitable for modeling pharmaco- were suggested (Fig. 1) [36]. Binding of the first-



768 (2002) 55–66 57M. Markuszewski, R. Kaliszan / J. Chromatogr. B

analysis the QSERR equations with a good predic-
tive ability were constructed. The authors [38]
correlated the chromatographic retention factors k9 of
first and second eluted enantiomers with hydropho-
bicity (log P) and molecular volume of the analytes.
Statistically significant correlations were observed in
both series of enantiomers and in each one retention
increased with increasing hydrophobicity. Replacing
log P by molecular volume gave very similar
correlation in case of first eluted enantiomers. Corre-
lation between the k9 of second eluted enantiomers
and their molecular volumes surpassed that achieved
with log P.

The observations derived from the relationships
between molecular volume and enantioselectivity led
to the conclusion that the binding site at which
enantioselective binding occurs is a chiral cavity
with defined steric features. For the series of arylcar-
boxylic acids maximum enantioselectivity was ob-

3˚served when the molecular volume was 136 A ,
suggesting that the optimum chiral selector / selectand
fit occurs with solutes near this value.

Chromatographic retention data of the 12 arylcar-
boxylic acids were also correlated with structural
descriptors derived from computational chemistry
[38]. Based on multiple regression analysis theFig. 1. Two postulated modes of benzodiazepine binding to

human serum albumin [36]. ‘‘best’’ relationships between retention data of the
9 9first and the second eluting enantiomers, k and k ,1 2

eluting enantiomers of benzodiazepines takes place respectively, and structural descriptors: MLP (molec-
within a hydrophobic cavity in HSA. Substituents at ular lipophilicity potential), E (total energy), E-tot

N , C and C of the benzodiazepine system provide State sum (electronic state sum) and MEP (molecular1 2 5

spatial orientation of the analyte molecules within electrostatic potential) were developed:
this cavity. The binding mode of the second-eluting

9ln k 5 4.782 MLP 2 3.223E 1 6.6121 int totenantiomer involves hydrophobic and electrostatic (1)
n 5 12; R 5 0.954; F 5 45.29; s 5 2.323interactions. Thus, it has been postulated that in

addition to the hydrophobic cavity, there must be a
9ln k 5 497.3 MLP 1 2.910 E-State sum2 meancationic region in close proximity. The structure of

1 2.194 MEP 2 31.24the HSA–benzodiazepine binding site that has min

emerged from QSRR analysis appears to be con- n 5 12; R 5 0.973; F 5 46.57; s 5 2.623 (2)
sistent with the structure derived from X-ray crystal-
lographic studies. where n is the number of analytes considered in

Andrisano et al. [38] presented quantitative struc- deriving the regression equation, R is the multiple
ture–enantioselective retention relationships correlation coefficient, F is the value of the F-test of
(QSERRs) for a series of 12 structurally related significance and s is the standard error of estimate.
chiral arylcarboxylic acids chromatographed on QSERR studies led Andrisano et al. [38] to the
HSA. The effects of solute structure on observed conclusion that enantioselective retention of the
chromatographic retentions and enantioselectivity solutes takes place at the indole–benzodiazepine site
were investigated. By means of linear regression (site II) on the HSA molecule. The predominant
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hydrophobic interactions limited by steric volumes of important physicochemical parameter influencing the
the solutes affect the chiral recognition mechanism. affinity for the HSA stationary phase for all the
Additionally the electrostatic interactions that take enantiomers.
place between the carboxylate moiety of the solute Beaudry et al. [40] presented a paper describing
and the cationic groups located in site II stabilize the determination of binding between various drugs and
binding complex. human serum albumin using a HSA column and a

In 2000 Andrisano et al. [39] published another QSRR approach. For a series of 40 structurally
study on binding characteristics of a series of unrelated pharmaceuticals with binding affinity rang-
substituted hydroxypropionic acids to HSA station- ing from 0 to 99%, chromatographic data including
ary phase. QSRR analysis was performed to obtain retention time, peak width and k9, were used to
insight into the chiral recognition mechanism. Using evaluate protein binding. A good correlation coeffi-

2multiple regression analysis, the chromatographic cient (r 50.799) was observed for the relationship
retention data of the compounds were described in between chromatographic retention data and the
terms of various molecular descriptors derived from percentage of binding determined in standard slow-
molecular modeling. As the obtained log P values equilibrium experiments.
did not differentiate lipophilicity for the erythro and
threo stereoisomers, the lipophilicity parameters log
9k were determined by reversed-phase HPLC. Thew

9parameter log k expressed the chromatographic 3. a -Acid glycoprotein columnw 1

retention factor extrapolated to the pure water in
mobile phase. According to the chromatographic a -Acid glycoprotein (AGP) is one of the main1

behavior displayed on the HSA column, all the threo serum proteins, which is characterized by the prefer-
9diastereoisomers showed higher log k values than ential binding of basic drugs [41]. The prevalentw

the corresponding erythro diastereoisomers. opinion is that AGP has only one binding site which
The quantitative relationships between retention binds drugs through hydrophobic and electrostatic

observed on HSA chromatographic column and interactions [42,43]. However, neither log P [42,44]
physicochemical descriptors of analytes were studied nor pK [45] could account for binding differencesa

by means of regression analysis and the partial least within small sets of tested drugs.
square (PLS) method. The ‘‘best’’ obtained equa- Nasal et al. [46] and Kaliszan et al. [24,47]
tions describing retention of both the first and the determined retention factors, log k , for 52 basicAGP

second eluting enantiomers on HSA comprise of a drugs of diverse chemical structures and pharmaco-
lipophilicity parameter measured by HPLC: logical activities on an AGP stationary phase. Addi-

tionally, for the same set of compounds the retention
9 9log k 5 0.574(60.084) log k 2 1.731(60.446) factors were determined on an immobilized artificial1 w

membrane (IAM) column, log k . Molecular2 2 IAMn 5 10; r 5 0.969; S.D. 5 0.095; q 5 0.944; modeling calculations were used to determine struc-
tural parameters of the compounds analyzed. TheF 5 249.31 (3)1,8

following parameters were found significant in de-
scribing retention on the AGP column: N , electronch9 9log k 5 0.545(60.054) log k 2 1.463(60.285)2 w excess charge on an aliphatic nitrogen atom and S ,T

2 2 surface area of a triangle having one vertex on then 5 10; r 5 0.986; S.D. 5 0.061; q 5 0.976;
aliphatic nitrogen and the two remaining vertices on

F 5 547.53 (4)1,8 the furthest positioned atoms in the drug molecule
(Fig. 2) [47]. The QSRR equation relating retention

Based on the above equations and having in mind on chemically immobilized AGP to the hydropho-
that no other descriptor was found to significantly bicity measure, log k , electron excess charge onIAM

improve the correlation, the authors [39] concluded aliphatic nitrogen, N , and a size parameter of drugs,ch

9that the lipophilicity expressed by log k is the most S , has the form:w T
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to the spike of the cone. The probable mechanism of
binding is as follows: protonated aliphatic nitrogen
guides drug molecules towards the anionic region.
Hydrophobic hydrocarbon fragments of the interact-
ing drugs fix the molecules in the lipophilic regions
of the binding site. Steric restriction inhibits the
ability of the molecules to enter into the binding site.
Asymmetric charge distribution accounts for the
observed enantioselectivity of binding to AGP.

Karlsson and Aspergen [48] used statistical ex-
perimental design [49,50] to compare two commer-
cially available protein chiral stationary phases: a -1

acid glycoprotein (Chiral-AGP) and cellulase (Chi-
Fig. 2. Graphical presentation of structural descriptors (N , S ) of ral-CBH) immobilized to silica particles. Using 12ch T

drugs chromatographed on an a -acid glycoprotein (AGP) column1 structurally closely related amino alcohols as the test
used in QSRR studies [47].

solutes, enantioselective retention on the two protein-
based supports was studied. For each column three

log k 5 0.6577(60.0402) log k important mobile phase descriptors which improvedAGP IAM

the chiral recognition were chosen as independent
1 3.342(60.841) Nch variables and retention and separation factors were
2 0.0081(60.0030) S 1 1.688(60.245)T used as responses. Variables were mobile phase

25 buffer pH and column temperature for both chiraln 5 49; R 5 0.929; s 5 0.163; F 5 92; P # 10 (5)
supports and additionally ionic strength for the

The above equation could be used as a first approxi- Chiral-AGP and concentration of 2-propanol for the
mation of relative binding of an agent to AGP Chiral-CBH column. The correlations between sys-
without the need to perform biochemical experi- tem descriptors and chromatographic responses were
ments. calculated using a partial least-squares method. The

The reported QSRR equations [24,46,47] as well effects of changes in mobile phase buffer pH and
as independently provided qualitative characteristics column temperature on enantioselective retention
of the mode of binding of xenobiotics to AGP were shown for both chiral supports as was the effect
[41–45] allow for an indirect identification of struc- of ionic strength for the Chiral-AGP column and the
tural features of the binding site for basic drugs on effect of 2-propanol concentration when using the
the protein (Fig. 3). An open conical pocket can be Chiral-CBH column. It was also demonstrated that
used as a model of the binding site. The internal minor changes in the solute structure, e.g. type of
surface of the pocket contains lipophilic regions at alkyl group attached to the nitrogen atom, position of
the base of the cone. There is an anionic region close substituent in the aromatic ring and the distance

between the stereogenic center and the nitrogen atom
had a large impact on enantioselectivity.

4. Keratin column

Keratin immobilized on silica was proposed
[51,52] as a new stationary phase for chromato-
graphic modeling of skin permeation by drugs.
Keratin is a main constituent of the outermost layer
of epidermis. Therefore, when modeling skin per-

Fig. 3. Hypothetical mode of binding of basic drugs by AGP [33]. meability one should consider not only the lipo-
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philicity of drugs but also their possible interactions skin permeation data, log K , against those calcu-P

with keratin. For a series of test solutes the retention lated by Eq. (7).
factors, log k , were determined on an immobil- Eq. (7) has interpretable physical sense. The skinKER

ized keratin column. Independently, a hydrophobicity permeability increases with the lipophilicity of the
parameter on an IAM column, log k , was also agents but at the same time, it decreases with theIAM

determined for the drugs studied [27]. The affinity of agents to keratin. The QSRR expressed in
logarithms of human skin permeation coefficient, log Eq. (7) suggest that keratolytic properties of phenols
K , were taken from the literature [53–56]. Equa- and other acidic test compounds are in opposition toP

tions describing log K in terms of the hydropho- their lipophilic properties.P

bicity parameter, log k , proves the importance ofIAM

drug hydrophobicity for penetration of the skin:

5. Collagen columns
log K 5 1.458(60.138) log k 2 6.420(60.139)P IAM

24 Collagen covalently bound to aminopropylsilican 5 17; R 5 0.899; s 5 0.47; P # 10 (6)
and diolsilica was also used to evaluate a skin
permeation model by means of affinity chromato-Significant improvement of the predictiveness of
graphic data [57]. The collagen-based stationaryEq. (6) was achieved by adding the log k term:KER
phase was shown to exhibit a different mechanism of
retention from that observed on either keratin orlog K 5 1.920(60.242) log kP IAM
IAM columns. Polar and hydrophilic properties of

2 1.039(60.413) log kKER collagen manifested themselves clearly in QSRR
2 6.558(60.130) analysis.

A statistically significant and physically meaning-24n 5 17; R 5 0.932; s 5 0.40; P # 10 (7)
ful QSRR equation was obtained for a series of 13
test solutes chromatographed on a collagen bound to

Fig. 4 presents the plot of the observed human silica stationary phase. The equation incorporates:
chromatographic retention, log k described inCOLL

terms of total dipole moment, m, and the largest
difference (in electrons) between the maximum and
the minimum atomic excess charges in the molecule,
MaxMin:

log k 5 2 0.043(60.009)mCOLL

1 0.629(60.166) MaxMin

2 0.982(60.101)

n 5 13; R 5 0.860; s 5 0.155; P # 0.002 (8)

The MaxMin parameter in Eq. (8) probably
reflects the local dipole whereas m is the measure of
total dipole moment of the analyte molecule. Both
the parameters undoubtedly represent differences in
polar properties within the sets of test analytes. None
of the numerous molecular size-related structural
descriptors tested appeared significant in QSRR
analysis. Therefore, one can presume that the nor-Fig. 4. Plot of logarithms of human skin permeability observed
mal-phase and not reversed-phase retention mecha-experimentally against the corresponding data calculated theoret-

ically using Eq. (7). nism prevails on the collagen phase.
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So far, the collagen phase has not been shown to volvement of charge-transfer intermolecular interac-
be useful in the modeling of human skin permeation. tions (accounted for by E ) along with hydro-LUMO

phobic interactions (reflected by log k ), in theIAM

formation of complexes between melanin and the
drugs tested. Involvement of charge-transfer interac-6. Melanin column
tions in the formation of drug–melanin complexes
was previously postulated by other authors [65,66]Natural melanins (rheomelanins containing sul-
but have not been proved.phur and eumelanins that do not contain sulphur) are

present in external and internal tissues (skin, hair,
ear, eye and brain). Thus, the binding of substances

7. Amylose tris(3,5-dimethylphenylcarbamate)to melanin is of biological and pharmacological
columninterest. High affinity to melanin correlates with

ocular toxicity, ototoxicity, pigment disturbances of
Booth and Wainer [67,68] applied QSERR analy-the skin and hair, carcinogenicity and extrapyramidal

sis to evaluate chiral recognition mechanisms on andisorders caused by drugs [58–60]. Consequently,
amylose tris(3,5-dimethylphenylcarbamate) (AD)silica-based stationary phases for HPLC were pre-
stationary phase. For a series of 28 chiral a-alkylpared with physically [61] and chemically [62,63]
arylcarboxylic acids the retention factors were de-immobilized synthetic melanin.
termined and correlated to hydrogen bonding abilityFor a series of psychotropic drugs the retention
and aromaticity of analytes. The multiple regressionparameters, log k , were determined on a chemi-MEL
equations for the first and for the second elutingcally immobilized melanin–silica stationary phase
enantiomers are as follows:[64]. For seven drugs of the series, the binding to

synthetic melanin was determined by an ultrafiltra- ln k 5 2 2.499 1 1.369(60.177) X1tion method. The drug–melanin interaction parame-
1 0.791(60.121) Y 1 0.415(60.094) Zters from affinity HPLC and those determined by a

standard ultrafiltration method showed significant n 5 26; R 5 0.947; P # 0.0001 (10)
correlation (P,0.05). The chromatographically de-
termined retention factor is highly reproducible and ln k 5 2 2.659 1 1.498(60.152) X2

more reliable as a melanin-binding parameter than
1 0.896(60.103) Y 1 0.439(60.080) Z

that obtained by the slow-equilibrium ultrafiltration
n 5 26; R 5 0.967; P # 0.0001 (11)method. This conclusion supports the studies by

¨Knorle et al. [63] on binding of several drugs to
In Eqs. (10) and (11), X and Y are the number ofmelanin using affinity chromatography.

hydrogen bond donors and acceptors, respectively,´A QSRR equation derived by Radwanska et al.
and Z is the degree of aromaticity in the molecules.[64] describes retention factors on a melanin column,
The authors [67] performed molecular modelinglog k , in terms of structural parameters obtainedMEL
studies and identified a site within the helical ravineeither empirically (log k , drug hydrophobicityIAM
of AD at which enantioselective discrimination ofparameter determined on an IAM column) or from
analytes may occur. They concluded that instead ofmolecular modeling (E , energy of lowest un-LUMO
the standard ‘‘three-point interaction’’ model ofoccupied molecular orbital):
chiral recognition, enantioselectivity on AD is due to

log k 5 2 0.225(60.073) log k a ‘‘conformationally driven’’ chiral recognition pro-MEL IAM

cess.2 0.326(60.076) ELUMO
In further studies on the molecular mechanism of

1 0.696(60.010) enantioselective separation on the AD chiral station-
n 5 13; R 5 0.933; s 5 0.056; P # 0.0001 (9) ary phase, Booth and Wainer [68] analyzed a drug,

mexiletine, and a series of 11 structurally related
Eq. (9) provides quantitative proof of the in- compounds. QSERR equations derived describe re-
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tention factors of the first- and the second-eluting strongly. The LUMO parameter suggested that
enantiomers in terms of fragmental hydrophobicities charge transfer interactions occur between the ana-
of selected substituents, p and p , and polarity lytes and the amylose-based stationary phasesR1 R3

parameters of analyte molecules: the total aromatic studied. The MLP parameter incorporates a combina-
excess electronic charge, A , and substructure di- tion of lipophilicity with steric and geometric factorsC

pole, S : [71].d

Multiple regression analysis was able to provide
ln k 5 3.179 2 1.338(60.555) p1 R1 information regarding the fundamental mechanistic

2 1.645(60.416) p 1 4.937(63.231) A interactions determining retention on AD phases.R3 C

However, with regards to retention prediction basedn 5 12; R 5 0.958; F 5 29.74; P # 0.0001 (12)3,8
on structural descriptors of analytes, neural networks
have been shown to be of a much higher predictiveln k 5 0.913 2 1.455(60.521) p2 R1
power than multiple regression analysis [70].

2 1.734(60.370) p 2 0.283(60.172) SR3 d

n 5 12; R 5 0.970; F 5 42.71; P # 0.00009 (13)3,8

8. Basic fatty acid binding proteins column
As a result of QSERR and enthalpy–entropy

compensation analysis, two distinctive retention The fatty acid binding proteins (FABPs) are a
mechanisms for mexiletine-related drugs on the AD class of low-molecular-weight proteins that bind
stationary phase were identified. These mechanisms fatty acids and are thought to be involved in their
are based on either the presence or absence of intracellular transport [19]. Basic fatty acid binding
secondary hydrogen-bonding groups. protein (bFABP) is present at high concentration in

Booth et al. [69] investigated enantioselective chicken liver and has been isolated and immobilized
separation of amides on three amylose-based chiral on silica. Using this stationary phase, successful
stationary phases: amylose tris(3,5-dimethylphenyl- separation of aryl- and aryloxypropionic acid en-
carbamate) (AD), amylose tris(S-phenylethylcarba- antiomers has been achieved. QSRR studies using
mate) (AS), and amylose tris(R-phenylethylcarba- regression analysis were undertaken to describe the
mate) (AR). The relative retentions and enantioselec- relationships between the chemical structures of the
tives of the analytes on these three amylose-based analytes and the observed chromatographic results
stationary phases were compared. QSERR equations and to provide information on the structure of the
were derived to describe the chromatographic re- protein binding site. Two structural descriptors of
tention mechanisms on the analyzed stationary test analytes, the total lipole (TL) accounting for
phases. The results indicate that for the solutes lipophilicity of a whole molecule and the energy of
tested, the observed elution order was a function of the highest occupied molecular orbital (HOMO) for
the chirality of the amylose backbone and that the electrostatic interactions were considered. The re-
magnitude of the enantioselective separations was tention parameters of 13 aryloxypropionic acid en-
affected by the chirality of the carbamate side chain. antiomers were determined and the obtained QSRR

In the following paper Booth et al. [70] applied for the first (k ) and for the second (k ) eluting1 2
multiple regression analysis together with neural enantiomers were as follows:
network analysis to predict the chiral chromato-

log k 5 0.13 HOMO 1 0.025 TL 1 2.041graphic separation of a series of 29 aromatic acids (14)
n 5 13; R 5 0.91; F 5 24.46; s 5 0.068and amides on three amylose-based stationary

phases. In the QSERR analysis the most significant log k 5 0.14 HOMO 1 0.032 TL 1 2.22 (15)structural parameters derived from molecular model- n 5 13; R 5 0.92; F 5 27.79; s 5 0.07
ing were: the average molecular electrostatic po-
tential (MEP), average molecular lipophilic potential Based on these equations, the authors [19] con-
(MLP), total dipole moment (DIP) and energy of the cluded that hydrophobic interactions are predominant
lowest unoccupied molecular orbital (LUMO). The in the retention mechanism, and this is in agreement
LUMO and MLP parameters affected retention most with the hydrophobic character of the protein binding
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site [72]. Binding of aryloxypropionic acids to method for predicting solute distribution within
bFABP immobilized on silica increases with the biomembranes. This has also been supported by the

´hydrophobicity of analytes. However, electrostatic studies of Kȩpczynska et al. [75]. For a series of 30
interactions accounted for by the HOMO energy play barbituric acids the retention parameter log k wasIAM

an important role in the stabilization of the analyte– related to log P and various physicochemical and
protein complexes. These results support the hypo- biological parameters. Especially interesting appears
thesis of the presence of a characteristic binding site to be the relationship between the inhibition of rat
in the bFABP structure which is a chiral cavity with brain oxygen consumption (log 1/c) and log kIAM

a defined steric structure. data of eight barbiturates:

log 1/c 5 2.011(60.087) 1 1.548(60.159) log kIAM

9. Immobilized artificial membrane column n 5 8; R 5 0.970; s 5 0.163; F 5 95 (18)

Immobilized artificial membrane (IAM) columns
This observation suggests the suitability of log[20,21] are prepared by covalently binding mono-

k for predicting bioactivities which are dependentIAMlayers of cell membrane phospholipids to silica
on a drug’s ability to permeate the blood–brainparticles. IAM phases were designed to mimic the
barrier. Although log k is intercorrelated to someIAMlipid environment of a cell membrane. Pidgeon et al.
extent with log P it may better account for some[73] claim that the retention factors determined on
specific aspects of drug lipophilicity which are ofthe IAM column always give better prediction of
relevance for individual types of bioactivity.drug transport through any biological barrier than

Caldwell et al. [76] employed retention factors,chromatographic retention parameters determined on
log k , of eight b-adrenolytic drugs obtained withIAMtypical octadecylsilica columns and better than those

esterIAM.PC.DD and IAM.PC.MG columns for pre-provided by the logarithms of n-octanol–water parti-
dicting drug–membrane interactions. Chemical struc-tion coefficients, log P.
tures of two types of IAM columns are presented inSalminen et al. [74] reported studies on the
Fig. 5. Using linear regression analysis, the log kIAMrelationships between IAM chromatographic reten-
values from both types of IAM column were corre-tion and brain penetration by structurally diverse
lated with log P, retention parameters determined ondrugs. Retention factors were determined for a set of
regular C stationary phases and with the liposome1826 acidic, basic and neutral drugs for which the
partition coefficient. Additionally, various phar-brain /blood concentration ratios were available. The
macokinetic parameters were considered. Best corre-logarithms of brain /blood concentration ratios (log

esterlations were obtained with the IAM.PC.MGBB) correlated only weakly with the IAM retention
column. The authors concluded that their resultsparameters (log k ) and similarly with the n-IAM
suggest a deeper partitioning of b-adrenolytic drugsoctanol–water partition coefficient (log K ). Afteroct esterinto the IAM.PC.MG stationary phase as com-addition of an indicator parameter accounting for the
pared to the IAM.PC.DD phase. Since partitioningeffect of ionization (I) and the molecular volume
determines b-adrenolytic drug transport across(V ) the regression models improved:m
biomembranes, the higher affinity of the
esterlog BB 5 0.58 log k 1 0.89 I 2 0.01 V 1 1.28 IAM.PC.MG stationary phase may account for itsIAM 2 m

superior modeling of physicochemical and phar-n 5 21; R 5 0.921; s 5 0.27; F 5 31.5 (16)
macokinetic data.

log BB 5 0.35 log K 1 0.99 I 2 0.01 V 1 1.25oct 3 m

n 5 23; R 5 0.921; s 5 0.32; F 5 35.2 (17)
10. Cholesterol column

The two obtained equations (Eqs. (16) and (17))
are of a comparable quality. However, the authors Cholesterol is an important component of bio-
argue that the IAM chromatography is a superior logical membranes. Because of expected specific
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Hlog k 5 0.455(60.404) 2 0.748(60.294)aw 2

H
2 3.114(60.310)b 1 3.312(60.331)V2 x

n 5 24; R 5 0.9575; s 5 0.452; F 5 73;
24P # 10 (19)

log k 5 2 0.986(60.682) 1 5.328(61.410)dw min

2
2 0.108(60.026)m 1 0.018(60.002)SAS

n 5 24; R 5 0.9477; s 5 0.500; F 5 59;
24P # 10 (20)

The LSER-based structural descriptors in Eq. (19)
H Hare: a and b , effective hydrogen-bond acidity and2 2

basicity, respectively; V , the McGowans characteris-x

tic volume. Molecular modeling structural descrip-
tors of analytes reported in Eq. (20) are: d , highestmin

2atomic excess charge in the molecule; m , square of
total dipole moment; SAS, solvent accessible molec-
ular surface area. According to QSRR results in
relation to two reference stationary phases (IAM and
a standard octadecylsilica), the new cholesterol–sil-
ica stationary phase possesses distinctive, unique
retention properties. These properties may be of
analytical value but the application of the proposed
column for modeling of the penetration of xeno-

Fig. 5. Chemical structures of ligands of two types of immobil- biotics through biological membranes appears rather
ized artificial membrane (IAM) stationary phase and a schematic unlikely.
model of biological membrane.

11. Conclusions
separation properties of the presumed liquid crystal
structure of the immobilized cholesterol layer, there Affinity high-performance liquid chromatography
was interest in preparation of such a stationary phase appears a reliable tool in determination of molecular
for RP HPLC [77–80]. Recently, Buszewski et al. interactions between drugs (xenobiotics) and bio-
[81] reported a synthesis and studies on retention and macromolecules. Quantitative structure–retention
separation performance of a cholesterol–silica and retention–pharmacological activity relationships
stationary phase for HPLC. Al-Haj et al. [82] studied employing affinity HPLC data and structural parame-
the mechanism of separation on the cholesterol– ters of drug analytes may provide information on
silica column by QSRR analysis. QSRR were de- molecular mechanism of chromatographic separa-
rived by multiple regression analysis using different tions and biological interactions. To derive reliable
sets of structural descriptors of analytes and the log relationships, it is necessary to use sufficiently large
k data of 24 test analytes. To describe the retention sets of numerically expressed biorelevant data suchw

mechanism two sets of structural descriptors were as retention data determined by means of HPLC
used: linear solvation energy relationship (LSER) systems containing biomacromolecules or other bio-
parameters (Eq. (19)) and molecular modeling pa- logically important agents. Of course, the parameters
rameters (Eq. (20)): produced by affinity HPLC for individual drugs are
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