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Abstract: The interaction between proteins and drugs or other bioactive compounds has been
widely explored over the past years. Several methods for analysis of this phenomenon have been
developed and improved. Nowadays, increasing attention is paid to innovative methods, such as
high performance affinity liquid chromatography (HPALC) and affinity capillary electrophoresis
(ACE), taking into account various advantages. Moreover, the development of separation methods
for the analysis and resolution of chiral drugs has been an area of ongoing interest in analytical and
medicinal chemistry research. In addition to bioaffinity binding studies, both HPALC and ACE
al-low one to perform other type of analyses, namely, displacement studies and enantioseparation
of racemic or enantiomeric mixtures. Actually, proteins used as chiral selectors in chromatographic
and electrophoretic methods have unique enantioselective properties demonstrating suitability
for the enantioseparation of a large variety of chiral drugs or other bioactive compounds. This
review is mainly focused in chromatographic and electrophoretic methods using human serum
albumin (HSA), the most abundant plasma protein, as chiral selector for binding affinity analysis
and enantioresolution of drugs. For both analytical purposes, updated examples are presented to
highlight recent applications and current trends.

Keywords: affinity capillary electrophoresis; binding affinity; docking; enantiomeric separation;
enantioselectivity; high performance affinity liquid chromatography; human serum albumin;
plasma proteins

1. Introduction

Plasma proteins are capable of interacting with about 43% of the 1500 drugs most
commonly used in clinical practice [1,2]. Moreover, the drugs frequently show a high
affinity for these proteins (about 90% or more of the administered dose binds to plasma
proteins) [3]. Consequently, the interaction between drugs and plasma proteins is quite
significant, which is reflected in the biological action of drugs [1,2]. It should be noted
that the interactions established between proteins and drugs are reversible, since the
purpose is to transport the compounds to the different tissues in order to achieve their
biotargets. The binding affinity study of the drugs and other bioactive molecules to plasma
proteins is crucial for understanding how they are transported in the body, as well as to
determine the unbound portion, which is responsible for the pharmacological/biological
effect. The binding that drugs establish with plasma proteins also interferes in the control
of various processes related to their pharmacokinetics and pharmacodynamics, such as
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volume of distribution, excretion, toxicity, among others [1,2,4,5]. However, in the body,
these interactions may not always occur in the same way, since competition between two
drugs or between a drug and an endogenous molecule or a dietary compound, for the
same plasma proteins, can occur, with consequences on their pharmacological activity
or toxicity [6–8]. Saturation of plasma proteins may also occur in cases where the blood
concentrations of administered drugs are high, resulting in an increase in the free fraction
of these drugs. This phenomenon of plasma protein saturation is important especially
for drugs that have a great capacity to bind to plasma proteins, where small variations
in the amount of free fraction may have a consequent impact on the therapeutic effects
of the drugs [9,10]. The binding of drugs with proteins and other agents in serum is
also of interest in personalized medicine because this process can affect the dosage and
action of drugs. The extent of this binding may also vary with a given disease state [11].
Moreover, in the early stages of drug discovery, beyond the biological activity evaluation,
each compound should also be characterized by its physico-chemical properties, such
as lipophilicity, ionization, solubility, as well as metabolic profile and protein-binding
affinity [12,13]. These are some of the reasons that justify the importance of plasma protein
binding affinity studies.

Curiously, nowadays, plasma protein binding remains a controversial topic in drug
discovery and development [14]. There are researchers that question whether changes in
plasma protein binding actually have a clinical relevance [15,16]. Some arguments put
forward are that the number of drugs for which changes in plasma protein binding may be
clinically relevant is small and that the toxicity of these drugs can be explained by other
pharmacokinetic and/or pharmacodynamic phenomena [17]. Furthermore, the increase in
free drug concentration is typically transient, since redistribution in the body and increased
clearance will occur, i.e., the free fraction will return to its original concentration and,
therefore, the effect will remain the same [18]. Instead, we and many other research groups
find that the drug–drug interactions related to plasma protein binding are very relevant,
which can lead to an increase in the free fraction of drugs in the blood. This concern is
based on the fact that when a compound is displaced from plasma protein binding, its
concentration in free form increases. As is known, the free drug concentration corresponds
to the fraction responsible for the therapeutic effect; if it increases, there will consequently
be an upsurge in the effect of the drug and it may become potentially toxic [15,19]. Warfarin
(anticoagulant) is a classic example to explain this phenomenon. In fact, it has been
observed that when taken simultaneously with phenylbutazone (anti-inflammatory), for
example, an increase in warfarin’s anticoagulant effect occurred, leading to serious bleeding.
One of the reasons for this effect is that phenylbutazone has a higher affinity than warfarin
for plasma proteins, thus leading to an increase in the free fraction of the anticoagulant. In
addition, phenylbutazone also causes a decrease in the clearance of warfarin [20]. Another
example is phenytoin (antiepileptic) that displays changes in binding to plasma proteins
when administered together with sodium valproate (anticonvulsant). In fact, it was found
that the sodium valproate caused a significant increase in the free fraction of phenytoin, as
it showed a higher affinity for plasma proteins. This increase in the concentration of free
phenytoin in the blood can cause nausea, drowsiness and even convulsions. In addition,
sodium valproate also causes an inhibition of phenytoin metabolism [21].

Considering the interaction with chiral molecules, plasma proteins, as well as other
biomolecules comprising intrinsic chirality, such as enzymes, transporters or receptors,
generally have a higher affinity for one of the enantiomers (enantioselectivity) [22]. As a
consequence, the enantiomers may exhibit different pharmacodynamic, pharmacokinetic
and/or toxicological properties [23–26]. Typically, when one enantiomer is responsible for
the biological activity of interest, the other could be inactive, possess lower activity, be an
antagonist of the active enantiomer or have a different activity that could be desirable or
undesirable [27,28]. There are many studies concerning enantioselective binding to plasma
proteins [29,30]. A recent example described that for some profens, such as etodolac,
indoprofen, ibuprofen, and ketoprofen, the plasma protein bond was strongest for the
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(R)-enantiomer. Additionally, it was found that the different interaction that occurs between
plasma proteins with the profen enantiomers influenced the metabolic behavior and drug
interactions [31]. Other recent examples concern the stereoselective binding of cytosine
nucleoside enantiomers [32], lactic acid [33] and ginsenoside Rh2 [34] to human serum
albumin (HSA).

Many chiral drugs used in clinical practice were administered as racemates. However,
this trend was changed mainly because of the regulatory requirements [35,36]. In fact, the
investigation and production of chiral drugs began to have real significance from new
guidelines adopted since 1992, by the Food and Drug Administration (FDA), in U.S.A.,
present in a document entitled Policy Statement for the Development of New Stereoisomeric
Drugs [37]. In 1994, the European Committee for Proprietary Medical Products (CPMP) also
issued formal guidelines called Investigation of Chiral Active Substances [38]. In addition
to the regulatory requirements, also the advances in enantioselective synthesis [39–42] and
enantioresolution techniques [43–45], as well as the “chiral switch” phenomenon [46,47],
contributed to the increasing development of enantiomerically pure drugs rather than
racemates [36,48]. In fact, it is known that enantiomerically pure drugs can have advantages,
such as more effective therapy, reduction of the dose to be administered, less variability of
the metabolic profile and therapeutic response, reduction of side effects and interactions,
among others [22,49].

Studies of the interaction of chiral drugs with plasma proteins can provide valuable
information for understanding the differences that are observed between a pair of enan-
tiomers. In addition, they can help to predict the behavior of a chiral compound in the
human body, to understand whether there are interactions between drugs and between
the enantiomers of a compound and, above all, to help in determining the appropriate
therapeutic doses [1,2,50]. These are some of the reasons that justify why a drug is only
approved for marketing after various studies have been carried out, which include plasma
protein binding affinity. If it is a chiral drug, both enantiomers must be tested. This pre-
assessment of drugs also helps to understand whether the drug is more effective in its
enantiomerically pure or racemic form [2].

The plasma proteins that frequently interact with drugs are HSA and α-acid glyco-
protein (AGP). Lipoproteins, erythrocytes or even platelets can also interact with diverse
compounds [51]. Although there are other proteins in human blood plasma capable of
binding drugs, HSA is the most abundant protein [52] and, consequently, the most studied
in protein binding affinity and enantioseparation studies [53,54].

This review is focused on HSA protein applied for binding analysis and enantiores-
olution of drugs. An overview of the different methods for determination of protein
binding affinity is described with special focus to those that have aroused more signifi-
cance over the last years. The current trends and perspectives in the field of HSA binding
affinity are evidenced by considering updated examples of both chromatographic and
electrophoretic methods.

2. Human Serum Albumin

As stated before, HSA is the most expressed plasma protein in human blood, account-
ing for about 50–60% of plasma proteins. It has the particularity of being synthesized only
in the liver (about 12–25 g/day) and not being glycosylated like other plasma proteins. The
normal range of HSA concentration in blood is 30–50 g/L. Furthermore, it has a half-life
of about 20 days. Its degradation (about 14 g/day) is mainly carried out in muscle tissue,
skin, kidney and gastrointestinal tract as well as to a limited extent in the liver. HSA has a
pK of 4.8 which means that at physiological pH (~7.4) it ionizes, which explains its high
solubility in water [55,56].

Structurally, HSA consists of a single polypeptide chain composed of 585 amino
acids, with a molecular weight of about 66 kDa, and comprising six helix-shaped domains
(Figure 1), with domains I–III being the most important for binding endogenous and
exogenous compounds; each of these is subdivided into A and B subdomains. Domains
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IIA and IIIA are also known to be the preferential binding sites for exogenous compounds,
and are referred to as Drug Site I or Sudlow’s site I and Drug Site II or Sudlow’s site II,
respectively [57–59]. HSA has 35 thiol groups, of which 34 form disulfide bonds between
them, resulting in the helical shape of the protein and being responsible for its structural
and thermostability [52,60]. The remaining thiol group is responsible for about 80% of the
antioxidant capacity of albumin, as it is able to neutralize reactive oxygen species (ROS)
and nitrogen species (RNS), as well as free radicals. In addition, it has a wide variety of
other functions in the body (Figure 1), which explains its designation as a “multifunctional”
protein [56].

Figure 1. 3D structure of HSA (Protein Data Bank:1AO6) and its main functions in the body.

Typically, HSA shows a higher affinity for low molecular weight, hydrophobic and
negatively charged compounds [58,59]. In the case of compounds with low hydrophilicity,
the affinity for HSA plays a very important role, since it will prevent the aggregation of the
compounds in the vascular walls and their reduced distribution in the organism. However,
an excessively high affinity will make necessary to administer a higher dose of drug to
reach the desired concentration of active fraction, since the distribution to biotargets will
be slower and its elimination will not be as efficient [58].

The main endogenous ligands of HSA are the long chain fatty acids, for which it has
seven binding sites, which are distributed in domains I–III. HSA generally transports 1
to 2 fatty acids, however, under certain conditions (very intense physical exercise, for
example) there may be an increase in transport to 4 or more fatty acids per molecule of
HSA. Furthermore, the binding of fatty acids to albumin can cause conformational changes
in the plasma protein and may expose the free thiol group that gives it some antioxidant
power [56,57]. Fatty acids are not the only endogenous ligands with the ability to bind
to HSA [57]; bilirubin, ascorbate, calcium, copper, zinc, chloride, steroid hormones, nitric
oxide (NO) are other examples.

As previously mentioned, there are several exogenous compounds that are able to
bind to fatty acid binding sites and competition may occur. If the exogenous compounds
have a higher affinity for the binding site, they will displace the HSA-bound fatty acids
to occupy that site. Table 1 shows some exogenous ligands that bind to fatty acid binding
sites [56].
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Table 1. Example of exogenous ligands that compete for HSA fatty acid binding sites [56].

HSA Binding Sites

Sudlow’s Site I Sudlow’s Site II

Exogenous albumin ligands

Warfarin Ibuprofen
Myristate Diazepam
Thyroxine Propofol

Indometacin Myristate
Phenylbutazone Halothane

Diflunisal Thyroxine

HSA is also used as a therapeutic agent in cases of hypovolemia, shock, blood loss
and surgical trauma, where it is necessary to re-establish a patient’s oncotic pressure, as
this plasma protein is primarily responsible for maintaining oncotic pressure [61]. Recently,
it was used as a biomarker for the diagnosis of certain types of cancer, rheumatoid arthritis,
post-menopausal obesity, ischemia, severe acute graft-versus-host disease, and diseases that
need monitoring of glycemic control [62–64]. Another application concerns the generation
of long-lasting biotherapeutics, with improved pharmacokinetic properties and superior
efficacy in the clinic, by non-covalent albumin-binding ligands [65]. Adding HSA to cell
cultures to increase cell growth and productivity has also been described [66]. Moreover,
it is known that HSA has a great potential in terms of biopharmaceuticals, since it can
be isolated, fused or in complex with other proteins or even drugs in the form of nano-
formulations [55,67].

3. Determination of Protein Binding Affinity of Drugs

In recent decades, drug–protein interactions have been widely studied and sev-
eral methods for analysis of these phenomena have been developed and improved
(Figure 2) [53,68–71].

Figure 2. Methods for determination of protein binding affinity of drugs.
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The methods discussed in this review include the traditional separative methods of
equilibrium dialysis, ultrafiltration and ultracentrifugation, that were widely used and
are considered the “gold standards”. Special focus will be done to chromatographic and
electrophoretic methods as innovative tools for studying the interaction of drug/ligand
with plasma proteins which, in addition to the assessment of protein binding affinity, also
allow other applications including the enantioseparation of chiral compounds. Besides, in
silico methods, such as the docking approach, also proved to be convenient tools to estimate
protein binding affinity. Some very valuable protein binding spectroscopic techniques
(UV–visible, fluorescence, nuclear magnetic resonance, optical rotatory dispersion, circular
dichroism) or calorimetric techniques (isothermal titration calorimetry and differential
scanning calorimetry) will not be covered. We choose to limit the scope of the review in
this manner since, Siddiqui et al. [72] recently reviewed those techniques.

3.1. Equilibrium Dialysis, Ultrafiltration and Ultracentrifugation

All these methods are based on the phenomenon of physical separation and measure-
ment of the bound and unbound fraction of a drug. In the case of equilibrium dialysis
and ultrafiltration, the physical separation is performed through the use of semipermeable
membranes that allow the separation of the two fractions. After separation of the fractions,
a quantitative analysis is generally performed using appropriate analytical techniques, such
as liquid/gas chromatography coupled to a mass spectrometer (LC-MS/GC-MS) [70,73].

Equilibrium dialysis has been the method most widely used to study drug–protein
interactions, being regarded as the reference method [69]. In an equilibrium dialysis experi-
ment, an apparatus comprising two chambers separated by a semipermeable membrane
is used. The plasma sample containing the drug is placed in one chamber and a buffer
solution in the other. The membrane separating the two chambers is impermeable to the
bound fraction and slightly permeable to the free fraction and, consequently, the latter is
able to pass through the membrane. Equilibrium is reached when the concentration of
free fraction is equal in the two chambers [3,7,70,73]. Compounds with higher molecular
weights and highly bound to plasma proteins will take longer to reach equilibrium [70].
Once equilibrium is established, the solutions of the two chambers are collected, and the
solution of the plasma chamber will allow the determination of the total concentration of
the drug, while the solution of the buffer chamber will allow the determination of the free
fraction of the compound. The bound fraction is determined from the subtraction of the
total concentration by the free fraction [70]. More recently, the performance of this method
was improved by using a 96-well plate, thus allowing up to 20 dialyses to be performed in
a single experiment. However, this equipment is more expensive and the set-up is more
time-consuming [74,75].

As in equilibrium dialysis, ultrafiltration also uses an apparatus comprising two cham-
bers but, in this case, placed one on top of the other, and separated by a semipermeable
membrane. In the upper chamber the plasma with drugs is placed and a centrifugal force
(~2000× g, comparable to the pressure of renal filtration) is applied that promotes the
passage of the free fraction through the membrane into the lower chamber containing a
buffer solution. The concentration of the free fraction is obtained in the lower chamber after
centrifugation, while the total drug concentration is obtained in the upper chamber before
centrifugation. The calculation of the concentration of the bound fraction is similar to that
performed in equilibrium dialysis as well as the membranes used that are often of the same
type. However, they must be able to withstand the pressure applied during the filtration
process. If the pH and temperature are adequately controlled, ultrafiltration is indeed a
rapid and simple method of determining the binding of compounds to plasma proteins un-
der physiological conditions [3,7,70,73]. Ultrafiltration is a faster and simpler method than
equilibrium dialysis which is, therefore, widely used for clinical drug monitoring [7,70];
however, the latter is considered to be more accurate [7,70,75].

In ultracentrifugation, unlike equilibrium dialysis and ultrafiltration, a membrane
is not used, since the separation of the free fraction from the bound fraction is done by
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centrifugal force. In this method, a plasma solution containing the drug is subjected to a
high centrifugal force (~500,000–625,000× g) for a long period of time (10 to 24 h). After
centrifugation, the fraction bound to plasma proteins (HSA and AGP) and HDL will
sediment to the bottom of the tube, while VLDL, LDL and chylomicrons will form a lipid
layer on the surface of the tube. The free fraction is found in the supernatant immediately
below the lipid layer. For determination of the concentration of the free fraction, a sampling
of the supernatant has to be performed, while the total concentration of the compound has
to be determined before centrifugation is carried out. Based on these measurements, the
concentration of the bound fractions is determined [3,7,70]. By ultracentrifugation method,
it is possible to avoid one of the main disadvantages of conventional methods (equilibrium
dialysis, ultrafiltration) which is the non-specific binding of compounds to membranes,
particularly those which are strongly bound to proteins. In addition to non-specific binding,
the solubility of the compounds may also be a limitation, since in conventional methods it
is necessary that the compounds are soluble in the buffer [70,73,76].

Table 2 summarizes advantages and disadvantages of these three methods that could
influence the decision of choosing one of them for a particular analysis [69,70].

Table 2. Advantages and disadvantages of equilibrium dialysis, ultrafiltration and ultracentrifugation methods [69,70].

Method Advantages Disadvantages

Equilibrium dialysis

Easy procedure;
As the standard method, it facilitates
cross-comparison;
Determination is done at equilibrium,
reducing the effect of
non-specific binding.

Nonspecific membrane binding may occur;
Time-consuming procedure, depending on the
characteristics of the compounds;
Number of samples analyzed is reduced;
Compounds with higher molecular weights and
highly bound to plasma proteins will take longer
time to reach equilibrium and errors may occur
due to bacterial growth phenomena, changes in
pH, or free fatty acid levels.

Ultrafiltration

Simple and fast procedure;
The effect of non-specific binding is
reduced since determination is done
at equilibrium.

Nonspecific binding to the membrane or chamber
walls may occur;
Sieve effects can occur, in which water present in
the plasma passes the membrane more rapidly
than the drug molecules with a risk of determining
a lower free fraction if not all molecules are
allowed to pass through the membrane;
Gibbs–Donnan effects and leakage of proteins
through the membrane may occur contaminating
the chamber.

Ultracentrifugation

Absence of membrane-related difficulties;
Equipment allows better
temperature control;
Fast procedure since there is no need to
establish an equilibrium.

Sampling of the supernatant may be difficult, due
to the lipid layer formed by centrifugation;
Sampling of the supernatant may favor
contamination of the free fraction by the fraction
bound to VLDL, LDL and chylomicrons;
Sedimentation of the free fraction may occur due
to the shape and size of the compound (especially
for those with molecular weights > 400 Da) or due
to the influence of temperature;
The supernatant must be sampled as quickly as
possible, as the free compounds diffuse as soon as
the centrifuge stops;
Equipment is more expensive;
Time-consuming procedure;
Processing a small number of samples.
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3.2. High-Performance Affinity Liquid Chromatography

HPALC is a chromatographic technique that has become increasingly relevant and
widely used to study the binding affinity between biomolecules, such as plasma proteins,
and drugs or other bioactive compounds [1]. This method uses a biologically-related selec-
tor that selectively retains analytes, such as drugs, based on its affinity to the biomolecule.
By examining the retention and competition of drugs as they pass through the protein-
based column is possible to determine the association constants [77].

HPALC has several advantages, some of them related to the LC technique, such as
high speed and sensitivity, remarkable precision and reproducibility, vast applicability,
automatization, possibility of coupling to different detection equipments, availability of
LC apparatus in almost all industrial and academic laboratories, among others [78,79].
In addition, this method allows a fast and convenient determination of drug-protein in-
teractions by using small amounts of immobilized protein [79], having the possibility of
working under near-physiological conditions (buffer pH, ionic strength and temperature).
Additionally, by using a chiral stationary phase (CSP), it is possible to analyze the behavior
of both enantiomers of racemic or enantiomeric mixtures in the same run [80–82]. Another
advantage is the possibility to perform other type of analyses in addition to bioaffin-
ity binding studies, including: displacement studies with the presence of a competitive
agent [83], thermodynamic and variability studies of chromatographic conditions [84],
quantitative structure–retention relationship studies [85], and enantioseparation of racemic
or enantiomeric mixtures [2].

The commercial and scientific interest on plasma proteins, enzymes, and other
biomolecules as CSPs increased due to their ability of chiral recognition [86,87]. On their
large surface, proteins present different binding sites which allow for multiple possibilities
of intermolecular interactions with small molecules [88]. On the other hand, as the CSPs are
based on biomolecules, they proved to be very helpful to study intermolecular interactions
(binding affinity) between biomolecules and drugs [1].

The first report demonstrating that a protein has different binding properties in a LC
analysis was in 1973, for tryptophan resolution using bovine serum albumin (BSA) coupled
to an agarose support [89]. After that, Allenmark [90], Haginaka [88], Hage [80,81], and
other groups have remarkably contributed to the development of several and exhaustive
studies to assess the ability of various proteins to be used as CSPs, and also in biolog-
ical assays. The most used proteins, such as HSA, AGP, crude ovomucoid (OVM) and
cellobiohydrolase I (CBH I), have been well documented as chiral selectors for chromato-
graphic enantioseparation for a wide range of chiral compounds and for binding affinity
studies [71,91–93].

Protein-based CSPs proved to be able to directly analyze a broad range of chiral
compounds, most of them without the need for derivation. The possibility of using aqueous
or aqueous–organic as mobile phases was pointed out as another advantage of protein-
based CSPs considering its compatibility with mass spectrometric detection [71,88,92,94].

Recently, several protein-based CSPs were reviewed by Bocian et al. [95], including
the most common (HSA, AGP) as well as the more unusual, namely, avidin and fatty
acid binding proteins. Nevertheless, only a limited number of proteins are commercially
available as CSPs (Table 3) [86,88,92,94,96].

The immobilization process of the protein to a chromatographic support can bring
some variations comparatively to the protein in soluble form, namely, conformational
changes, denaturation, steric hindrance at the binding sites, nonspecific binding by the
support and anchor matrix [78,97]. There are various approaches, which can counter-
balance this disadvantage, namely, covalent immobilization, biospecific adsorption and
entrapment [71]. As a consequence, a high concordance of this method compared to other
techniques, such as ultrafiltration, is found [76]. Effectively, the results obtained using this
methodology generally correlate well with what happens in vivo [98,99].
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Table 3. Protein-based CSPs, column trade names and type of resolved racemates [86,88,92,94,96].

Protein Mr (kDa) Type of Analytes Column Tradename

Serum albumin

Human (HSA) 67 Acidic and neutral
CHIRAL-HAS® a

CHIRAL HSA® b

KeyStone HSA® c

Bovine (BSA) 68 Acidic and neutral
CHIRAL-BSA® a

Ultron ES-BSA® d

Resolvosil BSA® e

α1-Acid glycoprotein (AGP) 44 Basic, neutral and acidic CHIRAL-AGP® a

EnantioPac® f

Ovomucoid (OVM) 28 Basic, neutral and acidic Ultron ES-OVM® d

TSKgel Enantio-OVM® g

Cellobiohydrolases (CBH) 60–70 Basic and neutral CHIRAL-CBH® a

Avidin 68 Basic, neutral and acidic Bioptic AV-1® h

Pepsin 34.6 Basic and neutral Ultron ES-Pepsin d

α-Chymotrypsin 25 Amino acids and derivatives -

Penicillin G Acylase 90 Acidic -

Antibodies 150 Aliphatic and aromatic -

Lysozyme 14 Basic and neutral -
a ChromTech Lda., Congelton, Cheshire, UK; b Shandon Scientific, Pittsburgh, PA, USA; c Thermo Hypersil, Bellefonte, PA, USA; d Shinwa
Chemical Industries Lda., Fushimi-ku, Kyoto, JP; e Macherey Nagel, Duren, Germany; f LKB Pharmacia, Bromma, Sweden; g Tosoh, Tokyo,
Japan; h GL Sciences Inc., Torrance, CA, USA.

Protein binding studies by HPALC can be carried out based on two types of analysis:
frontal and zonal [2,100].

3.2.1. Frontal Analysis

Frontal analysis is frequently used in HPALC as a tool allowing the characterization
of the interactions and binding sites of compounds with plasma proteins [2]. In this type of
analysis, the analyte is injected continuously into the column mixed with a mobile phase
that has the most suitable pH, ionic strength and composition for the study. During the
analysis, the analyte binds to the plasma proteins, leading to saturation of the column and,
consequently, the amount of analyte that elutes will gradually increase. The elution of the
analyte will be observed by the appearance of characteristic curves in the chromatogram
(Figure 3). It is possible to determine the affinity and number of plasma protein binding
sites by examining the position of the curve of a solute as its concentration is changed.
In addition, it is also possible to obtain some information about the nature and type of
interaction that occurs between a compound and protein by varying the temperature,
protein type and solvent of the mobile phase [2,100].

In this type of analysis, both the fraction bound to plasma proteins and the free
fraction of an analyte are retained on the stationary phase, until they are eluted from the
column to originate a single chromatographic peak. From the peak area or peak height,
the total analyte concentration (bound + free fraction) can be calculated. In principle, the
free fraction of the analyte will elute first, followed by the bound fraction, since the latter
will be retained longer in the column. It is possible to calculate from this data the bound
percentage of the compound analyzed to plasma proteins using the following Equation [3]:

Bound f raction % =

(
1 − Free f raction concentration

Total compound concentration

)
∗ 100 (1)



Chemosensors 2021, 9, 304 10 of 34

Figure 3. General principles of HPALC by frontal analysis.

In addition, with this technique it is possible to obtain important information for
determination of binding constants, as well as the number and types of binding sites
involved [3,101]. This method has several advantages [2,3,101], namely: errors due to
non-specific binding hardly occur, unlike in ultrafiltration and equilibrium dialysis; it
allows the simultaneous determination of the total drug concentration and the bound
fraction; it is possible to recover plasma proteins, thus avoiding losses of material.

Frontal analysis is especially used for plasma protein binding studies of hydrophobic
compounds, for small samples and for binding studies on scarce and difficult-to-obtain
plasma proteins, such as glycoproteins and lipoproteins [101].

3.2.2. Zonal Analysis

Zonal analysis is the most commonly used methodology in HPALC to study the
binding of compounds to plasma proteins. Moreover, it is also used to study the interactions
between drugs and plasma proteins as well as for displacement studies [2].

Unlike frontal analysis, the analyte is injected in a small quantity into the column, in
which a mobile phase is eluting continuously and which may contain in its composition
a competing agent. The injected analyte interacts with the protein immobilized on the
column and is subsequently eluted by the mobile phase and detected. The particularity
of zonal analysis is that the concentration of the competing agent can be changed in the
mobile phase. Thus, the analyte retention factor is calculated as the concentration of the
competing agent changes. The change in retention as a function of the concentration of
the agent present in the mobile phase is adjusted to various (established) models that
allow to understand how the analyte under study binds to plasma proteins and to what
extent this interaction is affected by the components of the mobile phase. In principle, the
retention of the test analyte will decrease with increasing concentration of the competing
agent. Since the analyte is less retained, it will elute more rapidly, i.e., in greater quantity;
in the chromatogram this will be reflected by increased absorbance (Figure 4) [2]. However,
if a competing agent is not added to the mobile phase, the retention factor is directly
proportional to the binding affinity of the compound for the immobilized protein on the
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column [102]. Therefore, with this analysis, it is possible to obtain some information about
the equilibrium and competition constant for certain protein–analyte interactions [2,102].

Figure 4. General principles of HPALC by zonal analysis.

A major advantage of zonal elution analysis on plasma protein columns, such as HSA,
is that it allows the simultaneous study of both enantiomers of chiral compounds whenever
enantioseparation occurs [79]. Enantioselectivity can occur in these three situations: (1) a
different affinity of the two enantiomers for the same protein binding site; (2) the interaction
of the enantiomers can take place at different binding sites; (3) the interaction can involve
more than one binding site, for which the enantiomers can interact differently [79].

From the chromatographic results, the protein bound percentage (%b), which is
the data one seeks to obtain in binding studies, can be determined using the following
Equation [103]:

%b =
k

1 + k
(2)

where k is the retention factor.
The association constant is also widely used to express the affinity of a compound for

a plasma protein (Ka), which is calculated using the following Equation [104]:

Ka =
[AB]

[A] ∗ [B] (3)

where (AB) is the concentration of the bound fraction, (A) is the concentration of the free
solute and (B) is the concentration of free protein.

The plasma protein binding affinity of a significant number of drugs and other bioac-
tive compounds have been studied by HPALC on HSA-based CSPs by both frontal and
zonal analysis. Some examples comprise benzodiazepines [105,106], S/R-ibuprofen [107],
amino acids (e.g., D/L-tryptophan) [108], hormones (e.g., D/L-thyroxine) [109,110],
among others.

Updated examples of HSA binding studies are presented in Table 4. The main objective
of this type of study is to understand and express the affinity of a compound for the protein,
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in this specific case, for HSA. Consequently, the results are expressed as protein bound
percentage (%b) and/or association constants (Ka).

Table 4. Binding affinity studies on HSA by HPALC.

Analyte Type of Analysis Chromatographic Conditions
Binding Affinity to HSA

RefAssociation
Constant (M−1)

Bound
Percentage (%)

Tocainide analogues Frontal

Mobile phase: Solutions of L-tryptophan
prepared in PPB (0.067 M, pH 7.4) ranging
from 12.5 µM to 100 µM
Flow rate: 1.0 mL/min
Detection: UV; Spectra recorded at a scan
rate of 20 nm/min
Column: Silica monolithic column
(50 mm × 4.6 mm i.d., 20 nm)
immobilized with HSA
Temperature: 28 ◦C

- 34.7–98.7 [111]

Imipramine Frontal and zonal

Mobile phase: PPB (0.067 M, pH 7.4)
Flow rate: 0.3 mL/min
Detection: UV; λ = 251 nm
Column: Homemade column with
immobilized HSA
Temperature: 37 ◦C

1.6 (±1.0) × 105 - [112]

Warfarin
Gliclazide Frontal and zonal

Mobile phase: PPB (0.067 M, pH 7.4)
Flow rate: 0.1 mL/min
Detection: UV; λ = 308, 250 nm
Column: Immunoextraction
microcolumns containing adsorbed HSA
(1.0 cm × 2.1 mm i.d.)
Temperature: 37 ◦C

2.4 (±0.4) × 105

4.1 (±0.5) × 104 - [113]

Glipizide Frontal and zonal

Mobile phase: PPB (0.067 M, pH 7.4)
Flow rate: 0.5 mL/min
Detection: UV; λ = 254 nm
Column: Nucleosil Si-300® silica with
immobilized HSA (2.0 cm × 2.1 mm i.d.)
Temperature: 37 ◦C

2.4–6.0 × 105 - [114]

Tolazamide Frontal and zonal

Mobile phase: PPB (0.067 M, pH 7.4)
Flow rate: 0.5 mL/min
Detection: UV; λ = 254 nm
Column: Nucleosil Si-300® silica
microcolumns with immobilized HSA (1.0
or 2.0 cm × 2.1 mm i.d.)
Temperature: 37 ◦C

4.3–6.0 × 104 - [115]

Phenytoin Frontal and zonal

Mobile phase: PPB (0.067 M, pH 7.4)
Flow rate: 0.2 mL/min
Detection: UV; λ = 205 nm
Column: Nucleosil Si-300® silica column
with immobilized HSA (5 cm × 4.6 mm
i.d.)
Temperature: 37 ◦C

8.8 (±2.0) × 103 - [116]

HIV protease
inhibitors Frontal and zonal

Mobile phase: PPB (0.067 M,
pH 7.4):1-PrOH (100:0 to 90:10, v/v)
Flow rate: 1.0 mL/min
Detection: UV; λ = 228, 231 or 308 nm
Column: Kromasil® silica column with
immobilized HSA (50 × 4.0 mm i.d.)
Temperature: 28 ◦C

70.45–98.84 [117]
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Table 4. Cont.

Analyte Type of Analysis Chromatographic Conditions
Binding Affinity to HSA

RefAssociation
Constant (M−1)

Bound
Percentage (%)

Timolol

Zonal

Mobile phase: AAB (0.050 M, pH 7.4):
n-PrOH (94:6, v/v)
Flow rate: 0.8 mL/min
Detection: MS and UV; λ = 10 nm
Column: HSA column by Hypersil®

(50 mm × 4.6 mm i.d.)
Temperature: 37 ◦C

- 14.0

[118]

Pindolol - 39.0
Alprenolol - 40.0

Pentobarbital - 35.0
Amobarbital - 79.0
Methohexital - 36.0
Desipramine - 83.0

Chlorpromazine - 43.0
Clozapine - 93.0

Bromazepam - 57.0
Alprazolam - 70.0

Flunitrazepam - 66.0
Lorazepam - 80.0
Midazolam - 92.0

Acetaminophen

Zonal

Mobile phase: AAB (0.050 M, pH 7.4):2-
PrOH (70–100: 0–30)
Flow rate: 1.8 mL/min
Detection: UV; λ = 230 and 254 nm
Column: Chromtech® Immobilized HSA
HPLC column (50 × 3 mm)
Temperature: 30 ◦C

- 14.0

[119]

Acyclovir - 5.4
Amoxicillin - 16.4

Aspirin - 37.3
Carbamazepine - 83.8

Diazepam - 93.2
Ibuprofen - 99.5
Propanolol - 62.0
Warfarin - 97.9

Ketoconazole - 93.0
Clonidine - 28.0
Diclofenac - 99.0
Flumazenil - 28.8
Fluoxetine - 97.0
Naproxen - 99.0

m-HPPH (E1)
Mobile phase: PPB (0.067 M, pH 7.4)
Flow rate: 0.1–2.0 mL/min
Λ = 203 nm
Column: Nucleosil Si-300® immobilized
with HSA (10 × 4.6 mm i.d.)
Temperature: 37 ◦C

3.0 (±1.1) × 103 -
m-HPPH (E2) 3.4 (±1.3) × 103 -
p-HPPH (E1) Zonal 5.1 (±0.7) × 103 - [120]
p-HPPH (E2) 6.3 (±0.9) × 103 -

Dietary flavonoids Zonal

Mobile phase: PPB (0.050 M, pH 7.0):
ACN (85:15, v/v)
Flow rate: 0.35 mL/min
Detection: UV; λ = 210, 270, 280 and
360 nm
Column: CHIRALPAK® HSA
(150 × 40 mm, i.d., 5 µm)
Temperature: 37 ◦C

- 15.36–91.79 [121]

Taxane derivatives Zonal

Mobile phase: PPB (0.050 M, pH 7.4):
1-PrOH (100-80:0-20, v/v)
Flow rate: 0.8 mL/min
Detection: UV; λ = 230 nm
Column: HSA Shandon Scientific®

(15 × 0.4 cm i.d.)
Temperature: 25 ◦C

- 40.2–91.9 [122]

Tocainide Zonal

Mobile phase: PPB (0.067 M, pH 7.4)
Flow rate: 1.0 mL/min
Detection: UV
Column: Silica column (50 mm × 4.0 mm
i.d.)
immobilized with HSA
Temperature: 28 ◦C

- 25.4 [123]
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Table 4. Cont.

Analyte Type of Analysis Chromatographic Conditions
Binding Affinity to HSA

RefAssociation
Constant (M−1)

Bound
Percentage (%)

Xanthone derivatives Zonal

Mobile phase: PPB (pH 7.4; 0.067 M) and
different percentages ACN ranging from
25 to 2%
Flow rate: 0.9 mL/min
Detection: UV; λ = 254 nm
Column: CHIRALPAK® HSA
(150 × 40 mm, i.d., 5 µm)
Temperature: 37 ◦C

- 79.02–99.99 [98]

Universal cancer
peptide 2 Zonal

Mobile phase: PPB (0.050 M, pH 7.4)
Flow rate: 100–300 nL/min
Detection: UV; λ = 210 nm
Column: poly (GMA-EDMA) monolithic
capillary column immobilized with HSA
(150 mm × 75 µm i.d.)
Temperature: 37 ◦C

0.94 × 105
-

[124]
Universal cancer

peptide 4 1.32 × 105

-

Acetohexamide
Glibenclamide

Glipizide
Tolbutamide

Zonal

Mobile phase: PPB (0.067 M, pH 7.4)
Flow rate: 0.25 mL/min
Detection: UV; λ = 252, 290, 226 nm
Column: Hydrazide-activated silica
column with entrapped HSA
(1.0 cm × 2.1 mm i.d.)
Temperature: 37 ◦C

1.75(±0.31) × 105

1.98(±0.35) × 106

2.03(±0.33) × 105

1.22(±0.22) × 105

- [125]

Repaglinide
Nateglinide Zonal

Mobile phase: PPB (0.067 M, pH 7.4)
Flow rate: 0.5 mL/min
Column: Nucleosil Si-300® silica column
with immobilized HSA (1.0 cm × 2.1 mm
i.d)
Detection: UV; λ = 308, 280 nm
Temperature: 37 ◦C

6.1(±0.2) × 104

7.1(±0.8) × 105 - [126]

2-Imidazoline drugs Zonal

Mobile phase: PPB (0.067 M, pH 7.4)
Flow rate: 0.1–0.5 mL/min
Detection: UV; λ = 210–283 nm
Column: Nucleosil Si-300® silica column
with immobilized HSA (25 mm × 2.1 mm
i.d.)
Temperature: 37 ◦C

1.62 × 103–1.07 × 104 - [127]

AAB: Ammonium acetate buffer; ACN: Acetonitrile; i.d.: Internal diameter; HSA: Human serum albumin; MS: Mass spectrometry; Poly
(GMA-EDMA): Poly (glycidyl methacrylate-ethylene dimethacrylate); PPB: Potassium phosphate buffer; PrOH: Propanol; UV: Ultraviolet.

As shown in Table 4, frontal and zonal analysis were used to evaluate the binding
affinity to HSA of various drugs and bioactive compounds. Nevertheless, as expected, zonal
analysis continues to be the most commonly used approach in HPALC. In some studies,
both frontal and zonal analysis were applied; however, with different aims. For example, by
utilizing frontal analysis, the association equilibrium constants and number of binding sites
for imipramine with HSA were first estimated. Then, competition studies based on zonal
elution were performed to identify the location of the major binding site for imipramine
on HSA [112]. The same strategy was used for the drugs warfarin, gliclazide [113] and
phenytoin [116], as well as HIV protease inhibitors [117]: frontal analysis to measure
the overall affinities of these drugs to HSA, and zonal elution competition studies to
examine the specific interactions of drugs at Sudlow sites I and II of the protein. Moreover,
aiming to characterize the high affinity binding sites of tocainide analogues to the protein,
displacement experiments were carried out for the analogues by increasing concentrations
in the mobile phase of competitors, known to bind selectively to the main binding sites of
HSA [111].

Commercial HSA-immobilized [98,121,122] and homemade columns [111,112,123],
comprising different sizes and diameters, were used (Table 4). Over the years, different
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synthetic approaches have been applied for preparation of CSPs, which embrace coating
and immobilization methods. In addition to the classical and broadly applied coating
and immobilization procedures, innovating strategies have been introduced [128]. The
approaches applied for preparation of the homemade columns to perform the binding affin-
ity studies shown in Table 4 were diverse, in which HSA was immobilized [111,112,123],
adsorbed [113] or entrapped [125] on the chromatographic support. Regarding the chro-
matographic support, most of the studies used silica gel or derivatives [112,115,123,129];
however, also monoliths were explored, including monolithic epoxy-silica [111] and organic
polymer monoliths [124]. Regardless of the method chosen to prepare the HSA-column,
the procedure has to ensure that the binding properties of the protein are maintained
unaltered. Therefore, the next step is the column characterization and preliminary stud-
ies have to be performed to check the amount of protein correctly immobilized. For
example, some immobilized-HSA columns were characterized by frontal analysis of L-
tryptophan [111,117].

In addition to the traditional-sized LC columns, microcolumns (i.e., columns with
volumes in the low microliter range, and often with lengths of 1–5 cm or less) were
described for the analysis of drug–protein interactions. For example, microcolumns of
1.0 cm × 2.1 mm i.d. were used for the analysis of warfarin, gliclazide [113], tolaza-
mide [115], acetohexamide, glibenclamide [125], among others. The microcolumns have
several advantages, which include their low back pressures and compatibility with minia-
turized systems; that they only need small amounts of protein, analytes and reagents; their
short analysis times; and their ability to be used in some assay formats that are not possible
with traditional-sized columns [130,131].

On an even smaller scale, binding data for universal cancer peptides were obtained on a
nano–organic monolithic HPLC capillary column with immobilized-HSA (150 mm × 75 µm
i.d.) [124].

As shown in Table 4, the analyses were carried out under chromatographic conditions
that mimic physiological environments (buffer pH, ionic strength and temperature). Since
the physiological pH of human plasma is considered as 7.4 and it is assumed that HSA
has a higher stability in this condition, in all the studies shown in Table 4, the buffer pH
of the mobile phase was 7.4; with only one exception, in which the buffer pH was a near-
physiological value (7.0) [121]. One reason that can justify the selection of that pH may be
related to the fact that variations of mobile phase pH higher than 7.0 are responsible for
shortening the life of the CSP. The same happens for buffer pH values lower than 5.0 [132].

Regarding the column temperature, it was found that most of the studies were carried
out at 37 ◦C. However, in some studies, the analyses were performed at 30 ◦C or at room
temperature (20–25 ◦C). Taking into account the aim of these studies, it would be expected
that all the binding affinity analyses were performed at 37 ◦C or, in alternative, at very
near temperature to mimic physiological conditions as much as possible. Nevertheless, the
column temperature is another factor that may be responsible for damaging the protein-
based columns [132]. Thus, aiming to protect the columns, some studies were conducted at
lower temperature. Actually, one of the disadvantages of protein-based columns is their
limited stability and lack of column ruggedness [88,92].

Different buffers can be used as aqueous phase for a chromatographic analysis using
a protein-based CSP, namely potassium phosphate, sodium phosphate, ammonium acetate
and sodium acetate [92]. Among them, for binding affinity studies, typically the potassium
phosphate buffer is widely used. In the recent studies presented in Table 4, this trend has
also been found. The choice of phosphate buffers is intrinsically related to the stability of
the HSA as chiral selector, and also because this type of buffers are preferable to mimic the
physiological conditions of human plasma [133].

As shown in Table 4, ammonium acetate buffer was also described, in two different
studies, for determination of HSA bound percentage of a large number of drugs demon-
strating good applicability [118,119]. A great advantage of acetate buffers compared to
phosphate buffers is the possibility to be used as a component of the mobile phase for LC-
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MS analysis [134]. In fact, although the vast majority of the studies used UV detection, one
of them reported the application of MS detection in addition to UV [118]. In that study, an
ammonium acetate buffer was used as a component of the mobile phase. Good agreement
was observed for retention factors and, consequently, HSA bound percentage, with MS
detection, using acetate buffer as component of the mobile phase, and UV detection, using
a mobile phase containing phosphate buffer [118].

It is important to emphasize that the compatibility of HPALC with MS is one great
advantage since it offers the benefits of higher sensitivity and selectivity for the method [71].
The improved sensitivity should enable analysis of a smaller amount of each compound,
which would minimize errors from competitive displacement or column overloading [19].
In addition, it increases throughput by combining several compounds in one cassette
injection [118]. Actually, identical data were achieved for compounds analyzed in a single
or cassette for both slightly or highly bound compounds. Moreover, the column overload
did not occur after analysis of cassettes containing compounds that have a high binding
affinity (%b > than 90), even at compound concentrations up to 100 µg/mL [118].

Most of the drug–protein binding studies used the buffer concentration of 67 mM
to mimic the physiological conditions [135,136]. That concentration is also used for im-
mobilization procedures of HSA to a chromatographic support, for packing the CSP into
columns as well as for in their storage [78].

In some cases, an organic modifier was added to the mobile phase to overcome the low
solubility of analytes in aqueous solution and mainly for analysis of compounds with very
strong affinity [69]. The 2-propanol is known to be the organic modifier that most closely
matches physiological conditions. In addition to that solvent, n-propanol, 1-propanol and
acetonitrile were also employed. In most of the studies presented in Table 4, the percentage
of organic modifiers varied between 0–30%. Actually, columns with immobilized HSA
are very susceptible to the presence and variation of organic modifiers [132]. They may
differentially affect the reversible spatial conformation of the protein leading to changes
in the number of available selective and non-selective binding sites, and may further
accelerate protein denaturation leading to a significant shortening of the CSP lifetime [92].

It should be noted that, in some studies, the calculation of the binding percentage
of the compounds was determined by linear regression at 100% aqueous buffer solution,
through the retention times obtained using mobile phases with different proportions of
organic modifier [98,117,122].

Through the analysis of the data presented in Table 4, it is possible to observe that a
large number of compounds have high association constants or binding percentages to
HSA, showing a good affinity for this protein. For example, high affinity for HSA-CSP
was obtained for xanthone derivatives, with bound percentages ranging from 79.02 to
99.99% in 100% aqueous buffer [98]. Moreover, the higher affinity values were achieved
for the xanthones comprising bulky alkyl or aryl groups in the side chain, suggesting that
the hydrophobicity of the compounds was important for HSA binding process [98]. The
same conclusion was inferred for taxane derivatives, in which the hydrophobicity of the
drugs was fundamental in the binding process. Actually, the affinity resulted significantly
affected by the nature of the isoserine side chain, the presence of the 1,14-carbonate moiety
and the substituent at C-7 [122].

Most of the compounds that presented low affinity for HSA structurally presented
functional groups that confer some degree of basicity (amines) or present high hydrophilic-
ity. Acyclovir (%b = 5.4) [119] and timolol (%b = 14.0) [118] (Figure 5) are examples of drugs
demonstrated to have low affinity for HSA.

Nevertheless, even for structurally similar compounds, a significant difference of the
binding percentages between the various derivatives can be observed. As examples, the
%b of taxane derivatives ranged from 40.2 to 91.9 [122] and of dietary flavonoids from 15.36
to 91.79 [121].
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Figure 5. Examples of drugs with low affinity for HSA: acyclovir (A) and timolol (B).

Finally, it is important to infer that some works described not only the determination
of binding affinity by HPALC but also included other methods to allow comparative
studies. For example, in addition to the chromatographic method, docking studies [98]
and circular dichroism analysis [111,117,122,123] were described, and good correlation was
found between the different approaches.

In all studies, HPALC proved to be a fast and convenient method for determination of
drug–protein interactions by using small amount of immobilized protein, which is one of
the main advantages of this method. Moreover, HPALC allowed to determine the HSA
binding affinity both for drugs that have high and low affinity to the protein.

3.3. Capillary Electrophoresis

In the last 20 years, the use of chiral selectors as buffer additives or immobilized
ligands have been growing in CE for the analysis of drug enantiomers. Various types
of additives or ligands can be used, such as polysaccharides, proteins, polymers, chiral
micelles, among others [137]. This separation technique presents a series of advantages
such as a fast method development, short analysis time, low consumption of analytes and
reagents and, when compared to LC, a lower use of organic solvents, being considered
a “greener” technique. Moreover, for chiral separation, CE provides a high separation
efficiency, a wide variety and flexibility of chiral selectors as well as a lower consumption
of them [138].

As previously demonstrated, the protein binding affinity studies became more conve-
nient as affinity ligands were combined with LC columns. A similar trend has occurred by
using affinity ligands for biological interaction studies in electrophoresis with the develop-
ment of affinity capillary electrophoresis (ACE) [139]. This technique was first reported in
1992 as a CE separation technique for the study of ligand and receptor interactions [140].

ACE is based on changes in the electrophoretic mobility caused by interactions be-
tween an analyte and a specific ligand and it has been widely used to analyze biomolecules,
mostly proteins, polysaccharides and hormones [141]. ACE can, for instance, be applied
to measure the affinity and the binding constant (Kb) between an analyte and an associ-
ated protein, the rate constant of association (Kon) and dissociation (Koff) as well as the
investigation-binding stoichiometry [139].

Three different modes have been described for ACE. Firstly, both the analyte and lig-
and can be premixed in the sample being designed as the pre-equilibrium mode. Secondly,
for the dynamic equilibrium mode, the ligand is placed in the electrophoresis separation
buffer while the analyte is dissolved in the sample solution. Lastly, in the third mode, the
ligand is immobilized on the capillary wall [139].

In ACE, since separations can be performed under physiological conditions, the
analyte can be preserved in a native state which retains its molecular function. Another
advantage of this method is the direct analysis of the interactions of the drug and protein in
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solution. Additionally, since ACE can separate the analyte from other sample components,
it allows the use of impure samples [142].

Furthermore, this technique has been widely used for the separation of chiral drugs. In
this case, the separation of the enantiomers will occur by the interaction that they have with
the immobilized protein similar to HPALC analysis using a CSP [137]. ACE allows not only
the separation of enantiomers but also the evaluation of their differences in binding affinity
by the respective mobility differences [139]. Apart from trypsin and α-chymotrypsin, most
proteins used in the development of CSPs, can be also used for CE being HSA and BSA the
most commonly found. Additionally, other proteins have been successfully used as chiral
selectors in CE such as serum albumins from other species, fungal cellulase, casein and
human serum transferrin [137].

Numerous studies have been reported describing different ACE techniques for HSA
binding studies with several drugs and other bioactive compounds [143–148]. Updated
examples of these studies are summarized in Table 5. In addition to CE, some studies
of electrokinetic chromatography (EKC), in which the chiral selector was added to a
background electrolyte without the presence of further pseudostationary phases [149],
were also presented.

Table 5. Binding affinity studies on HSA by electrophoretic methods.

Analyte Technique Electrophoretic Conditions
Binding Affinity to HSA

RefAssociation
Constant (M−1)

Bound
Percentage (%)

Mexiletine
CE

Agilent CE3D CE system
Detection: DAD; λ = 200 nm for mexiletine and
chlorpheniramine, λ = 214 nm for propranolol
Running buffer: Phosphate buffer (67 mM, pH 7.4)
Chiral selector: 0.4 M HSA
Voltage: 8–16 kV
Capillary temperature: 25 ◦C

0.20–0.38 × 103 -
[150]Chlorpheniramine 0.83–1.24 × 103 -

Propranolol 1.00–1.16 × 103 -

(R)-Amlodipine CE

HPE-100 CE system
Detection: DAD; λ = 214 nm
Incubation with 300 µM HSA
Separation buffer: Sodium dihydrogen phosphate
buffer (60 mM, pH 3.7)
Chiral selector: hydroxypropyl-β- cyclodextrin
Voltage: 12 kV
Capillary temperature: 23.5 ◦C

0.991–1.12 × 104 -
[151](S)-Amlodipine 0.902–1.04 × 105 -

Nuarimol CE

Hewlett-Packard HP 3D CE system
Detection: DAD; λ = 220 and 278 nm
Background electrolyte: Sodium phosphate (67 mM,
pH 7.4)
Chiral selector: 160 µM HSA solution
Voltage: 15 kV
Capillary temperature: 30 ◦C

(9.7 ± 0.3) × 103 75.2 ± 2 [152]

Imazalil (E1)
CE

Beckman P/ACE MDQ CE system
Detection: DAD; λ = 200 nm
Incubation with 530 µM HSA
Background electrolyte: Sodium dihydrogen
phosphate buffer (50 mM, pH 7.0)
Incubation buffer Sodium dihydrogen phosphate
buffer (50 mM, pH 7.4) + NaCl (9.2 g/L)
Chiral selector: Highly sulfated β-cyclodextrin
Voltage: 15 kV
Capillary temperature: 40 ◦C

- 54.4–57.1 [153]Imazalil (E2) - 38.2–40.0
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Table 5. Cont.

Analyte Technique Electrophoretic Conditions
Binding Affinity to HSA

RefAssociation
Constant (M−1)

Bound
Percentage (%)

(S)-Omeprazole
CE

Agilent 7100 CE system
Detection: DAD; λ = 302 nm
Background electrolyte: Disodiumhydrogen phosphate
and sodium dihydrogen phosphate
(20 mM):1-propanol (95:5, v/v, pH 7.4)
Chiral selector: Different concentrations of HSA
Voltage: 20 kV
Capillary temperature: 25 ◦C

3.18 × 103 -
[154](R)-Omeprazole 5.36 × 103 -

R-(+)-Verapamil

CE

PrinCE CEC- 760 system
Detection: DAD; λ = 240 and 250 nm
Background electrolyte: Phosphate buffer (20 mM,
pH 7.4)
Incubation buffer: Phosphate buffer (20 mM, pH 7.4)
Chiral selector: 30–110 µM HSA
Voltage: 15 kV
Capillary temperature: 25 ◦C

1.844 × 103 -

[155]S-(-)-Verapamil 0.066 × 103 -
R-(+)-

Amlodipine 22.62 × 103 -

S-(-)-Amlodipine 25.073 × 103 -

Methoxatin
disodium salt CE

Agilent CE 1600A system
Detection: DAD; λ = 249 nm
Incubation with HSA (0–475 µM)
Background electrolyte: Phosphate buffer (67 mM,
pH 7.4)
Voltage: 6 kV
Capillary temperature: 293–310 K

1–1.06 × 103 48.80–53.70 [156]

Captopril CE

Agilent CE 1600A system
Detection: DAD; λ = 210 nm
Incubation with 400 µM HSA
Background electrolyte: Phosphate buffer (67 mM,
pH 7.4)
Voltage: 8 kV
Capillary temperature: 37 ◦C

2.63 (±0.21) × 103 66 ± 6 [157]

Loureirin B CE

P/ACE MDQ CE system
Detection: DAD; λ = 280 nm
30 µM HSA (injected into the capillary or mixed with
Loureirin B)
Background electrolyte: Phosphate buffer (50 mM,
pH 7.4)
Voltage: 18 kV
Capillary temperature: 37 ◦C

2.78–13.14 × 104 - [158]

Lidocaine
Tryptophan
Diclofenac
Ibuprofen

Chlorpropamide
Tolbutamide

CE

Agilent 3D CE system
Detection: DAD; λ = 214, 220, 276 nm
25 or 75 µM HSA (added to samples)
Background electrolyte: Borate buffer (pH 8.5)
Voltage: 14 kV
Capillary temperature: 25 ◦C

1.96 (±0.32) × 103

8.82 (±0.08) × 103

2.56 (±0.08) × 104

8.82 (±0.60) × 103

8.04 (±0.04) × 103

1.19 (±0.08) × 104

- [159]

Brompheniramine
(E1)

Hewlett-Packard HP 3D CE system
Detection: DAD; λ = 225 nm
Background electrolyte:
Tris–(hydroxymethyl)-aminomethane (50 mM, pH 8.5,
8.25, 7.00, 7.80)
Chiral selector: 180, 160 µM HSA solution
Voltage: 15 kV
Capillary temperature: 30 ◦C

(9.39 ± 0.10) × 102 -

Brompheniramine
(E2) (2.60 ± 0.17) × 103 -

Chlorpheniramine
(E1) (9.20 ± 0.20) × 102 -

Chlorpheniramine
(E2) EKC (1.69 ± 0.17) × 103 -

Hydroxyzine
(E1) (5.3 ± 0.5) × 103 - [160]

Hydroxyzine
(E2) (6.3 ± 0.4) × 103 -

Orphenadrine
(E1) (1.26 ± 0.13) × 103 -

Orphenadrine
(E2) (1.67 ± 0.11) × 104 -
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Table 5. Cont.

Analyte Technique Electrophoretic Conditions
Binding Affinity to HSA

RefAssociation
Constant (M−1)

Bound
Percentage (%)

(R)-Zopiclone
EKC

Beckman P/ACE MDQ CE system
Detection: DAD; λ = 220 nm
Incubation with 475 µM HSA
Separation buffer:
Tris-(hydroxymethyl)-aminomethane (50 mM, pH 6.0)
Incubation buffer: Phosphate buffer (67 mM, pH 7.4)
Chiral selector: carboxymethylated-β-cyclodextrin
Voltage: 15 kV
Capillary temperature: 25 ◦C

- 49 ± 6 [161](S)-Zopiclone 45 ± 3

Nomifensine (E1)
EKC

Beckman P/ACE MDQ CE system
Detection: DAD; λ = 220 nm
Incubation with HSA
Separation buffer:
Tris-(hydroxymethyl)-aminomethane (50 mM, pH 6.0)
Incubation buffer: Phosphate buffer (67 mM, pH 7.4)
Chiral selector:
heptakis-2,3,6-tri-O-methyl-β-cyclodextrin
Voltage: 15 kV
Capillary temperature: 50 ◦C

- 40 ± 5
[162]Nomifensine (E2) 63 ± 4

CE: Capillary electrophoresis; DAD: Diode array detection; EKC: Electrokinetic chromatography; HSA: Human serum albumin.

Table 5 showed different studies that have been reported over the years for the evalu-
ation of the binding affinity of HSA of numerous drugs and other bioactive compounds
using CE techniques. Many studies focused on the individual binding parameters for
each compound/enantiomer [153,155,161] while others also described competitive studies
between compounds to the binding sites of HSA [156,157,159]. Furthermore, most of these
studies were enantioselective studies where the differences in binding of each enantiomer of
the analyzed compounds to HSA were evaluated and compared using, many of them, HSA
as a chiral selector [150,152,154,155]. However, a few studies used cyclodextrins for this
purpose while HSA was incubated with the samples before the analysis [151,153,161,162].

It was found that different employed techniques within CE or EKC were used. One
of the most common was the partial filling technique (PFT). In this analysis, the capillary
is only partially filled with the chiral selector while the rest of the capillary contains the
electrophoretic buffer. After optimization, compounds can be detected out of the protein
zone avoiding the UV interference usually caused by proteins [150,152].

The enantiomeric separation of three basic drugs (mexiletine, chlorpheniramine and
propranolol) was performed by CE-PFT with human and porcine serum albumins (HSA
and PSA) as chiral selectors [150]. The aim was to study and compare the chiral recognition
ability of these proteins. Although chlorpheniramine and propranolol were better separated
by PSA, HSA showed a better chiral recognition ability to mexiletine [150]. Another study
showed the first evidence of the enantioselective binding of antihistamines to HSA using
an EKC-PFT technique [160]. Furthermore, EKC-PFT was used for chiral separation and
HSA binding studies of zopiclone and nomifensine enantiomers [161,162]. A significant
enantioselectivity to HSA was found in these studies; for instance, for zopiclone, the (S)-
enantiomer displayed more affinity (by a factor of 2) to HSA than the (R)-enantiomer [161].
These studies showed the various advantages of the PFT technique, not only the removal
of the UV interference caused by proteins but also allowing a simpler performance with
lower reagent consumption [150,160–162].

Along with CE/EKC-PFT, another of the most used techniques in the compiled studies
was CE coupled with frontal analysis (CE-FA). In CE-FA, a large volume of an equilibrated
mixture of the analyte and protein is injected resulting in a flat plateau, the height of which
is proportional to the concentration of free (unbound) analyte. In the presence of the protein
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molecule, the height of the plateau peak decreases with the decrease in the concentration of
unbound analyte. Thus, the amount of bound analyte to the protein can be quantified [156].

A flow injection (FI)-CE coupled with FA was used to the study of stereoselectivity
binding of the amlodipine enantiomers to HSA [151]. Although the racemate is used,
previous studies showed that (S)-amlodipine is responsible for the vasodilating proper-
ties of this drug while (R)-amlodipine displays side effects. The results showed that the
(S)-amlodipine binds to HSA more strongly (0.902–1.04 × 105 M−1) than its antipode
(0.991–1.12 × 104 M−1) [151]. CE-FA was also used to study the binding of L-tryptophan
and lidocaine to HSA as well as the effect of several drugs on the binding affinity through
displacement studies [159]. A decrease in the bound of L-tryptophan was observed in
the presence of the other drugs indicating that these molecules share the same binding
site while no difference was observed for lidocaine [159]. Additionally, this technique
was used to evaluate the binding of nuarimol, methoxatin disodium salt and captopril to
HSA [152,156,157]. All these studies described the several advantages of CE-FA such
as simplicity, flexibility, high speed and the possibility to use near physiological condi-
tions [151,152,156,157,159].

Although CE/EKC-PFT and CE-FA were the most reported techniques for binding
studies with HSA, other techniques were also found. A complete filling technique (CFT)
was applied to evaluate the enantioselective binding of imazalil to HSA [153]. CE-CFT
involves the filling of the capillary completely with the chiral selector before the sample in-
jection. The results showed that the binding of imazalil to HSA was enantioselective which
provided the first evidence of enantioselective toxicokinetic data for this compound [153].
Lastly, a mobility shift-affinity capillary electrophoresis method was also reported for the
study of the binding of verapamil and amlodipine to HSA [155]. In this technique, the
capillary and running background electrolyte vials are filled with background electrolyte
containing the chiral selector, HSA, in this case, at various concentrations. The other bind-
ing partner is, then, injected in the capillary in a small volume. Regarding the results, the
study found stronger binding of (S)-amlodipine and (R)-verapamil to HSA in comparison
to their antipodes [155].

Regarding the pH, as previously mentioned for the HPALC studies, most CE studies
were also performed using a pH of 7.4. However, some exceptions were observed and
pH ranging from 6.0 to 8.5 were also reported [151,159,160]. In addition, although the
physiological temperature is considered to be around 37 ◦C, only two studies used this
temperature [156,157]. The most common temperature was 25 ◦C, one study used a lower
temperature of 23.5 ◦C [151] while the rest used higher temperatures.

Various buffers can be used as a background electrolyte for CE analysis. As shown in
Table 5, phosphate and sodium buffers were the most described. A tris-(hydroxymethyl)-
aminomethane solution was also reported in the three EKC studies [160–162] and, lastly,
one study reported a borate buffer [159].

The analysis of the results of the binding parameters showed association constants
in the 102–104 range. Although in HPLAC bound percentages (%b) closer to 100 were
found for some compounds, in CE, the highest percentage was 75.2% for nuarimol [152].
However, since the lowest value found was 38% for one of the enantiomers of imazalil [153],
it is possible to infer that the majority of the analyzed compounds present a significant
binding affinity to HSA.

CE proved to be a valuable technique for binding affinity studies for numerous
compounds. It is a simple but highly versatile technique since it can be adapted to different
modes with different advantages mentioned above, and can be used for several types of
compounds with promising results.

3.4. In Silico Methods

Over the last years, in silico tools have been employed to elucidate the binding
mechanism of drugs and other exogenous ligands with HSA [53,72]. Docking analysis
is a widely applied approach, which uses algorithms to predict how small molecules
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interact with different proteins at an atomic level. In this way, it is possible to predict
and characterize the behavior of small molecules at the binding site of the protein under
study [163]. These studies are based on two fundamental points: the prediction of the
conformation, position and orientation of the ligand in the protein binding sites and the
estimation of the binding affinity [164].

This type of analysis can play an important role in guiding new studies, since the
production of complex molecular models can provide important information about the
nature of the molecular recognition mechanism of biomacromolecules, and is, therefore,
most often used at an early stage of a binding study as a guideline [164–166]. However, it
is important to bear in mind that the presumed main binding site of a molecule is not the
only site where interactions may occur and, therefore, the results obtained must be tested
and validated. A major limitation of this method is that molecules can change their three-
dimensional structure depending on their binding state. Actually, biomolecules as plasma
proteins in their free form may present different conformations from those observed when
they are complexed with other molecules. Besides, some programs used for this type of
studies consider that the molecules in question have fixed and rigid structures. Thus, by not
considering flexible molecules, there is a risk of establishing erroneous results [164–166].

First, the three-dimensional protein data bank (PDB) structure of macromolecule was
obtained from the RCSB protein database or other databases. PubChem or ChemSpider
database can be used to obtain the PDB structure of drug/ligand. Various softwares are
available to perform docking between protein and drug/ligand, such as AutoDock 4.0,
AutoDock 4.2, AutoDock vina, Hex 8.0, BSP SLIM online, and others. Among all, AutoDock
is commonly used to perform docking [72]. Then, the lowest binding energy docking poses
of each compound are chosen for performing the docking analysis [167]. The lower the
docking score, the more stable is the complex [168].

Computational studies, using molecular docking approach, have been shown to play
an important role to decipher the molecular recognition mechanisms and previewing of
binding affinity of drugs and other bioactive compounds on plasma proteins. Recent
docking studies for drug–protein interactions analysis encompass, for example, oral antico-
agulants [169], the anticancer drug gemcitabine [170], the antihypertensive drug telmis-
artan [171], among others. Regarding other bioactive compounds, some recent examples
include the dihydroxy-phenyl-thiazol-hydrazinium chloride (antioxidant and antiradical
activities) [172], hydrazone ligand derived Cu(II) and VO(IV) complexes (antibacterial and
antifungal activities) [173], uranyl complexes of alkyl substituted isothiosemicarbazone
(anticancer features) [174], 7-amino coumarin derivative (analgesic, anticancer, and antico-
agulant activities) [175], among others. Our group also, recently, evaluated the recognition
mechanisms and protein binding affinity of chiral derivatives of xanthones on HSA by
diverse methods, including docking approach (Figure 6) [98,163].

The overall results indicate that xanthone derivatives fit within the hydrophobic pocket
of subdomain IIIA, presenting low negative docking scores. In order to understand the
binding energy scores, a visual inspection of the binding conformations was performed for
the bioactive small molecules on HSA [98,163]. Representative examples of the most stable
docked conformations for different enantiomers complexes with the HSA are illustrated in
Figure 6. It was found that the docking poses of the enantiomers of the xanthone derivatives
were diverse, leading to different binding interactions [98].
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Figure 6. The most stable docked conformations for different enantiomers complexes with the HSA. (A) HSA; (B–F) both
enantiomers of diverse chiral derivatives of xanthones. Carbons, nitrogens and oxygens in the chiral selector are represented
as green, blue and red lines, respectively. (S) and (R) enantiomers are represented as magenta and yellow sticks, respectively.
Hydrogen interactions are represented as a yellow broken line. π–stacking interactions are represented as a yellow doble
arrow. Residues evolved in those interactions are labeled. Reprint permission from Ref. [98].

Docking studies, by providing valuable data on the interaction mechanism of various
drugs and therapeutically active ligands, also make a significant contribution to the design
and development of new promising drugs [176].
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4. Enantioresolution Studies by Chromatographic and Electrophoretic Methods Using
HSA as Chiral Selector

Separation of enantiomers is undoubtedly a matter of crucial importance in diverse re-
search areas [44], allowing to achieve different goals, such as preparative enantioresolution
of chiral drugs and other analytes [177,178], monitoring enantiomeric reactions [167,179],
evaluation of enantiomeric purity in quality control [180,181], food analysis [182,183],
stereochemistry determination of natural compounds [184,185], pharmacokinetic [25] and
environmental studies [186,187], among other applications.

Protein-based CSPs for LC are very useful for analytical work; however, due to their
low loading capacity, they are not generally applicable for preparative purposes [88,92].

In addition to protein binding affinity studies, enantioseparation of chiral compounds
by chromatographic and electrophoretic methods using HSA as chiral selector continues to
be reported. Actually, the interactions of chiral drugs or other bioactive compounds with
proteins are often stereoselective [29]. Examples are summarized on Table 6.

Table 6. Enantioresolution studies by chromatographic and electrophoretic methods using HSA as chiral selector.

Analyte Technique Chromatographic/Electrophoretic
Conditions

Chromatographic
Parameters Ref

α Rs

Cetirizine HPALC

Mobile phase: 2-Propanol: phosphate buffer (10 mM, pH 7.0) (10:90, v/v)
Flow rate: 0.9 mL/min
Detection: UV; λ = 227 nm
Column: CHIRALPAK® HSA (100 × 4 mm)

1.43 1.82 [188]

Xanthone derivatives HPALC

Mobile phases: Sodium/potassium phosphate buffer or
ammonium/sodium acetate buffer (10 mM, pH 5.0 and pH 7.0):
acetonitrile (90–76: 10–24, v/v)
Flow rate: 0.9 mL/min
Detection: UV; λ = 254 nm
Column: CHIRALPAK® HSA (150 × 40 mm)

1.40–9.16 1.51–4.97 [98]

Atenolol

HPALC
Mobile phase: Phosphate buffer (0.01 M, pH 7.0)
Flow rate: 0.5 mL/min
Column: Chrom Tech® Chiral-HSA (100 × 4 mm)

2.40 1.25

[189]Labetalol 1.26 1.87
Nadolol 1.38 -
Pindolol 1.14 0.65

α-Adrenoreceptor
antagonists HPALC

Mobile phase: 1-Propanol: potassium phosphate buffer (0.1 M, pH 7.4)
(10:90 or 5:95, v/v)
Flow rate: 1 mL/min
Detection: UV; λ = 220 nm
Column: mixed HSA and AGP (50:50) column (150 × 4.6 mm i.d.)

1–1.57 - [190]

Warfarin

HPALC

Mobile phase: 1-Propanol: phosphate buffer (0.1 M, pH 7.0) (5:95, v/v)
Flow rate: 1.0 mL/min
Detection: UV; λ = 260 nm
Column: HSA Shandon Scientific® (15 × 0.4 cm)

1.16 -

[191]

Temazepam 1.43 -
Temazepam

hemisuccinate 1.89 -

Oxazepam
hemisuccinate 1.75 -

Ketoprofen

HPALC

Mobile phase: 1-Propanol: phosphate buffer (0.1 M, pH 7.0) (10:90, v/v)
Flow rate: 1.0 mL/min
Detection: UV; λ = 260 nm and λ = 300 nm
Column: HSA Shandon Scientific® (15 × 0.4 cm)

1.38 -

[191]Fenoprofen 2.17 -
Suprofen 4.87 -
Naproxen 1.43 -

Hydroxypropionic
acids HPALC

Mobile phase: 1-Propanol: potassium phosphate buffer (0.1 M, pH 7.0)
(10:90, v/v) containing 5 mM octanoic acid
Flow rate: 1.0 mL/min
Detection: UV; λ = 220 nm and λ = 275 nm
Column: HSA Shandon Scientific® (150 × 4.6 mm)

1–2.17 - [192,
193]

Tofisopam

HPALC

Mobile phase: Phosphate buffer (0.1 M, pH 7.0) with 2-propanol or
acetonitrile modifiers
Flow rate: 0.9 mL/min
Detection: UV; λ = 310 nm
Column: HSA Chiral Protein-2® (150 × 4 mm)

3.15 -

[194]

Oxazepam acetate 5.42 -
Temazepam acetate 19.86 -
Lorazepam acetate 2.00 -

Oxazepam
hemisuccinate 14.30 -

Oxazepam
methylsuccinate 5.39 -

Lorazepam
hemisuccinate 3.25 -

Warfarin 1.30 -
Phenprocoumon 1.80 -
Acenocoumarol 1.73 -
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Table 6. Cont.

Analyte Technique Chromatographic/Electrophoretic
Conditions

Chromatographic
Parameters Ref

α Rs

Tryptophan
Metoprolol

Esmolol
Bisoprolol
Azelastine
Warfarin
Labetalol
Atenolol
Terazosin

Citalopram

CEC

Mobile phase: Phosphate buffer (10 mM, pH 7.0) without organic
modifier for tryptophan, with acetonitrile (80:20, v/v) for warfarin and
2-propanol (90:10, v/v) for others
Flow rate: 3 µL/min
Detection: UV; λ = 215, 225, 240 and 254 nm
Column: HSA–cellulase@poly(GMA–EDMA) monolith column
Voltage: 10 and 15 kV
Capillary temperature: 20 ◦C

-
-
-
-
-
-
-
-
-
-

2.13
1.87
1.60
1.72
1.92
1.48

0.76, 1.79
1.07
0.42
0.45

[195]

(R)-Propranolol
CE

Hewlett-Packard HP 3D CE system
Detection: DAD; λ = 220 nm
Background electrolyte: Phosphate buffer (67 mM, pH 7.4)
Chiral selector: 100 µM HSA solution
Voltage: 20 kV
Capillary temperature: 35 ◦C

1.083 1.06 [196](S)-Propanolol

(R)- Oxprenolol
EKC

Hewlett-Packard HP 3D CE system
Detection: DAD; λ = 220 nm
Background electrolyte: Tris–(hydroxymethyl)-aminomethane (50 mM,
pH 8.5)
Chiral selector: 190 µM HSA solution
Voltage: 15 kV
Capillary temperature: 35 ◦C

- 1.47 [197](S)- Oxprenolol

Promethazine

Hewlett-Packard HP 3D CE system
Detection: DAD; λ = 200, 220, 240 and 274 nm
Background electrolyte: Tris–(hydroxymethyl)-aminomethane (50 mM,
pH 7.6, 8.4, 8.8, 8.0)
Chiral selector: 170, 167 and 190 µM HSA solution
Voltage: 15 kV
Capillary temperature: 30 ◦C

- 2.01 ± 0.15
Alprenolol - 1.85 ± 0.13
Oxprenolol EKC - 1.5 ± 0.2 [198]
Propanolol - 1.5

Brompheniramine

Hewlett-Packard HP 3D CE system
Detection: DAD; λ = 225 nm
Background electrolyte: Tris–(hydroxymethyl)-aminomethane (50 mM,
pH 8.5, 8.25, 7.00, 7.80)
Chiral selector: 180, 160 µM HSA solution
Voltage: 15 kV
Capillary temperature: 30 ◦C

- 2.50
Chlorpheniramine - 1.49

Hydroxyzine EKC - 1.41 [160]
Orphenadrine - 1.12

Trimeprazine
EKC

Hewlett-Packard HP 3D CE system
Detection: DAD; λ = 240 and 278 nm
Background electrolyte: Tris–(hydroxymethyl)-aminomethane (50 mM,
pH 7.6 and 7.5)
Chiral selector: 170 µM HSA solution
Voltage: 15 kV
Capillary temperature: 30 ◦C

- 1.74 [199]Prometazine - 2.01

Nuarimol EKC

Hewlett-Packard HP 3D CE system
Detection: DAD; λ = 220 and 278 nm
Background electrolyte: Tris–(hydroxymethyl)-aminomethane (50 mM,
pH 7.3)
Chiral selector: 160 µM HSA solution
Voltage: 15 kV
Capillary temperature: 30 ◦C

- 1.1 [152]

(R)-Zopiclone
EKC

Beckman P/ACE MDQ CE system
Detection: DAD; λ = 220 nm
Incubation with 475 µM HSA
Separation buffer: Tris-(hydroxymethyl)-aminomethane (50 mM, pH 6.0)
Incubation buffer: Phosphate buffer (67 mM, pH 7.4)
Chiral selector: carboxymethylated-β-cyclodextrin
Voltage: 15 kV
Capillary temperature: 25 ◦C

1.95 2.1 [161](S)-Zopiclone

Nomifensine (1st
enantiomer) EKC

Beckman P/ACE MDQ CE system
Detection: DAD; λ = 220 nm
Incubation with HSA
Separation buffer: Tris-(hydroxymethyl)-aminomethane (50 mM, pH 6.0)
Incubation buffer: Phosphate buffer (67 mM, pH 7.4)
Chiral selector: heptakis-2,3,6-tri-O-methyl-β-cyclodextrin
Voltage: 15 kV
Capillary temperature: 50 ◦C

2.7 ± 0.1 1.7 [162]
Nomifensine (2nd

enantiomer)
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Table 6. Cont.

Analyte Technique Chromatographic/Electrophoretic
Conditions

Chromatographic
Parameters Ref

α Rs

Imazalil (1st
enantiomer) CE

Beckman P/ACE MDQ CE system
Detection: DAD; λ = 200 nm
Incubation with 530 µM HSA
Background electrolyte: NaH2PO4 (50 mM, pH 7.0)
Incubation buffer NaH2PO4 (50 mM, pH 7.4) + NaCl (9.2 g/L)
Chiral selector: Highly sulfated β-cyclodextrin
Voltage: 15 kV
Capillary temperature: 40 ◦C

2.0 4.4 [153]
Imazalil (2nd
enantiomer)

R-(+)-Verapamil

CE

PrinCE CEC- 760 system
Detection: DAD; λ = 240 and 250 nm
Background electrolyte: HSA (30–110 µM) + phosphate buffer (20 mM,
pH 7.4)
Incubation buffer: Phosphate buffer (20 mM, pH 7.4)
Voltage: 15 kV
Capillary temperature: 25 ◦C

- 2.7–1.0
[155]S-(-)-Verapamil

R-(+)-Amlodipine - 3.6–1.1S-(-)-Amlodipine

In most studies presented in Table 6, the optimization of the chromatographic or
electrophoretic conditions was performed to achieve the best conditions to obtain a higher
number of separations of enantiomeric mixtures, with good enantioselectivity and reso-
lution in a short analysis time. Therefore, diverse conditions were explored taking into
account the type and proportion of organic modifier of the mobile phase (commonly iso-
propanol and acetonitrile), the type, concentration and pH of the mobile phase buffer, the
temperature of analysis, charged additives as well as the flow rate (HPALC) or voltage
(CE and EKC). Under the optimized analysis conditions, the majority of the analytes were
successfully enantioseparated.

Moreover, it is also important to note that for most of the analyzed compounds, a
significant enantioselective binding to HSA was found.

5. Conclusions

The importance of plasma protein binding in drug discovery and development is
unquestionable and several studies have been described over the years. The demand
for plasma protein binding data for a large number of compounds has motivated efforts
to optimize existing technology as well as to develop new methods. Nowadays, there
are various methods available for measuring protein binding affinity. In addition to the
traditional approaches, such as equilibrium dialysis, ultrafiltration and ultracentrifugation,
some innovative tools are significantly being used in detriment of the previous methods.

To define the most appropriate technique for a particular analysis, it is important to
consider several factors, such as the procedure facilities, assay resolution and productiv-
ity. The type of information required, the number and physicochemical properties of the
compounds to test and the amount of material available may also determine the choice
of the method. The traditional techniques are labor-intensive and time consuming, which
require a long assay preparation time and an additional analytical method. Moreover,
they are difficult to become automated. The challenge of determining the concentration of
the free drug can also be highlighted, since the concentrations of the free fraction of the
compounds can be in the ng/mL range, especially for drugs that bind with high affinity to
plasma proteins. These difficulties and challenges have triggered the development of other
analytical alternatives, such as chromatographic and electrophoretic methods. It was found
that HPALC and ACE using proteins as chiral selectors are of special interest and have
been widely explored, as illustrated by the examples given within this review, taking into
account their various advantages. In addition to bioaffinity binding studies, both HPALC
and ACE, allow to perform other type of analyses, namely, displacement studies and
enantioseparation of racemic or enantiomeric mixtures for a broad range of compounds.
Actually, proteins, such as HSA, used as chiral selectors in chromatographic and elec-
trophoretic methods, have unique enantioselective properties demonstrated to be suitable
for the enantioseparation of a large variety of chiral drugs or other bioactive compounds.
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Moreover, since the interest in the role of protein binding in drug action has increased
in the medicinal chemistry field, computational medicinal chemists have become interested
in plasma protein binding, and in silico methods, such as the docking approach, were
explored in an attempt to elucidate and predict the molecular determinants of binding
to HSA.

Future work in this area should lead to an increased understanding of the significance
of plasma protein binding to drug action. ACE and HPALC with HSA as selector should
allow the continued development of improved chiral separations for drug discovery or
development and also pharmaceutical research. All these efforts will continue in the future.
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