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Abstract: This paper presents various aspects of the use of chromatography to determine the biological
activity of substances. On the one hand, the use of chromatography to determine the lipophilicity
of a substance, a property that affects all LADME steps in various biomimetic systems, is presented,
using various descriptors such as the retention factor in pure water (or buffer with physiological
plasma pH), the CHI value, and Chrom logD. The use of chromatography in biomimetic systems to
determine the interaction of substances with phospholipids (IAM stationary phases) and transport
proteins (stationary phases with immobilised proteins) is also discussed. On the basis of the retention
data obtained in these systems, the volume of distribution of the substance and the degree of binding
of the substance with the proteins in question can be determined. Chromatography is also a method
used to determine the interaction of substances with specific membrane receptors at their site of
action using membrane chromatography (MCM). Thanks to biological detection, chromatography
can also be used to determine the antimicrobial activity (bioautography) of substances and the effect
of substances on biochemical reactions taking place in organisms, such as antioxidant properties and
the inhibitory activity of various enzymes (biological assay).

Keywords: biological activity of substances; biomimetic chromatography system; determination of
interaction of substances with biological barriers; proteins; receptors; enzymes and microbial detection

1. Introduction

Biologically active substances can be identified among the many naturally occurring
and synthesised substances. According to current pharmaceutical legislation, a biologically
active substance (API) is a component of a medicinal product that is responsible for its phar-
macological, metabolic, and immunological effects. The purpose of using such substances is
to treat or prevent diseases and to restore the normal functioning of the organism. In nature,
biologically active substances are usually secondary metabolites of plants. Biologically
active substances can also be formed during the fermentation of foods [1,2].

The biological activity of a substance is related to its physicochemical and chemi-
cal properties [3–10]. A biologically active substance has an effect on the functioning of
an organism if it is present in the right concentration in the vicinity of the correspond-
ing receptor—its site of action. From administration to interaction with the receptor,
the substance goes through a series of stages: release of the active substance from the
preparation—in the case of non-intravenous administration, uptake into the bloodstream
(absorption), and distribution to the individual tissues.

In order to reduce the number of in vivo and in vitro studies on the biological activity
of substances, methods are being sought to determine biological activity on the basis of
knowledge of the physicochemical properties of substances. Chromatographic methods are
part of this research trend. The role of chromatographic studies in the biological activity of
compounds includes the determination of:
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- The physicochemical parameters that determine the biological activity of a com-
pound [11–13].

- Pharmacokinetic parameters from chromatographic data [14–20].
- The interaction with cellular or plasma proteins [18,20–24].
- The effects of the substance on microorganisms and its enzyme-inhibiting properties

and hormonal activity [25–29].

2. Biomimetic Chromatographic System

Biomimetic chromatographic systems are systems that mimic the biological environ-
ment of drug action. The chromatography in such systems is called biomimetic chromatog-
raphy [17,26,27].

2.1. Stationary Phases in Biomimetic Chromatographic Systems

Substances that enter the body interact with biological membranes—cell membranes
consisting of a phospholipid bilayer, with transport proteins in the blood and with mem-
brane receptors. Until recently, the most popular biomimetic phases in chromatography
were non-polar stationary RP phases with aliphatic ligands C-18 and C-8. Such phases
mimic the non-polar interior of a biological membrane. These phases are used in reversed
phase chromatography (RP) and micellar liquid chromatography (MLC) [30–33]. Other sta-
tionary phases that mimic cell membranes include IAM (Immobilised Artificial Membrane)
and phases called IAM.PC DDC, which were developed by Pidgeon [34]. These phases are
manufactured on a silicon dioxide base with phosphatidylcholine, the main component of
cell membranes. The matrix of the IAM phase is silicon dioxide with chemically bound
phosphatidylcholine molecules, which form a structure on their surface that is identical
to the monolayer of the cell membrane (Figure 1). The retention values of substances
obtained on such columns illustrate the interactions of the molecules of the substance
with phospholipids—the affinity to phospholipids is essential for the permeation of sub-
stances through biological membranes [35,36]. High retention characterises molecules that
have a high affinity for phospholipids—too high an affinity for phospholipids reduces the
permeability of the compound, as it prefers to remain within the cell membrane. Such
compounds are not only poorly absorbed and distributed in the body but can also disrupt
the cell membrane or disrupt phospholipid metabolism in the cells (phospholipidosis).
New stationary phases with phospholipids are those with immobilised sphingomyelin
(SPH) [37] and phosphatylethanolamine. Stationary phases with phospholipid bilayers are
immobilised—liposomes are stationary phases [38,39]. Stationary phases with active cell
membranes—cell membrane stationary phases (CMSP)—are used to study the interactions
of substances with membrane receptors. Fragments of cell membranes are deposited on the
surface of silica or a polymer by physical adsorption, whereby the structure of the cell mem-
branes is preserved and the spatial structure of the membrane receptors, their environment,
and the enzyme activity remain unchanged [40,41]. Currently, CMSP phases are obtained
from cell cultures with high expression of a specific membrane receptor. Cholesterol phases
are another stationary phase that contains an important component of the cell membrane.
Like the IAM phases, they are usually composed of a silica base with chemically bound
cholesterol molecules (Figure 1). Chromatography with stationary membrane phases is
known as biomimetic phospholipid membrane chromatography (BPMC) [42].

In stationary phases with immobilised proteins, interaction with proteins plays an
important role in the pharmacological activity of a substance. The binding of a drug to
proteins influences the volume of distribution of the drug, the absorption, and the duration
of action. The most common stationary phases are those with immunised albumin and
globulins [41,43,44]. Studies have shown that proteins in such stationary phases retain their
most important properties, including sorption properties that determine their interaction
with substances, including biologically active substances. When using columns with
immobilised proteins, it is important to check that the proteins are not deactivated during
the experiment. Many researchers recommend injecting a racemic warfarin mixture before
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each experiment to check the availability of the main HSA binding site—if the racemates
separate, it means that the warfarin binding sites are active.
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2.2. Mobile Phases in Biomimetic Chromatographic Systems

The composition of the mobile phases in biomimetic chromatographic systems de-
pends on the type of stationary phase and the properties of the substances to be analysed,
but the best possible representation of the operating environment of the substance should
be taken into account.

Chromatographic systems with C-18, IAM, and cholesterol stationary phases are RP
systems. The mobile phases used in these systems are aqueous–organic mixtures. Especially
in studies on the biological activity of compounds, it is important that the ‘aqueous’ part
of the mobile phase has properties as similar as possible to those of the drug. Therefore,
mobile phases in which water is replaced by a buffer solution with a physiological plasma
pH of 7.4 are often used to test the biological activity of compounds [45,46]. Instead of
water, a solution that simulates the composition of blood plasma—SBF (Simulated Body
Fluid)—can also be used [47].

For phases with immobilised proteins or phases with MCSP cell membranes, mobile
phases should be used whenever possible, since they simulate the active environment of
the substance but do not degrade the biomolecules.

A special mobile phase for biomimetic systems is micellar mobile phases, which are
used in micellar liquid chromatography. These phases are aqueous solutions of surfactants
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above the critical micellization concentration. In addition to the surfactant monomers, such
a solution also contains micelles that are similar in structure to cell membranes [48–50]. BRIJ
35 surfactant micelles are considered to be a very good imitation of cell membranes. Micellar
chromatography with this surfactant is known as bio-partitioning micellar chromatography
(BMC) [51–53].

3. Chromatography in the Determination of Lipophilicity of Compounds

In order to reach the site of action, a substance must overcome a number of biological
barriers—cell membranes. In order to penetrate a cell membrane, a substance must over-
come its lipophilic interior. According to the principle of ‘like dissolves like’, the ability
of a substance to penetrate biological membranes depends on its lipophilic properties.
Therefore, lipophilicity is one of the most important physicochemical properties of bio-
logically active substances after interaction with the corresponding receptor. The ability
of a substance to penetrate biological membranes has a direct influence on the processes
that the substances undergo in the body—absorption, distribution and, consequently, the
biological activity of the substance. For a substance to have a therapeutic effect, it must be
present at the site of action in the correct concentration (the so-called therapeutic window).
To summarise, lipophilicity is the property of a substance that allows us to predict the
ability of that substance to penetrate cell membranes; its ADME profile, i.e., the individual
processes that describe the fate of the drug in the body; and its ability to reach the site of
action [10,54].

Quantitatively, lipophilicity describes the partition coefficient of a substance between
n-octanol and water, P. It is one of the first parameters determined to describe the biological
activity of a substance in testing different substances. Nowadays, many new substances that
are potential drugs are developed every day. To be a drug, a substance must of course have
pharmacokinetic properties, in addition to its effect on the body. Determining the biological
activity of a substance, especially in the early stages of research, can be achieved outside
living organisms, using biomimetic systems. Based on the knowledge of physiological fluid
composition and cell membrane structure, a model system for n-octanol–water extraction
was developed for the determination of P values. It was found that within the limits of logP
1–3, the penetration rate through biological membrane substances is directly proportional
to the logP value.

The partition coefficient P was first used by Fujita et al. to determine the lipophilicity
of substances [55]. It can be determined by the extraction method (shake flash)—until
recently, this was the method recommended by IUPAC. Although this method is easy
to perform, it has a number of limitations: the substances used must be very pure and
large amounts of the substance and non-polar organic solvents are required. Therefore,
alternative methods for the determination of P values are being sought out—one of these
methods is chromatography in systems that mimic the environment of the drug. Collander
observed a linear relationship between the partition coefficients of substances obtained in
different aqueous extraction systems that differ in the organic solvents [56].

The retention factor of a substance (k) is the ratio between the amount of the substance
in the stationary phase and the mobile phase and therefore logk values can be equated with
logP values (Figure 2).

If the stationary phase mimics cell membranes and the mobile phase mimics phys-
iological fluids, the retention factor in such a chromatographic system can be equated
to the Po/w partition coefficient. For many substances, a linear relationship between
logkw in a biomimetic system and log Po/w has been observed, which is a special case of
Collander’s equation:

logkw = alogPo/w + b (1)

where logkw—logarithm of the retention factor, a, b—constants describing the rectilinear
relationship (1).
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The simplest biomimetic system is the chromatographic system, which involves a
stationary phase; a non-polar phase (usually C-18, which imitates the non-polar part of
the cell membrane); and a mobile phase (usually water or a buffer solution with a pH of
7.4), which imitates physiological fluids. The determination of kw values directly in the
RP system is not possible for most substances due to the hydrophobicity of the stationary
phase and the zero elution power of water in RP systems. Therefore, the logkw values
are determined by extrapolating the straight-line dependence of the logkw value on the
content of organic modifiers in the aqueous–organic mobile phase. This is achieved using
the Soczewiński–Wachtmeister equation [57] (Figure 3).

logk = logkw − s ϕ (2)

where logk is a retention factor of the substance obtained in a chromatographic system
with a mobile phase with the concentration of the organic modifier ϕ; s represents the slope
of the straight line; logkw is the log of the value of the retention factor of the substance in
water when water is acting as the mobile phase.
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Three parameters that describe the lipophilicity of substances can be derived from
the Soczewiński–Wachtmeister equation. The first is the retention factor kw, which can be
identified based on the partition coefficient of the substance P. The second is the s value,
which informs us about the non-polar part of the substance, and the last parameter (CHI
(0)) is the amount of organic modifier in the mobile phase where the retention factor is
equal to one [58,59].

The CHI values range from 0 (for hydrophilic) to 100 (for more lipophilic) substances.
In extreme cases involving very hydrophilic or lipophilic substances, these values can be
exceeded. However, it should be noted that substances with such extremely lipophilic
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properties have unfavourable pharmacokinetic parameters. To avoid a series of isocratic
measurements, fast gradient chromatography was proposed to determine the chromato-
graphic hydrophobicity index (CHI). In the RP system with fast gradient elution, the
compounds hardly move in the column until the corresponding concentration of the mo-
bile phase is reached. A straight line relationship was observed between the CHI values
obtained during isocratic elution and the retention times of the compound during fast
gradient elution [26,60,61].

It was found that although correlations between logkw and logP n-octanol–water are
observed, the values of logkw and logP differ for some reasons:

- Chromatography is a dynamic process, whereas the extraction process is a static
equilibrium process;

- The chromatographic process of substance distribution between the stationary and
the mobile phases takes place on a much larger surface than in the extraction method
(as in the body);

- The C-18 phase has a more structured structure than liquid n-octanol (the structure of
the stationary C-18 phase is more similar to the structure of the cell membrane than
n-octanol).

When comparing the logP values with the logkw values, it was found that significant
differences occur with proton donor compounds, since the -OH group of n-octanol is a
proton acceptor, whereas the C-18 ligands of the stationary phase are not.

The values of the obtained lipophilicity descriptors depend on the type of organic
modifier. Linear relationships were observed, with large fitting coefficients between CHI
logP and logPo/w (n-octanol–water) values obtained in the chromatographic system in
which the organic modifier was acetonitrile. When methanol was used as the organic
modifier, the relationship was parabolic [60].

For large amphiphilic molecules such as peptides and macrolides, the n-octanol–water
system is not used to determine the partition coefficient P value. In the extraction system,
these molecules accumulate at the interface and, for this reason, their concentration in the
volumetric phases in the extraction system is underestimated. To determine the acid–base
properties of compounds with large molecules, which play a major role in the distribution
of substances, pH gradient elution chromatography is used. Compounds that can be
present in ionic form show different lipophilicity in different pH environments [62,63].

New descriptors, CHI logD and Chrom logD (D partition coefficient), were created to
better describe the lipophilic properties of substances, taking into account their ionisation
in the substance’s active medium. These can be derived from the CHI value using the
following relationship [60]:

- CHI logD = 0.054 ChI − 1.467—obtained on the basis of 98 compounds.
- Chrom logD = 0.088 ChI − 2—obtained on the basis of 40,000 compounds.
- The Chrom logD values are about two times higher than the logD values of

octanol water.

Although the n-octanol–water partition coefficient characterises the lipophilic proper-
ties of substances, it is not suitable for estimating the uptake and distribution of molecules
ionised at a physiological blood plasma pH (7.4).

Analysing the logkw values obtained in different biomimetic chromatographic systems
can provide us with information on the interactions of substances with cell membranes.
Kaliszan et al. compared the logP values obtained in the n-octanol–water system with the
logkw values of substances obtained in systems with stationary IAM and C-18 phases for
compounds with different acid–base properties from different pharmacological classes and
showed that these values correlate differently, indicating different interactions of substances
with non-polar phases and IAM phases [64,65].

The lipophilicity of substances can also be determined in micellar biomimetic sys-
tems [51,66–70]. Micellar liquid chromatography (MLC) is reversed-phase chromatography
with C-18 stationary phase (most often used) or C-8 or RP-NH2 or RP-CN stationary phase
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and mobile phase—aqueous surfactant solutions above the critical micelle concentration
(cmc). In such a system, there are two media that mimic biological membranes—the station-
ary phase (RP) and the micelles in the mobile phase. The retention of substances in micellar
systems depends on the interaction between stationary phases, mobile phases, and micelles
(Figure 4). The retention in MLC depends on the concentration of the micelles in the mobile
phases and is described by Foley’s equation:

1
k
=

1
km

+
KAM
km

[M] (3)

where [M]—concentration of the micellated surfactant, which corresponds to the difference
between the total concentration of the surfactant (CS) and its critical micelle concentration
(Ccmc), [M] = Cs—Ccmc, k—retention factor of the substance in the mobile phase with
the concentration [M], km—retention factor of the substance at zero concentration of the
surfactant Ccmc.
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Based on this relationship, the interaction of the substance with the micelles (KAM
value) and with the RP stationary phase (km value) can be determined.

In micellar systems, Foley’s equation provides us with information about the interac-
tion of substances with two models of biological membranes, namely the stationary phase
and the micelles. It was found that the logkm values obtained in micellar systems with
C-18 mobile phase differ from the logkw values obtained in RP systems [71]. The reason for
this is that the stationary phase is modified by surfactant molecules, and this modification
changes its character. Linear correlations with a large fitting coefficient were detected
between the logkm values obtained for the test substances and the logkw values obtained in
systems with the IAM stationary phase, indicating the similarity of the interactions of these
substances with the IAM phase and the BRIJ-35 monomer-modified C-18 phase. This is
of great economic and environmental importance. IAM columns are expensive columns
which do not have very long lifetimes, and the mobile phases used are aqueous–organic
solutions with a high content of organic modifiers, whereas C-18 columns are many times
cheaper, have a longer lifetime, and the mobile phases used in MLC systems contain small
amounts of organic modifiers.

If the mobile phase in MLC is a surfactant buffer, the elution power of such a phase
is often not sufficient to obtain the retention coefficients of substances in the analytical
range. Therefore, an organic modifier is added to the mobile phase, and this is referred to
as hybrid micellar chromatography. In addition, the presence of organic modifiers in the
mobile phase affects the properties of the stationary phases in micellar systems, as it causes
the desorption of surfactant monomers from their surface. Hence, the values resulting from
the Foley relationship in hybrid micellar systems differ from each other.
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4. Chromatography in the Determination of Pharmacokinetic Parameters of Substances

The pharmacokinetic parameters of a drug enable the determination of the drug dosage
and the prediction of the expected drug efficacy. Compounds with optimal lipophilicity
often have suitable pharmacokinetic parameters so that the determination of the lipophilic
properties of compounds can be used to determine important pharmacokinetic parameters.

If the number of aromatic rings of a substance is combined with the Chrom logD
value, the so-called PFI values (Property Forecast Index) are obtained [72–74]. This parameter
indicates which properties of a compound influence the LADME process.

The PFI value is calculated on the basis of the following relationship:

PFI = Chrom logD + n (4)

where n is the number of aromatic rings in the molecule and Chrom logD is determined
based on chromatographic measurements.

Based on the analysis of PFI values for more than 40,000 substances, compounds with
PFI values between three and six were found to have good pharmacokinetic parameters.

The distribution of a drug is another important process that influences the pharma-
cological effect of the preparation. The pharmacokinetic parameters that characterise the
distribution of a drug in the body are the distribution constant, the volume of distribution,
and the degree of binding of the drug to blood proteins. The volume of distribution can be
defined as the ratio between the drug dose and the plasma concentration at steady state:

Vd =
X
C

(5)

where Vd—the volume of distribution [dm3], X—the drug dose (total content of the drug
in the body), C—the measured concentration of the drug in the blood (serum).

This quantity (volume of distribution), which helps to describe the quantitative distri-
bution of the drug in the body, is proportional to the distribution of the drug between the
plasma and the tissue compartment.

- If Vd < 5 dm3, then the drug is in the blood and it is distributed only in the circula-
tory system.

- If 10 dm3 < Vd < 20 dm3, this means that the drug penetrates the extracellular fluid;
- If 25 dm3 < Vd < 30 dm3, the drug is in the intracellular fluid (ICFV);
- If it is approx. 40 dm3, the drug is distributed in all the bodily fluids;
- If it is approx. 100 dm3, this means that the drug accumulates in tissues and organs.

Drugs of lipophilic nature (e.g., diazepam) easily penetrate cell membranes and have a
large volume of distribution, as their plasma concentration is low. Drugs that bind to plasma
proteins have a small volume of distribution (up to 10 dm3), drugs that have an affinity for
binding to peripheral tissue have a very high volume of distribution (e.g., digoxin—about
500 dm3), whereas azithromycin, which accumulates in intracellular lysosomes, has a
volume of distribution of about 2000 dm3.

The volume of distribution depends on the affinity of a substance for phospholipids
and plasma proteins (Figure 5). It has been observed that positively charged compounds
bind more strongly to phospholipids and negatively charged cell membranes, indicating
a high accumulation of drugs in tissues [75]. Although tissues contain large amounts of
proteins (including albumin), they have many barriers, many biological membranes, and
other lipid components, so the accumulation of drugs in tissues is mainly determined by the
interactions of molecules with lipids. Negatively charged compounds bind more strongly
to albumin and remain present in the blood plasma. In summary, compounds that bind
more strongly to phospholipids show greater accumulation in tissues than compounds
that bind strongly to plasma proteins, which mostly remain in the blood. Until recently,
the value of the volume of distribution could only be determined by in vivo experiments.
The determination of this volume is of great importance for determining the efficacy of
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a drug and should be carried out at an early stage of drug development. Therefore, the
search for methods other than in vivo methods to estimate the volume of distribution is
very important. The affinity of drugs for phospholipids and proteins can be determined by
retention volumes in two biomimetic chromatographic systems with phospholipid (IAM)
and protein (HSA) phases [20,76–79].
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4.1. Determination of the Distribution of Substances in Tissues

Chromatographic data obtained in IAM systems and with HSA phases can be used
to estimate the distribution of substances in tissues. There are different proportions of
phospholipids and proteins in the tissues, and the compositions of the cell membranes
of the cells of different tissues differ from each other. Depending on the proportions of
phospholipids and proteins in different tissues, the binding of drugs to tissues can be
modelled by weighted sums of albumin and IAM binding. The binding of a substance
in mucus can be modelled by determining the binding of the substance to a glycoprotein
(AGP), since 90% of mucus is a glycoprotein. The permeability of a substance through
the blood–brain barrier can be estimated by modelling the binding to brain tissue and the
binding to plasma proteins. Of course, such studies only give us estimates, but with their
help, it is possible to identify compounds that can penetrate the central nervous system.
The distribution of drugs in the brain is determined by the properties of the molecule itself,
such as its lipophilicity, its small size, its lack of binding to plasma proteins and its presence
in a non-dissociated form.

Any drug that is absorbed can remain in the blood—in which case, its duration of
action is relatively short—or bind to the so-called transport proteins (serum albumin, α-
and β-globulins, and acidic α-1-glycoprotein). A drug that is bound to a protein is not
pharmacologically active—it is not transported to the tissues, is not metabolised, and is
not excreted from the body. The binding of a drug by plasma proteins influences the
concentration of the free form of the drug, which in turn influences the drug dose, the
duration of the drug effect, and many other pharmacokinetic parameters. Different disease
states cause changes in the amount of transport proteins, meaning that the drug dose may
not be correct in some cases. Therefore, estimating the degree of binding of a drug, in
addition to determining the volume of distribution, is of great importance, especially for
drugs with a narrow therapeutic index (the effect of the drug may be ineffective or side
effects may occur).

The factors that influence the degree of binding of a drug to a protein are as follows:

- The pH of the plasma—it can alter the ionisation of many compounds;
- The drug concentration—different saturation of the binding sites;
- The protein concentration—disease-related changes, age;
- The affinity of the drug molecules for protein-binding sites (physicochemical properties);
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- The presence of other substances in the body that bind to proteins at the same
active sites;

- Exogenous (drugs, toxins), endogenous (urea, bilirubin, fatty acids, hormones).

The degree of binding of a drug to proteins can be determined in systems with
stationary phase HSA or BSA—basic transport proteins. It has been found that the retention
times of drugs with protein phases are related to the percentage of drug binding by the
following equation [60,77]:

%bound =
101 × 10logk

1 + 10logk (6)

Chromatographic measurements with gradient elution are frequently carried out. In
systems with HSA columns, a phosphate buffer with a pH value of 7.4 is used as the mobile
phase and 2-propanol (up to 35% by volume, as the proteins of the stationary phase are
denatured above this concentration) is used as the organic modifier. Since the retention
time of the substance in gradient elution depends on many factors, e.g., the flow rate
of the mobile phase and the size of the column, it is necessary to calibrate the retention
times in gradient elution with compounds whose percentage binding is known and which
have been obtained using other methods, e.g., equilibrium dialysis, organic modifiers,
ultrafiltration, capillary electrophoresis, etc., in order to standardise the results obtained so
that the data can be compared between different laboratories. It is also necessary to check
the stationary phase of the protein to ensure that no denaturation or irreversible binding of
the protein has taken place during the measurements. Since the binding of substances to
proteins and phospholipids occurs naturally at physiological pH values, there is no need
for mobile phases with different pH values [26,60].

The calibration measurements are carried out for 8–10 compounds. Based on the
value of the percentage of the bound form of the drug and the chromatographic test data,
a calibration curve is drawn up for the dependence of the retention time in the gradient
elution and the percentage of the bound form of the drug.

Using chromatographic methods, it is possible to determine the interaction of a drug
with a specific protein—the degree of binding of the drug to the protein. For this purpose,
the drug–protein association constant (KD) is determined by chromatography with sta-
tionary phases in which proteins are immobilised. The investigation of the drug–protein
interaction can be carried out in various ways.

4.1.1. Determination of KD Values Using Zonal Elution

Zonal elution is the most commonly used method for determining the association
constant. During the zonal elution method, a substance which has a known binding site to a
specific receptor is added to the mobile phase (in different concentrations). This is referred
to as the competing agent. Meanwhile, the test substance is added to the chromatographic
column to test its retention in such a system. The higher the concentration of the competing
substance, the lower the retention of the test substance. This method assumes that the
competing substance and the test substance are bound with some kind of bond. There is a
linear relationship between the retention factor of the substance and the molar concentration
of the competing substance in the mobile phase. This relationship can be represented by
the following equation [80]:

1
k
=

KIVM[I]
KAmL

(7)

where k is the retention coefficient of the analysed substance, V is the empty volume of the
column, [I] is the concentration of the competing agent, mL represents the moles of binding
sites in the column, and KA and K1 are the association constants of the competing agent
or analyte.
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4.1.2. Determination of KD Values Using Frontal Analysis

In the frontal analysis method, the analyte is continuously fed to the chromatographic
column. Depending on the concentration of the analyte in the mobile phase, the chromato-
graphic column is broken through at different times. The analyte is added to the column
until a plateau is reached in the breakthrough curve (Figure 6). KD values can be obtained
by the following equation:

1
mLapp

=
KD
mL

1
[A]

+
1

mL
(8)

where mLapp is the number of moles of the analyte required for column breakthrough (the
mean position of the breakthrough curve)—it can be determined based on the breakthrough
time, the volumetric migration rate of the mobile phase, and the concentration of the analyte
in the mobile phase.
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4.1.3. Determination of KD Values against a Standard

Another method for determining the KD value is to determine the receptor dosage
constant based on the retention time of the substance. The method for determining the
KD value in relation to a standard is to determine the value of the retention factor for an S
standard with a known KDS:

kx

ks
=

KDx
KDs

KDx =
kx

ks
KDs (9)

where kx and ks represent the retention coefficient of the investigated substance and stan-
dard, respectively; KDX and KDS represent the KD value of the investigated substance and
the standard, respectively.

This is a practical method that requires much smaller substitution amounts than the
frontal analysis method so that KD values for several substances can be determined from a
single standard. Zhang et al. investigated the affinity of different ligands for α1-AR and
three subtypes of this receptor in stationary-phase CMC systems with cell membranes with
high expression of α1A-adrenoreceptor (AR), α1B-AR, and α1D-AR. They ranked the test
substances according to increasing affinity for the receptors studied and obtained results
that were consistent with those found in vivo in the literature [81]. On the other hand, in
stationary phase, Zeng et al. showed CMC systems based on guinea pig cardiac muscle and
jejunum cells as well as cardiac muscle, jejunum, and rat brain, and the results obtained
were in agreement with those of the frontal analysis.

4.1.4. Chromatography as an Analytical Method for the Determination of Interactions of
Substances with Protein

Another application of chromatographic methods to determine the bound form of
a drug is their use as methods of quantitative analysis. The percentage of the bound
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form is determined in a sample of buffer solution (pH = 7.4), test substance (at a known
concentration), and test protein (at a known concentration). In such a solution, the test
substance is adsorbed onto the protein molecules. The protein must then be removed from
the solution, usually by adsorption onto suitable adsorbents. The deproteinised sample
prepared in this way is subjected to quantitative analysis in a chromatographic system that
is adapted to the type of drug.

Another way to determine the percentage of the bound form, which allows the tedious
step of deproteinising the sample to be avoided, is to use micellar chromatography to quan-
tify the percentage of the bound drug. In micelle chromatography, proteins can dissolve
in micelles so that a protein-containing sample can be injected into the chromatography
column [18,19,49,54,82].

In order to determine the free form of drugs with a micellar system, it is necessary to
use a surfactant whose surface charge of the micelles is opposite to that of the protein—they
then become binding analytes. In mimetic MLC systems, the pH value of the mobile
phase is 7.4 (physiological plasma pH value). The pI value of albumin is 5.8. Under the
conditions of the experiment, the albumin molecules are therefore negatively charged
at pH = 7.4. Thus, it is important to use a cationic surfactant (e.g., CTAB), which forms
positively charged micelles, and not an anionic one (e.g., SDS).

5. Cell Membrane Chromatography (CMC)

CMC is a biomimetic chromatographic method that was proposed by He et al. in
the early 1990s and is based on the ability of substances to bind to cell membrane recep-
tors [83,84]. Membrane receptors are integral proteins of the cell membranes which transfer
information into the cell by interacting with substances that cannot penetrate the cell mem-
branes (ligands). About 45% of small molecule drugs act by interacting with membrane
receptors. Such studies are mostly conducted in vivo—they are important because they
inform us about the interactions that directly produce the therapeutic effect of the drug.
Therefore, it was hypothesised that chromatography with stationary phases containing
membrane receptors could be used to study such interactions. The interaction of a specific
ligand with a receptor leads to an increase in the retention of the substance.

Membrane cell chromatography is an HPLC method, in which the retention of a sub-
stance depends on its affinity to membrane receptors, and this influences its retention. The
information obtained from CMC, combined with knowledge of cell biology and receptor
pharmacology, enables the evaluation of the interaction of a specific ligand with a specific
receptor and the simulation of the drug action process. With the development of molecular
biology, methods for the cultivation of cell lines with high expression of certain receptor
proteins have been developed, and such lines are now recommended for the preparation
of the CMSP phase. In recent years, cell lines with high expression of certain receptor
proteins have been cultivated with the help of modern molecular biology tools. Plants
have always been factories for biologically active compounds. Their therapeutic effects are
observed when plant-derived preparations are used. It is therefore important to identify
the active substances in plants and herbal preparations that have a therapeutic effect in
certain diseases. In the case of substances whose therapeutic effect is achieved through
interactions with membrane receptors, the chromatography of cell membranes can provide
answers. In order to identify substances that exhibit activity on the receptors in question in
question and therefore exert a corresponding therapeutic effect, a sample of an extract of a
particular plant is applied to a CMC column, usually with cell lines with high expression
of the receptors in question. Substances that interact with receptors have longer retention
times than non-receptors. The coupling of CMC with MS enables the identification of the
substance. Due to the interaction of substances with receptors, KD values can be obtained
by zone elution frontal analysis and the relative standard method described above [85].
Using cell membrane chromatography in combination with mass spectrometry, a number of
substances have been identified that interact with specific membrane receptors from differ-
ent plant materials. CMC is also a chromatography with EGFR receptor (which is strongly
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expressed in tumour cells and can be used to determine the interaction of biologically
active substances with specific receptors. Zang and others have determined the KD value
for nine substances with the receptors α1A-AR, β1B-AR [81,86], on the basis of guinea pig
myocardium cell membrane/CMC interaction of some drugs with β-AR receptor [87,88]
and M-AChR [89], L-Calcium channels [90], H1R receptor [91], and dopamine receptor [92].

CMC can also be applied to detect substances that act against a specific receptor in natu-
ral mixtures. Chromatography of cell membranes is an excellent tool with which to identify
substances that interact with specific membrane receptors [93–95], as well as substances
with specific biological activity: anti-allergic [96], anticancer [97–106], at anti-cardiovascular
disease [107–110], antineoplastic [104,111–113], and allergenic substances [114,115].

6. Bioassay

Another way to test the biological activity of a substance in a single chromatographic
step is biological detection. Biological detection methods are used to detect substances that
exhibit biological activity. They can be divided into two groups: microbiological methods
and microbiochemical methods. Microbiological detection methods test the activity of indi-
vidual substances or mixtures of substances against microorganisms to determine whether
they have the ability to inhibit the reproduction of certain microorganisms—specifically
bacteria and fungi. Microbiochemical detection methods analyse the effects of substances
or substance mixtures on biochemical reactions. Microbiochemical detection methods can
be used to determine the inhibitory properties of enzymes and the antioxidant properties
of substances or substance mixtures and to detect the hormonal effects of substances. The
combination of thin-layer chromatography and biological detection is known as bioautog-
raphy. Bioautography was first introduced as a detection method in chromatography by
Gudall and Levy in 1946 [116], who used paper chromatography with biological detection
to estimate the purity of penicillin, and in combination with planar chromatography in
1961 by Fischer and Lautner [117] and Nicolaus et al. for the detection of antibiotics [118].
Nowadays, due to the variety of biological detection methods in chromatographic sys-
tems, the term bioautography is mainly used in relation to microbial detection, and when
referring to microbiochemical detection, the term bioassay is used.

Bioautography and biological tests are carried out in three stages:
Stage I: Chromatography. This stage encompasses the preparation of the sample for
analysis, application of the test samples to the chromatographic plate, and development of
the chromatogram, resulting in a separation of the sample components.
Stage II: Bioassays. These make it possible to determine which substances on the chromato-
graphic plate exhibit a particular type of biological activity.
Stage III: Identification of biologically active substances. This is based on a standard or on
coupling of TLC with UV/VIS, MS, or NMR, IR detection.

Three different types of bioautography can be implemented (Figure 7):
TLC-CB (contact bioautography). This involves direct contact of the chromatographic

plate with the corresponding microorganisms in a Petri dish after the development of the
chromatogram with an agar layer. Substances from the chromatographic plate diffuse into
the agar layer (a mirror image of the plate is obtained on the agar layer). Substances that
exhibit a certain type of biological activity appear in spots that are a different colour than
the background colour [119–121].

TLC-IBs (immersion/overlay bioassays). In this method, the surface of the chromato-
graphic plate is covered with an agar layer containing the corresponding microorganism or
enzyme after the chromatogram has been developed and dried. The substances from the
plate diffuse into the agar layer. The plate with the agar layer is then incubated according to
the requirements of the respective analysis. The biologically active substances become visi-
ble in the form of spots that are a different colour than the plate (background)—[121,122].
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In TLC-DBs (direct bioassays), after the chromatogram has been developed and dried,
the chromatographic plate is sprayed or immersed in a solution containing microorgan-
isms/enzymes and then subjected to an incubation process. If the microorganisms or
enzymes do not show fluorescence or are not naturally coloured, the plate is sprayed with
a suitable reagent to create a coloured background of the plate. The substances that exhibit
a certain type of biological activity become visible on the chromatographic plate in the
form of spots that are a different colour to the background. This variant of bioautography
is most frequently used in research [29,121–125].

The effect of direct bioautography is influenced by many factors:

- The composition of the bacterial suspension/enzyme concentration.
- The incubation temperature.
- The incubation time.
- The composition of the mobile phase used to develop the chromatogram.
- Additives to the mobile phase, such as acetic acid or formic acid.
- The pH value of the mobile phase.
- The type of stationary phase.

6.1. Microbial Detection—Determination of Antimicrobial Properties by Bioautography

The bactericidal and fungicidal properties of a substance can be determined by direct
bioautography with microbial detection. In this method, suspensions of microorganisms
are applied to the chromatographic plate after the chromatogram has been developed by
immersion or spraying. The plate prepared in this way is then subjected to incubation for
the purpose of multiplying the microorganisms. After incubation, substances that cause
inhibition of microorganism multiplication are observed on the chromatographic plate in
the form of spots that are a different colour than the background colour of the plate (zones
of inhibition of microorganism growth are observed).

In the case of microorganisms that show luminescence (Allivibro fisheri or
Photobacterium phosphoreum), under UV light, substances with antibacterial properties
are visible on the plate as non-luminescent or luminescent zones of lower intensity on
the luminescent substrate (only living bacteria show luminescence) [126]. Some of the
bacteria, such as gramm (-) Serracia marcescens, have a natural red colour. After a certain
period of inhibition, white or light-yellow zones of bacterial inhibition on a red background
are observed on the chromatographic plate. Colourless microorganisms are visualised by
adding exogenous dyes, usually tetrazolium salts. Tetrazolium salts penetrate the interior
of the bacteria, where they are converted into coloured formazans. Such reactions only
take place in living microorganisms. Therefore, the presence of substances that inactivate
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the microorganisms under investigation is represented by light-coloured spots on a dark
background. The tetrazolium salts used in bioautography are 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide—MTT (the most popular tetrazolium salt in bioau-
tography), p-iodinotetrazolium violet (INT) and 2,3,5-triphenyltetrazolium chloride. The
microorganisms used in the bioautography investigation are presented in Table 1.

Table 1. List of microorganisms used in bioautography to test the biological activity of substances.

Microorganism Derivatization Ref.

Bacteria

Aeromonas hydrophila MTT [127]

Aliivibrio fischeri Luminescence [124,128–130]

Bacillus subtilis MTT, INT [131–135]

Clostridium perfringens MTT [136]

Drug-resistant Staphylococcus aureus Natural [137]

Enterococcus faecalis, MTT [127]

Escherichia coli MTT [138–140]

Listeria monocytogenes MTT [127]

Pseudomonas syringae pv. maculicola Luminescence [141,142]

Luminescence genetagged
Pseudomonas syringae pv. maculicola Luminescence [124,128]

methicillin resistant S. aureus MTT [128]

Microccucus leteus MTT [128,143]

Morganella morganii Natural [144]

Mycobacterium tuberculosis Luminescence [145]

Pseudomonas savastanoi pv. maculicola MTT [128,130,133,146–148]

Ralstonia solanacearum MTT [149]

S. epidermis MTT [128]

Shigella flexneri MTT [127]

Staphylococcus aureus MTT [128]

Xanthomonas campestris pv.euvesicatoria MTT [143,146]

Fungi

Candida albicans INT [140]

Cryptococcus neoformans INT [140]

6.2. Microbiochemical Detection

Thin-layer chromatography can also be a good tool for microbiological detection. As in
microbiological detection, the first step involves separating the components of the mixture
by thin-layer chromatography (TLC or HPTLC), followed by the determination of the
effect of individual substances on the biochemical reactions under investigation, which is
usually achieved by a direct bioassay. Another reagent used to determine the antioxidant
properties of substances is 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS). It
has the ability to react with potassium persulphate. Antioxidants inhibit this reaction and
are visible as colourless or pink spots on a green background.

The antioxidant properties of a substance can also be tested with ß-carotene using
two methods. In the first method, a chloroform solution of ß-carotene is used. As a result
of the photochemical reaction of the antioxidant substance with ß-carotene under visible
light, orange-coloured spots on a white or light-yellow background become visible on
the chromatographic plate. A modification of this method involves the addition of a
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linoleic acid solution to the ß-carotene solution. Substances with antioxidant properties
become visible on the chromatographic plate in the form of orange-coloured spots on
a white or light-yellow background. As a result of this modification, substances that
stabilise lipid oxidation can also be seen on the plate in addition to the substances with
antioxidant properties.

The type of stationary phase influences the determination of the antioxidant properties
of a substance. Non-polar stationary phases, such as C-18, have no influence on the reaction
between radicals and antioxidants. If the investigation of antioxidant properties is carried
out on a silica gel layer and the plate is sprayed with a methanolic DPPH solution, the
results of the antioxidant activity of substances may be overestimated.

Detection of Enzyme Inhibitors by Bioassay

Enzyme reactions are very important in every living organism. They should be
specifically catalysed by enzymes that provide optimal amounts of reaction products. Too
many products of enzymatic reactions in the body lead to various diseases. In such cases,
inhibition of reactions catalysed by a specific enzyme eliminates the causes of disease. The
detection of enzyme inhibitors (i.e., the determination of which component of the analysed
samples has inhibitory properties against a specific enzyme) can be performed directly on
the chromatographic plate on which the components of the test mixtures are separated.
The chromatographic plate is sprayed with a solution of the enzyme in question and the
substance whose reactions the enzyme catalyses. After the incubation period, the plate
is sprayed with a solution of the substance that produces a coloured compound when it
reacts with the product of the enzymatic reaction. In the areas of the chromatographic
plate containing substances that inhibit the action of the enzyme, the reactions do not
take place and these substances (inhibitors of the enzyme in question) are visible on the
chromatographic plate as spots that are a different colour to the background colour. The
most commonly used bioassays are shown in Table 2.

Table 2. Bioassays for determination of antioxidant properties and inhibitory properties of substances.

Reagent Reaction Product Chromogenic Agent Results
Spot/Background Ref.

Antioxidant
properties

2,2-diphenyl-1-
picrylhydrazyl radical
(DPPH-H)
In met. or ethanol
solution

2,2-diphenyl-1-
picrylhydrazyl
(DPPH-H)

None Yellow/
violet [150,151]

2,2′-azino-bis(3-
ethylbenzothiazoline-
6-sulphonic acid)
(ABTS cation radical)
(ABTS + H2O2)

ABTS None Colourless or
pink/green [152,153]

Monoamine
oxidase
(MAO)

Tryptamine/indole-3-
acetaldehyde NBT None White/

dark blue [154]

Tryptamine in
aldehyde

3-(4,5-dimethyl-2-
thiazolyl)-2,5-
diphenyltetrazolium
bromide (MTT)

Blue/
white [155]

Benzylamine Saturated Nile Blue
(NB) solution

Reddish/
light blue [156]

Peroxidase (POX) H2O2/benzidine Benzidine blue None Blue/
yellow [157]
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Table 2. Cont.

Reagent Reaction Product Chromogenic Agent Results
Spot/Background Ref.

Xanthine oxidase
(XO) Xanthine O2

− Nitro blue tetrazolium
(NBT)

White/
purple [158,159]

Glucosidase Esculin Esculetin FeCl3
Dark brown/
clear [160]

2-naphthyl-α (or
β)-D-glucopyranoside 2-naphthol Fast Blue Salt

FBB
Purple/
white [161]

Acetylcholinesterase naphthyl acetate
2-naphthyl acetate

1-naphthol
2-naphthol FBB Purple/

light [162,163]

4-methoxy-phenyl
acetate

5% K3(FeCN)6
5% FeCl3.6H2O

White/
light yellow or
aquamarine blue

[164]

Tyrosinase L-tyrosine
L-DOPA

L-
dihydroxypheny-
lalanine (L-DOPA)
to dopaquinone

Brown or
purple/white [165]

L-DOPA [166]

Lipase 1-napthyl acetate 1-naphthol FBB Purple/white or
yellow light [167]

p-nitrophenyl
butyrate Bromothymol blue Greenish

yellow/blue [168]

β-naphthyl
myristate 2-naphthol FBB Purple/white [169]

Dipeptidyl
Peptidase IV (DPP
IV)

Gly-Pro-p-nitroaniline p-nitroaniline

NaNO2 ad
N-(1-naphthyl)
ethylenediamine
dihydrochloride

Rose red/light
pink [170]

7. Summary

The biomimetic chromatographic systems discussed in this paper are systems that
mimic the drug’s environment of action. Biomimetic stationary phases are non-polar phases
with different hydrocarbon chain lengths, but also stationary phases that mimic biological
membranes consisting of a monolayer of phospholipids forming the cell membrane, protein
phases with immobilised proteins, and cholesterol phases. Biomimetic systems are not only
systems with a stationary phase that mimics that of biological membranes, but also micellar
liquid chromatography systems in which the cell membrane environment is mimicked
by surfactant micelles (especially BRIJ 35 -BMC), but also by a stationary C-18 phase
whose properties are modified by the sorption of surfactant molecules and mimic the cell
membranes better than the C-18 phase.

Chromatography in non-mimetic systems provides much more information about the
effect of a drug compared to studies based only on the n-octanol–water partition coefficient.
The efficacy of a drug under development can be assessed using chromatographic data
from different biomimetic systems early in the drug’s development, long before animal
studies are conducted. Chromatographic data can be used to screen new compounds being
produced as potential drugs. Chromatographic studies can be performed for compounds
that do not meet the Lipinski Rule of Five, i.e., peptides, macrolides [171,172]. The databases
already contain a lot of data obtained for different mimetic systems, and based on these
data, semi-empirical models have been developed to predict different pharmacokinetic
parameters, i.e., the volume of distribution, the degree of binding of the drug to proteins,
toxicity, distribution in tissues, and absorption of the drug from different areas of the body.



Appl. Sci. 2024, 14, 4265 18 of 25

The study of compounds by biomimetic chromatography is limited to compounds with
molar masses up to 2000.

The retention data obtained in different biomimetic chromatographic systems can
be used for the prediction of different pharmacokinetic parameters. The IAM-HPLC
system can be used for the investigation of drug–membrane interactions [173,174] and
for predicting the permeability of substances through different biological membranes,
e.g., blood–brain permeation [173,175,176]. Based on chromatographic data obtained in
different chromatographic systems and theoretical studies, several models for the prediction
of different pharmacokinetic parameters have been developed [18,19,54,71,174,177–179].

Using chromatographic methods, such as chromatography of cell membranes, it is
also possible to study the efficacy of substances’ interaction with membrane receptors
and through bioassays. Both chromatography of cell membranes and bioassays on a
chromatographic plate are used for two purposes: to test the biological activity of newly
synthesised substances with potential therapeutic properties and to determine which
naturally occurring substances (most commonly those in plants) exhibit biological activity.
In the latter aspect, the coupling of chromatography with various methods that allow the
identification of substances, i.e., mass spectrometry, NMR, and many others, is invaluable.
The use of chromatographic methods in the study of biological activity, supported by
numerical and statistical methods, can significantly reduce the time and cost of testing
and animal studies required for newly synthesised substances and can be used to detect
biologically active substances occurring in nature.
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Chromatography for Lipophilicity Determination of New Biologically Active 1,3-purinodiones. J. Sep. Sci. 2010, 33, 1546–1557.
[CrossRef] [PubMed]
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70. Stępnik, K.E. A Concise Review of Applications of Micellar Liquid Chromatography to Study Biologically Active Compounds.
Biomed. Chromatogr. 2017, 31, e3741. [CrossRef] [PubMed]
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