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ABSTRACT

ecognition mechanism and enantiomerically separations of the chiral compounds are subjects that always stimulate
R the great interest of researchers in pharmacology and natural sciences, who are interested in finding solutions for both
analytical purity and preparative purposes. Capillary Electrophoresis has become one of the most important analytical
approaches for enantiomeric separations due to its superior properties, such as high resolution and high efficiency of
chiral selectors. In this field, where researchers continue to be interested, the distinctions continue to develop day by day,
with the introduction of new techniques developed on the basis of Capillary Electrophoresis philosophy in parallel with
the development process of technology, as well as the chiral selectors of many different forms. In this review, besides
some descriptive theoretical information about capillary electrophoresis and the techniques associated with it, studies
on chiral separations using different chiral selectors or different chiral additives, such as molecularly imprinted polymers,
cyclodextrins, Metal-organic frameworks, ionic liquids, nanoparticles and monoliths in the last nearly 10 years (2010-2020)
were examined.
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0z

nalitik saflikta ve blyuk olgekli Gretim ¢alismalari igin ¢ézim yollari bulmaya galisan farmakoloji ve doga bilimleriyle
Ailgilenen arastirmacilarin ilgisini kiral bilesiklerin tayin ve enantiyomerik olarak ayrimi konulari ¢ekmistir. Kapiler
Elektroforez, kiral selektorlerin yiksek ayirim glic ve verimliligi gibi Gsttn ozellikleri nedeniyle enantiyomerik ayirimlar igin
en 6nemli analitik yaklagsimlardan biri haline gelmistir. Yiksek ayirma glcu ve yiksek etkinlik gésterme gibi sahip oldugu
Gstln ozelliklerden dolayi kapiler elektroforez, enantiyomerik ayirmalarda kullanilan en 6nemli analitik yaklagimlardan biri
haline gelmistir. Kapiler Elektroforez temeline dayanan teknolojinin gelisim strecine paralel olarak kiral segicilerin farklh
formlardaki gelisimide stiremektedir. Bu derlemede, kapiler elektroforezde kullanilan teknikleri agiklayan bazi tanimlayici
teorik bilgilere yer verilmistir. Ayrica son 10 yilda gergeklestilen (2010-2020) ve molekiler baskili polimerler, siklodekstrinler,
metal-organik gergeveler, iyonik sivilar, nanopartikiller, monolitler gibi farkli kiral segicilerin ve farkli kiral katki maddelerin
kullanildigi kiral ayirmalara dayanan ¢alismalarda incelenmistir.
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INTRODUCTION

Materials having chiral properties are known as opti-
cally active compounds that have the ability to rotate
the plane of vibration of polarized light. Sterecisomers
that turn polarized light in different directions and do
not coincide with their mirror image are classified as
enantiomers. Chiral molecules contain at least one car-
bon atom to which four different atoms or groups, cal-
led stereogenic centers, are attached. The stereogenic
center can also be named by various names such as chi-
ral center, asymmetric center, and stereo-center. Chiral
compounds are compounds that have two enantiome-
ric forms. Mixtures with an equal amount of enantiomer
are called racemic mixtures or racemates. In environ-
ments where a chiral selector is not available, the enan-
tiomers show similar physical and chemical properties,
except for optical rotation motions. [1]. Their structure
is generally composed of atoms (carbon, nitrogen, or
sulfur) surrounded by at least four different functional
groups as an asymmetric or chiral center.

Amino acids, sugars, peptides, proteins, and polysacc-
harides, which are the basic structural units of living
things, represent a real feature of chirality at the mo-
lecular level. When comparing activities over the func-
tionality of enantiomeric species, differences are often
observed due to the sensitivity of stereochemistry in
metabolic and regulatory processes mediated by bio-
logical systems [2]. Therefore, enantiomers are consi-
dered different compounds as they may have different
properties in the biological context. Generally, for a
substance to be optically active, it must be chiral and
the amount of one enantiomer must be higher than the
other. Chiral recognition has significant functionality in
living systems due to the stereospecific interaction of
optically active compounds with each other [3]. So, it is
not difficult to understand that biological systems are
generally sensitive to stereo selector.

Since each enantiomer has different biological activity,
it exhibits different physiological effects through dif-
ferent ways of recognition in biological processes [4].
While one of the enantiomer types may have positive
effects in physiological or biological conditions, the
other may show harmful effects in the same environ-
ment as it is not active. [5]. For example, L-tryptophan
can be used as a pharmaceutical agent in anti-depres-
sant treatment as one of the essential amino acids. At
the same time, D-tryptophan has no known biological

activity and may occur as an impurity in L-tryptophan
samples [6]. Enantiomeric separations are important
topics of pharmaceutical chemistry, since each type
of a drug containing racemic mixtures may have diffe-
rent physiological or biological properties in terms of
the nature of drugs. For example, if the S-enantiomer
of B-adrenoreceptor, one of the most widely used an-
tihypertensive drugs, is taken, it has a high affinity for
its B-adrenergic receptors. It acts as a blocking agent,
whereas R-enantiomer of B-adrenoreceptor may have
much less active, inactive, or even negative effects [7].
With the development of chiral separation methods,
the recognition mechanisms of the drugs can be exa-
mined and the quality control analysis can be carried
out. Consequently, there are obvious benefits to stud-
ying the properties of a chiral molecule in order to avoid
the effectiveness and dangers of enantiomers. For this
reason, the separation of enantiomers has been an im-
portant task for those who have adopted the principle
of analytical precision for the last 30 years. Due to the
demand for enantiomerically pure compounds, effecti-
ve strategies are being developed day by day for analy-
tical separation methods that can effectively separate
enantiomers. Enantiomeric separation of racemic mix-
tures can be performed using capillary electrophoresis,
crystallization, membrane, chromatography techniqu-
es, extraction or enzymatic kinetic resolution methods.
The capillary electrophoresis method is a very attrac-
tive method compared to other methods, as it has ad-
vantages such as selectivity, inexpensive, simple, and
rapid separation, as well as enabling the separation and
analysis of enantiomers at very low volumes, high reso-
lution and efficiency. In this regard, there is no doubt
that capillary electrophoresis (CE) plays a very useful
role today.

Some of the different methods used in the capillary
electrophoresis technique are Capillary zone electrop-
horesis (CZE), Capillary gel electrophoresis (CGE), Capil-
lary isotachophoresis (CITP), Capillary isoelectric focus
(CIEF), Micellar capillary electrokinetic chromatography
(MEKC) and Capillary electrochromatography. In the
capillary electrophoresis method, separation of the
components is performed by hydrodynamic or electro-
kinetic application of the sample by changing the buf-
fer solution and the sample solution for a short time.
Capillary electrochromatography (CEC) created by the
combination of electrophoresis and chromatography
technique is one of the most used capillary electropho-
resis methods [8]. In addition to the development of chi-



ral separation methods day by day, undoubtedly, one of
the most significant supporting elements in chiral sepa-
rations is the preparation of the chiral environment. For
this purpose, many materials are used in these studies
as chiral selective phase or chiral participants. While
primarily cyclodextrin and its derivatives are the most
popular chiral selectors, when we look at the statistics
in recent studies, molecular imprinted polymers and
monoliths are also preferred as chiral stationary phase
(CSP) in this area.

While the studies related to nanoparticles (NPs) conti-
nue to be included in the literature in order to expand
the surface area to increase enantioselectivity, there
are very serious contributions for chiral additives such
as ionic liquids (ILs) and antibiotics. Metal-organic fra-
meworks (MOFs), which previously showed potential as
a chiral stationary phase in High-Pressure Liquid Chro-
matography (HPLC) and Gas Chromatography (GC), have
recently been used in electrophoresis systems, bringing
a new dynamism to this field.
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Capillary Electrophoresis (Ce) and Principles

The migration of ions in a solution through the applied
electric potential is called electrophoresis. During the
mobility of the ions, the cations migrate towards the
cathode as the negatively charged electrode and the
anions towards the anode, the positively charged elect-
rode. In contrast to the applied electrical potentials,
each ion has its specific migration rate. The basis of the
migration of biomolecules in the silica capillary column
through the applied electrical field is known as capillary
electrophoresis (CE). Capillary electrophoresis (CE) is a
highly effective micro-scale analytical technique based
on the separation of compounds by charge/size ratios
[9]. CE provides superiority over chromatographic met-
hods thanks to its features such as analytical diversity,
high efficiency of separation, high mass sensitivity, abi-
lity to work with very small sample volumes, low analy-
sis times and cheapness [10]. Electrokinetic separations
take place in a cylindrical capillary column with a 25-75
um inner diameter, 330 um outer diameter, and 15-100

Figure 1.The simplified version of the capillary electrophoresis device.

255



256

K. Sarkaya et al. / Hacettepe J. Biol. & Chem., 2021, 49 (3), 253-303

Figure 2. Electroosmotic flow (EOF) formation [14].

cm length, which is covered with silica on the inside
and polyimide on the outside. The separation process
is applied direct current potential of 5-30 kV between
the two ends of the capillary columns [11]. The wor-
king principle of the capillary electrophoresis system
is shown in Figure 1 in general. As can be understood
from here, the silica capillary column, electrical voltage
applicator, detector, UV lamp, electrolyte solutions and
sample systems are the basic components.

The main driving force for the separation of analytes in
capillary electrophoresis is electroosmotic flow (EOF).
This situation also shows a common feature with the Ca-
pillary Electrochromatography method. Electroosmosis
is a process dependent on the pH of the environment
[12]. In this process, both the inner surface structure
of the silica capillary column and the applied electric
field effect are the force that mobilizes the entire so-
lution in the capillary tubes to the other electrode as
the pH increases. The capillary tubes used in the capil-
lary electrophoresis method contain numerous silanol
(Si-OH) groups formed by melting and shaping the silica.
To activate this structure, which also includes an acidic
group, potassium hydroxide (KOH) or sodium hydroxide
(NaOH) solutions are often passed through the column.
Figure 1 shows the formation of EOF in the silica capil-
lary column. In basic conditions (or pH> 3.5), silanol gro-

ups on the silica capillary surface turn into negatively
charged silanate groups, and the positive ions of the
electrolyte solution are pulled by the negative surface
to form an electrical double layer by electrostatic inte-
raction. Most of the positive ions present in the elect-
rolyte solution are in a second dispersion layer, and the
application of an electric field describes the electroos-
motic flow (EOF) of positive ions moving towards the
cathode and negative ions towards the anode [13].

Schematic representation for the state of the ions pre-
sent in the capillary column with the applied electrical
field is shown in Figure 2. lons are in motion along the
column with the effect of EOF created by the applicati-
on of the electric field. The species in the sample are se-
parated from each other and leaving the column is pro-
vided by the electrical field applied by capillary elect-
rophoresis. Thus, the electroosmotic flow (EOF) with
its electrophoretic motions of ions has an enormous
contribution to the movement of ions that are carried
out with the mobile phase [15]. The uncharged compo-
unds tend to trend in the same direction as the mobile
phase in HPLC and CEC systems, and leave the system
at different times according to their affinity to the sta-
tionary phase. However, if the sample contains charged
components, the retention times of the analytes in the
column may vary depending on the type and size of the
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Figure 3. Electric field application in capillary column and movement of analytes with EOF.

ions’ electrophoretic motions and orientations. If elect-
roosmotic flow (EOF) and electrophoretic motions are
in the same direction, the molecules leave the column
faster. If the electrophoretic movement with EOF is not
in the same direction and EOF is faster than the elect-
rophoretic movement, the analyte leaves the column
later than the EOF marker. Finally, if the opposite is the
case, the EOF marker cannot leave the column and the
components in the sample can be determined [16].

The electrical double layer consists of two zones, the
tight and diffused layer. They become negatively char-
ged as a result of ionization of the groups with ioniza-
tion properties on the surface of the filler, and they
interact with positively charged ions in the mobile pha-
se, forming a tight and immobile region called “Stern
Layer”. Increasing charged ions are dispersed in the mo-
bile phase. This scattered region where ions are found
in an irregular way is called “Gouy Layer”. The ions in
this region show the solution component feature. An
example presentation based on the Electrical Double
Layer is shown in Figure 3.

Compared to the total ion concentration, the charge
concentration in the Electrical Double Layer is known
to be lower and this concentration difference increases
even further as it moves away from the surface of the
filling material, in other words, the total ion concentra-
tion decreases further. As a result of this, the electrical

potential decreases in relation to the ion concentrati-
on. Zeta Potential, which has a value between 0-100
mV, is defined as the electrical potential between the
Stern Layer and the part where the Electrical Double
Layer contains the ions and is indicated with “C”. Accor-
dingly, the electrical potential continues to decrease as
the charge density decreases as it moves away from the
surface of the filler material. The thickness of the Elect-
rical Double Layer is determined as the place where the
potential of the zeta is 0.37 times and it is expressed as
“8”. The formula for calculating the zeta potential is pre-
sented in equation (Eq 1). Accordingly, the magnitude
of the zeta potential varies according to the electrical
double layer thickness “6” and the amount of charge on

“w__n

the surface “0”, the electrical permeability is expressed

by “e,” and the dielectric constant is expressed by “g_“.
Zeta potential, {, can be calculated by the correlation

inEqg 1.

oo

£,

Eq 1.
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Figure 4. Electrical Double Layer structure on silica wall [17].

The electrical double layer thickness depends on the
electrical permeability, “e” and the ionic strength of
the electrolyte solution, “I”. In the equation, F, R*, and T
represent the Faraday constant, ideal gas constant and
absolute temperature, respectively. Electrical Double
Layer Thickness, “6” is calculated as below Equation 2.

5= (8Oxger*xT)

(2F, x1) tq2.

As can be understood from Equation 2., the ionic
strength of the solution and the electrical double layer
thickness change inversely [18].

The magnitude of the electroosmotic flow caused by
the electrical field applied along the capillary column,
and the “.“ is directly proportional to the zeta poten-
tial, the viscosity of the mobile phase solution changes
inversely with “p” and the equation is found in the cor-
relation in Equation 3.

Eq 3.



Capillary Electrochromatography (CEC)

Electrochromatography is one of the chromatography
techniques that use the electroosmosis occurring in a
tiny and filled column as the driving force instead of
using hydraulic pressure in HPLC [19]. Electroosmosis is
the process of executing the mobile phase in interacti-
on with the stationary phase with the help of the elect-
ric field, and the electroosmotic flow is also provided by
the Electrical Double Layer, which occurs between the
mobile phase and the stationary phase [20]. Electroch-
romatography (CEC) as hybrid technology is defined
as the combination of High-Performance Liquid Chro-
matography (HPLC) and Capillary Electrophoresis (CE)
techniques. The fact that the mobile phase interacts
with the stationary phase present in the capillary CEC
column enabling electroosmotic flow (EOF), which pro-
vides several advantages such as high selectivity, high
efficiency, and high resolution as well as the low amo-
unt of solvent consumption [17]. The sustainability of
the electroosmotic flow (EOF) can be carried out thro-
ugh a variety of parameters such as pH, ionic power and
organic modifier groups. It is using hydraulic pressure
as the driving force causes the parabolic flow to occur
in the HPLC system, whereas in the CEC system, direct
current is formed by applying the electric field and EOF
with plug flow profile occurs. In this case, higher peak
capacity with higher efficiency is achieved and effecti-
ve chromatographic separation takes place [10,21,22].
EOF is the driving force commonly used in CEC and CE,
and the separation of analytes is not only dependent
on electrophoretic mobility, but the interaction betwe-
en the mobile phase and the stationary phase is also of
great importance. Unlike CE, CEC’s interaction between
the mobile phase and the stationary phase is provided
by the Electrical Double Layer. CEC system has a higher
peak capacity and selectivity since it contains a stati-
onary phase in the column compared to CE and HPLC.
High separation performance can be achieved with the
EOF as the driving force formed by the filled column it
contains [19]. There is a difference between CE and CEC
methods in terms of source in order to contribute to
the electroosmotic flow. In CE, the surface charge in the
capillary wall provides EOF, while in CEC this feature is
provided by the particles. Considering CEC, the variety
of particles as well as the amount of silanol groups and
other bound groups also have an impact on the EOF
flow. Commercially available silica columns are used as
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a stationary phase, based on surface area and size diffe-
rence. For this purpose, different methods are applied
by various manufacturers in the process of attaching
silica-bound alkyl groups [20]. Capillary electrochroma-
tography can be expressed as separation process that
takes place using chromatographic solid support mate-
rial accepted as a stationary phase to which electrical
field applied across.

Capillary electrochromatography columns are obtained
with the reinforcement of filling material for approxi-
mately 100 cm long silica columns with an internal di-
ameter between 50 and 100 um. As a filler, silica gels
with a diameter of between 1.5 and 10 um are gene-
rally used. Columns are usually prepared by loading the
filling material by high-pressure pumps. The mobile
phases in the CEC system contain solutions that ensure
the continuity of the flow. Compared to liquid chroma-
tography (LC), the number of organic modifying groups
used in the CEC system is higher. For the mobile phase,
it is preferred that the acetonitrile concentration is bet-
ween 50-90%. In the CEC system, where the photomet-
ric detector is used individually, the detector cell length
in the CEC column is approximately two times smaller
compared to its counterpart in the HPLC system, so it is
100 times less sensitive compared to HPLC analysis. The
use of UV, fluorescence and mass detectors provides an
alternative to the used detectors in the CEC system.

If the analytical sensitivity is improved 1000 times
more, fluorescence determination is observed to be 1
to 4 times more sensitive than simple UV determinati-
on. When using a laser adapted fluorescence detector,
it can reduce the determination level to approximately
10-16 M, thereby increasing the sensitivity. When a
mass detector is used, it can be determined at the mic-
romolar level and can give an idea about the structure
of the molecule. Along with these, different determina-
tion methods such as thermo-optical absorbance, NMR,
photochemical reaction detection and light scattering
studies are also included in the literature [23].

The most important advantage of CEC compared to
liquid chromatography (LC) is that its effectiveness is
very high. Van Demter graphics in CEC and LC are dif-
ferent from each other. The reason is that the differen-
ce in flow and eddy formation between the channels
in the CEC is less. In addition, while stationary pha-
se particles block the flow of the mobile phase in LC,
they do not block in CEC, because electroosmotic flow
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occurs on particle surfaces. Since there is no pressu-
re drop across the column in CEC, it is possible to use
the columns. However, the main difference between
LC and CEC is the use of functional monomers such as
2-acrylo amido, 2-methyl propane sulfonic acid (AMPS),
N-Methacryloyl-L-phenylalanine (MAPA), which can
provide electroosmotic flow [24,25].

The parameters and calculations of the electrochroma-
tographic separation conditions are as follows:

Here in the formula peof; electroosmotic motion, L,
(m); the effective length of the column, L (m); the total
length of the column, V; applied electro voltage (volts)
and t,; It is the time elapsed for the non-detained spe-
cies. In addition to being the main driving force of the
CEC system, EOF is also an indicator of the permeability
of the monolithic column. EOF can be calculated quan-
titatively.

L, xL,

Heor = Vxt,

Eq 4.

There is a significant retention time for each analyte ina
column indicated by t.. Retention time is the time elap-
sed until the sample is out of dedector after loading. If
a column used in the separation system which does not
retain sample on as a stationary phase, the time until
this substance passes through the detector is indicated
as t,. Difference between t, and t, is called corrected
retention time. However, if the sample contains two
separate analytes relative retention time can be calcu-
lated with the help of retention times of these compo-
unds abreviated as t, and t_, by the following equation.
The higher relative retention time, denoted by, is a sign
that the detachments are happening.

Eq 5.

The retention factor is the ratio of the time an analyte
spends in the stationary phase to the time the analy-
te spends in the mobile phase. In reverse-phase chro-
matography, the polarity of the monolithic structure
is expressed by the retention factor. In hydrophilic

interaction chromatography, it is used as a parameter
showing the hydrophobicity of the monolithic structure.
The retention factor is usually calculated by the formula
given below;

Eq 6.

Theoretical plate number and height are important
chromatographic parameters showing the efficiency
and speed of the separation on the column. The effici-
ency of the column is directly proportional to the num-
ber of theoretical plates, that is, the higher the number
of theoretical plates, the higher the efficiency of the co-
lumn. The theoretical plate height is the indicator of the
separation speed of the column and is inversely propor-
tional to the N value.

Eq 7.

N=16x((t")/(W"))  ¢qq

Here, w; the base width of the peak for the compound
and WMZ; refers to the base width at the half peak he-
ight, t; indicates the retention time of the compound.

The theoretical plate height is calculated by the formu-
la below given; H; theoretical plate height, L; column
length and N; is the theoretical plate number.

oL
N EqO.
Darcy equation [26] is used to calculate the column per-
meability. F; flow rate of the mobile phase, n; viscosity of
the mobile phase, L; column length, AP; back pressure
of the column and r; is the inner diameter of the column.
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Figure 5. Schematic representation of separations in the MECC system [36].

K= (F><77><L)

_(Aszrer) £q 10.

The capillary electrochromatography system is based
on two techniques: packed column and micellar electro-
kinetic capillary chromatography. Among these techni-
ques, micellar electrokinetic capillary chromatography
(MECC) has found more research areas to work [27].

Micellar Electrokinetic Capillary Chromatography
(MEKC)

Micellar  electrokinetic capillary chromatography
(MEKC) is one of the capillary electrophoresis methods
consisting of a pseudo-stationary phase and a mobile
phase. This method allows the separation of charged
particles as well as uncharged particles.

The micellar capillary electrokinetic chromatography
method is based on the different electrophoretic mo-
bility of analytes that are desired to be separated. In

this method, if the inner surface of the capillary tube
is negatively charged, electroosmotic migration occurs
towards the cathode. With such mobility, separations
occur in the column in order of cations, neutral mole-
cules and anions, respectively. As the charge of cations
increases, elution time is decreased, as the charge of
anions increases, on the contrary, elution time from
the column becomes longer. If a positively charged
surfactant is added to the solution, the inner surface
of the capillary tube, having a negatively charged in-
ner surface, becomes positive. Thus, the direction of
the electroosmotic flow reverses, and electrophoretic
migration occurs towards the anode, and this time the
anions are the first molecules to leave the column. If a
positively charged surfactant is added to the solution,
the inner surface of the capillary tube having a negative
inner surface becomes positive. Thus, the direction of
the electroosmotic flow reverses, and electrophore-
tic migration occurs towards the anode, and this time
the anions are the first molecules to leave the column.
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However, it is not possible to separate neutral molecu-
les in both cases. Considering this issue, Terabe et al.
developed a new method [28]. When sodium dodecyl
sulfate surfactant is included in the medium within this
method’s scope, negatively charged spherical micelles
occur. These chains, whose inner and middle parts are
apolar, act as if apolar characterized solvent, and neut-
ral organic molecules can be easily dissolved in these
solvents. At the same time, neutral molecules are dist-
ributed between the apolar character solvent and the
aqueous phase, creating a state of equilibrium [29,30].
Micelles act as a stationary phase in MEKC. For this rea-
son, they are also known as pseudo- stationary phases.
With the help of this phase, the separation of neutral
molecules takes place in the MECC. Neutral molecules
in the reaction medium reach equilibrium conditions
within different periods. Thus, each molecule reaches
the detector within different times and shows different
peaks. As a result, neutral molecules are separated. In
the absence of micelles, neutral molecules come toget-
her to the detector, so a single peak is observed in the
system [31]. Different analyzes can be made in MEKC
by adding different substances to the solution condi-
tions. For example, when the cyclodextrins containing
optically active groups are added enantiomers of small
molecules reach the detector at different times due to
their retention in the pores of these optically active gro-
ups. When the peaks of these structures are examined,
it is seen that the chromatograms are generally compo-
sed of overlapping binary peaks [32].

The parameters and calculations of the separations in
MEKC are as follows:

As with conventional chromatography, the retention
factor is defined as k;

aq Eq 11.

Here, n__isthe amount of analyte incorporated into the
micelles, and N is the amount of analyte that surro-
unds the agueous solution. In this case, the relationship
between the retention factor and migration time can

be expressed as follows

k= (tR’to)

t
tO - l_i
me Eq 12.

In its revised version, it can be written as follows:

(1+k)
ty=— 2

To |y
t

mc

1+
Eq13.

If the analyte does not participate in the micelle or inte-
ract with the micelle, the migration time of such solutes
is equal to t,, so k=0.

On the other hand, if the analyte interacts with micel-
les, the migration time “t.” and retention factor, “k” will
be infinitely large. Therefore, migration time is limited
between t and t_. When t_ is infinite or when the
micelles do not come out of the capillary column, the
absolute value of the electroosmotic velocity and the
electrophoretic velocity of the micelles moving in the
opposite direction will be as follows:

t,=(1+k)t,

Eql4.

This is the same as the conventional approach in chro-
matography, meaning that the migration time parame-
ter is equal to infinity. The equation that occurs when
t, reaches infinity or when the electroosmotic flow is
completely stopped is as follows:

1
1+— |t

R m

Eq 15.



In this case, the aqueous phase can never come out of
the capillary column. Only micelles migrate through the
aqueous phase towards the anode. In MECC, the sepa-
ration factor can be calculated by the following equa-
tion:

v ()

Eq 16.

Here N gives the number of theoretical plates. and are
retention factors of analytes 1 and 2, respectively. The
ratio k, to k, is equal to a, which is the separation factor.

With the increase of the square root of the number of
plates, the a value increases proportionally. Generally,
the number of plates for most analytes is between
10.0000-20.0000. Commonly, the higher the theoreti-
cal plate number, the higher the voltage is applied un-
less there is too much joule overheating. Because the
micelles have low diffusion coefficient, the high reten-
tion factors of the solutes give high plate numbers [37].

Ligand Exchange Capillary Electrophoresis (LECE)

Chiral ligand exchange chromatography (LECE), first
applied by Davankov and Rogozhin [38] in 1970, is
one of the methods that provide separation of enan-
tiomeric molecules according to chirality. At first stu-
dies, original LEC phases are based on chlormethylated
polystyrene-bound L-proline (L-Pro) residues [39]. The
chiral selectors used in this separation interact with the
analyte and form a diastomeric triple substance. Chiral
recognition is based on the formation of triple mixed
metal complexes between a chiral selective ligand and
analyte ligand [40]. The complex ions form ionic, cova-
lent or coordination bonds to the stable phase. In this
case, the ligands can combine with the coordinating
metal. Ligand modifiers with this structure are used to
separate amino acids or similar organic structures that
are difficult or impossible to separate [41]. For example,
by using Cu (Il) or other metal ions as complexing agents,
the amino acid enantiomers are separated by an extra-
ordinary separation factor [42].

Ligand exchange (LE) separation mechanism is based
on the formation of diastereomeric triplet between
the analyte and chiral selector ligand. The distinction
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is due to the difference between the analyte enantio-
mers of two mixed complexes and the complex stability
constants [43]. The equilibrium reaction is described as
follows:

Cu(lSel), + S—A & Cu(LSel) (S—A) + L-Sel
Sel: selector

+ R—A

Cu(L-Sel), & Cu (LSel) (R— A) + L-Sel

A: analyte

The LE principle is based on using the chiral selector-
metal complex as an additive to the electrolyte in CE.
First, the application of this technique in CE has been
reported by the group of Zare [44] with the use of
L-histidine-Cu (II) and aspartame-Cu (Il) complexes as
chiral selectors for chiral separation of amino acids. The
researchers observed that when the micelle-forming
surfactant such as sodium tetradecyl sulfate (STS) was
added, the separation improved. They also proved that
the enantiomeric selectivity factor disappeared with
the use of Co (Il) instead of Cu (Il).

Affinity Capillary Electrophoresis (ACE)

This chromatography method is used for the purifica-
tion of enzymes, hormones, antibodies, nucleic acid
and some special proteins. [45]. Proteins that can form
complexes with the ligands attach to the matrix and are
retained in the column, while the free protein leaves
the column. This separation takes place with a pH chan-
ge, ionic intensity effect or addition of salt solution [46].

Affinity capillary electrophoresis (ACE) was first int-
roduced in the early 90’s to study protein-ligand inte-
raction [45]. One of the improved varieties of the CE
is the Affinity Capillary Electrophoresis (ACE), which is
the method that provides the electrophoretic migrati-
on of analytes by combining it with a different biologi-
cal agent or affinity ligand [47]. Among these biologic
agents or ligands, some immobilized antibodies, some
serum proteins or enzymes, as well as cyclodextrin-de-
rived carbohydrates can be applied in enantiomeric se-
parations in CE methods, acting as a chiral selector or as
chiral binding agent [48,49].

ACE applications are classified under two main titles:
homogeneous methods and heterogeneous methods
[50]. In a homogeneous method, the binding agent and
analyte interact in a sample or in a solution that may

263



264

K. Sarkaya et al. / Hacettepe J. Biol. & Chem., 2021, 49 (3), 253-303

occur in a CE working buffer. In the heterogeneous met-
hod, the binder is fixed to support used to assist the
capture or isolation of the analyte to the inner surfa-
ce of the CE system. This second approach can also be
viewed as a kind of affinity chromatography combined
with CE or using a binding agent in electrokinetic chro-
matography [51].

Chiral Selectors or Chiral Stationary Phases in
Enantiomeric Separations

Molecularly Imprinted Polymers (MIPS)

Molecular imprinting technology is the preferred method
of designing artificial receptors with selectivity and specifi-
city for a given analyte [52]. Molecularly imprinted polymer
(MIPs), which are polymeric matrices synthesized by mole-
cular imprinting method, are synthetic or semi-synthetic
molecular recognition elements that can mimic natural
recognition found in the mechanism of antibody-antigen
interactions, signal transduction, enzymatic catalysis, pro-
tein synthesis, DNA replication and biological receptors
[53]. MIPs can be considered as recognition materials in
chemical and biological processes, but they also have app-
lication areas such as biotechnology, environment, food,
chromatography, sensor, catalyst, drug handling, synthetic
antibody and receptors [54]. MIPs designed to be used in
place of natural systems, also have advantages over na-
tural systems. These can be listed as higher physical and
mechanical strength, chemical stability, higher resistance
to high temperature and pressure [55].

In the molecular imprinting method, suitable monomers,
crosslinkers, template and target molecule-containing
species coexist. In the solution medium, monomers and
crosslinkers are organized with the support of strong
interactions around the template molecule. First, a pre-
complexation reaction occurs between the template
molecule and the functional monomer. The structure of
functional monomer is arranged according to a specific
sequence and orientation in the presence of template
molecules, in the presence of crosslinkers and initiators,
methods such as photo-, thermal- or electro-polymeriza-
tion are stabilized and polymerization reaction takes place.
After the polymerization process, template molecule is re-
moved from the polymer matrice and there are gaps in the
rest of the polymer that contain the steric and functional
properties of the template molecule. These voids are che-
mically functionalized through a high crosslinker and about
30-80% monomer amount [56] while allowing selectively

rebonding of the template or a different analyte. Perma-
nent pores formed in the matrix during the evaporation

process form the inner and outer wide surfaces. In this res-
pect, the effect of the solvent on the recognition behavior
of the polymer is strong.

With the advantages of the MIPs mentioned above, it was
also possible to evaluate these polymers as a chiral stati-
onary phase (CSP) in the CE and CEC methods. Although
MIPs are intended to be used for separations occurring in
HPLC in previous periods, there are several disadvantages,
such as a slow level of interaction kinetics and inhomoge-
neity of binding sites [57]. In addition, it will be expected
that the CEC system is a hybrid technology designed as a
combination of liquid chromatography (LC) and CE tech-
niques, and using of MIPs in CEC with high efficiency and
selectivity for separation, and these privileges will be furt-
her enhanced.

Most of the current research is on the development of
new column technologies, and the starting point in this
area is based on the periods when the separations were
performed by HPLC. Packing materials in the CEC column
have two important functions. The first is to provide app-
ropriate units for the necessary interactions to take pla-
ce, just as in HPLC, and the other is to ensure that EOF is
created, one of the essential parts of CEC [58]. EOF can
be generated in the presence of ionizable groups in the
stationary phase. The driving force used for this purpose is
EOF formed with the ionization of the silanol groups on the
surface of the silica. However, stationary phases used in
the HPLC systems cannot generally be considered suitable
for CEC, as the silanol concentration decreases after deri-
vatizing processes in the stationary phases used as seen in
HPLC and this situation cannot meet the sufficient expec-
tation for EOF formation [59]. Depending on the pH of the
medium, EOF is formed from the stationary phase mate-
rials containing silica. At low pH values, silanol groups are
protonated and this situation reduces the EOF. As the pH
rises to higher values, the stability of the stationary phase
material may not be suitable. In addition, undesirable con-
ditions such as peak broadening and low column efficiency
occur by adsorption of non-polar analytes on active silanol
groups [60]. In addition to the fact that they can perform
jonization and are not affected by the pH change, polyme-
ric packing materials have the ability to form EOF with the
fact that the charge density on their surface is at a control-
lable level [61].
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Figure 6. Positioning hydroxyl groups in the structure of the CD.

Columns most frequently used in CEC are generally eva-  lumns stay in the particles. The use of packed columns
luated under three headings: Open-Tubular (OT), pac- is common due to its high sample capacity and more
ked and monolithic columns. There is no packing mate-  sensitivity compared to open-tubular columns [63].
rial in the open tubular columns, as a result of physical  Particle-filled columns require advanced experimental
or chemical interactions, the capillary is formed on the  skills and experience to ensure stability and repeata-
column by being covered by a stationary phase. Mo-  bility. One of the biggest challenges is the fabrication
lecular structures such as molecularly imprinted poly-  of frits that do not hinder the mobile phase flow and
mers (MIPs), host ligands, block copolymers, nanotubes,  can properly hold the particles in the column. However,
polysaccharides, nanoparticles, monoliths are structu- monolithic columns do not need frits as they fix them-
res that can be exemplified for use as stationary phase  selves to the silica capillary column wall. Therefore, mo-
materials in OT columns [62]. Packed columns are for-  nolithic columns have a stable, sufficient mobile phase
med by placing the particles between the frit with the  permeability and prevent bubble formation [64]. Since
help of high pressure. Frits are materials that ensure co-  the early 1990s, monolithic stationary phases have
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become one of the most interesting micro-separation
techniques with their evaluation as chromatographic
material. Monolithic columns are macroporous polyme-
ric materials prepared by in-situ polymerization of the
monomers in the environment where the pore-forming
mixture system and the initiator is also present [65].
The reason for the higher performance of monoliths is
that they have mass transfer feature [66]. Since the dif-
fusion path is very short, the analyte reaches the pore
with a net flow instead of diffusion. The film resistan-
ce properties of monolithic columns are also different.
The film thickness is considered to be smaller and the
surface area larger. Both effects increase mass transfer
and perform purification faster in the monolithic flow
system [15]. Recently, monolithic columns have attrac-
ted more attention than particle-filled columns. Easy
to fabricate and obtain the desired chemical proper-
ties are the most important advantages of monolithic
columns. CEC is a widely used separation technique for
medicine, pharmaceutical and environmental sciences
as it has binding compatibility with Mass Spectrometry
(Mass Spectrometer, MS) and Nuclear Magnetic Reso-
nance Spectrometer (NMRS) [67].

Cyclodextrins (CDS) and Its Derivatives

Cyclodextrins (CDs) are biosynthetic ring oligomers
consisting of anhydrous glycopyranose units linked to-
gether through a-1,4-glycosidic bonds. Also known as
cycloamyloses, cyclomaltoses and Schardinger dextrins.
When the molecular shape of cyclodextrins is examined,
it is seen that there are molecules in the hollow trunca-
ted cone structure [68, 69]. It has a hydrophobic pro-
perty as a result of an electron-rich medium provided by
irreversible hydrogen atoms and most glycosidic oxygen
atoms in the ring. Since the hydroxyl groups are located
on the outside of the ring, the outer surface shows a
hydrophilic feature. Thanks to these special structures,
cyclodextrins can form a guest-host complex with the-
se molecules by trapping the hydrophobic molecules in
the liquid or solid form, which are large enough to fit
in the cyclodextrin space, in the hydrophobic inner ca-
vities. Cyclodextrins containing six glycopyranose units
are called alpha (a), those containing seven are beta (B),
and those containing eight are gamma (y) cyclodextrin
(CD). Theoretically, there are CDs containing more than
eight glucopyranose units, 10e- (epsilon), 11 (zeta),
12n- (eta), 136- (theta) glucopyranose units. However,
it is not preferred much due to its low complexity and
increased solubility in water [70].

Cyclodextrins can form host-guest type complex space
relates to their diameter. Since a-CD has a small diame-
ter (5 A), it is not very suitable for complexing. The di-
ameter of B-CD is 6 A, the diameter of y-CD is 8 A and
it can form complexes with many molecules [71]. It is
possible to derivatize cyclodextrins in order to increase
their complex formation capacities, change their physi-
cochemical properties and gain different properties.
The modified cyclodextrins obtained may have better
properties than natural cyclodextrins. CDs have a lar-
ge number of functional groups. The presence of 18
hydroxyl groups on a-CD, 21 on B-CD and 24 on y-CD
provided cyclodextrins a lot of chemical functions [72].

CDs are often used in separation techniques. In this re-
gard, chiral selectivity values (a) of CDs in enantiome-
ric separations often do not exceed two. This situation,
which seems to be disadvantageous, can be compensa-
ted by the high efficiency of capillary columns. In some
cases, CDs provide baseline separation with high effici-
ency of 105-106 plates per meter despite low a values
in the range 1.01-1.03 [73]. One of the most important
parameters that negatively affect chiral selectivity is
the poor solubility of analytes and selectors. However,
CDs are capable of dissolving analytes through the inc-
lusion phenomenon. Therefore, it can be an important
parameter in improving the solubility of analytes and
selectors if CDs are derivatized [74]. In order for CDs to
be used in efficient separation techniques, the charge
accumulation they have must match the concentration
of background electrolyte (BGE) [74]. Due to their na-
tural structure, each glucose unit of CDs has five chiral
centers. In addition, each of the functional groups in
chiral centers tends to have different directions. Also, if
CDs can be functionalized with different suitable agents,
new chiral centers will be created, thereby expanding
the limits of chiral recognition. When it comes to the
separation of enantiomers, CDs have the flexibility to
conformationally change their shape in order to inte-
ract with one of the enantiomeric species. Thanks to
their natural appeal, they are often preferred as chiral
selectors in separation methods, although their selecti-
vity values are not so high [75].

Metal-Organic Frameworks (MOFS)

A metal-organic frameworks (MOF)s are crystalline ma-
terials that can be thought of as a hybrid of two main
components are a metal cation and an organic mole-
cule called a binder (or bridging ligand). These compo-



nents are defined as the primary structural units of MOF
structures. A structural unit that combines a series of
metal ions and ligands to form stiffer frames can be de-
fined as secondary structure units (SBUs) [76]. Organic
Ligand groups trap metal ions to their positions, so SBUs
are used as large hard corners instead of metals. There-
fore, the successful creation of rigid frames is focused
on SBUs. Thus, expanded frames with high structural
stability are produced [77]. Metal ions such as Cr*3, Fe*,
Cu*?, Zn*, Ti**, Al** or metal clusters with two or more
metal atoms are used as metal binders for the synthesis
of MOF structures. Transition metal ions, especially first
order transition metal ions (Ti**, Cr3, Mn", Fe*3, etc.)
And some alkali metal ions (Li*t, Na*, K%, etc.). Alkaline
earth metal ions (Be*, Mg®, Ca*, etc.) and rare earth
metal ions (Sc*3, Y*3, La*®) are used for the construction
of MOBs [78]. Organic ligands used as bridging mate-
rials that form the organic part in the MOF synthesis
stage generally contain coordinating functional groups
such as carboxylate, phosphate, sulfonate, amine or nit-
rile. The most commonly used organic ligand benzene-
1,4-dicarboxylic acid (BDC) [79]. Organic ligands or bin-
ders can donate a large number of lone electron pairs
to metal ions. Metal ions are made up of empty orbital
shells that can accept these lone pairs of electrons to
form a metal-organic framework material [80].

The main methods used in the synthesis of MOFs are
hydrothermal, solvothermal, mechanochemical, micro-
wave-assisted, ultrasound-assisted and on-site binding
synthesis methods. The properties of the synthesized
MOFs are directly related to the method used during
synthesis [81].

As a kind of crystalline materials, MOFs can be used in
various applications such as; gas storage [82], catalysis
[83], fuel cell [84], membranes [85] and drug delivery
[86] thanks to high specific surface areas, high pore
volume, pores opening to the back and flexible frame.
In the processing for synthesis or design, various MOFs
with different physical and chemical properties can be
obtained by the modified combination of metal comp-
lexes and organic ligands. This flexible synthesis proce-
dure enables the production of multi-functional MOFs
in shape, pore size and chemical functionality. Thus,
some reactions that cannot be carried out in solution
are now carried out in the porous space of the MOFs.
[87]. The adjustable chemistry, frame of its high poro-
sity and excellent surface area are shown as the most
promising feature of MOFs, then with the help of these
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exclusive properties, they are shown as the more de-
manded material compared to traditional porous mate-
rials such as zeolites and carbon molecular sieves [88].
Due to the strong chemical bonds in their structures,
their thermal stability gives a life of up to approximately
500°C. In addition, their sensitivity to the resulting link-
displacement reactions makes chemically stable MOFs
as a result of solvent treatment with solvents [89]. Fle-
xibility is another notable feature of MOFs, perhaps due
to minor disruption of pyridyl linkages or interactions
between ligands, providing a dynamic behavior in ma-
terials. Thanks to this feature, it maintains its structu-
ral integrity and facilitates formation changes. For this
reason, X-ray crystallography and other spectroscopic
techniques can be performed in detail to monitor the
chemical reactions occurring in the pores [90].

In recent years, with the use of mixtures in micro-scale
separations [91], the potential of using MOFs as stati-
onary phase in chromatographic studies has attracted
attention. In the continuation of these developments,
some of the studies investigating stationary phase per-
formances of MOFs in HPLC [92] and GC [94] were car-
ried out. In the study published in 2014, Fei reported
for the first time that MOFs could be used in the CEC
system as chiral stationary phase (CSP) [95]. In paral-
lel with these developments, the ideas of using chiral
MOFs as CSP for enantioseperation in open tubular-CEC
and CSPs for packed-CEC system are also included in
the literature. [96,97]. However, there are some disad-
vantages in the separation processes with respect to
low phase ratio between the stationary phase and mo-
bile phase and low sample capacity in OT-CEC. Various
techniques such as modifying OT columns with the sol-
gel coating to increase the available surface area, inter-
nal wall engraving and incorporation of nanoparticles
into the column are recommended in the literature to
improve separations in the CEC system. [99]. Also, it has
been reported that by using chiral MOFs with features
such as versatile functionality and high porosity, these
problems can be solved successfully in the CEC system
[95].

The possibility of almost unlimited combinations of
metal and organic binders is a great privilege of these
materials. It is possible to create the material that is in-
tended to be designed theoretically by stretching one
or both of the building blocks. The compatibility bet-
ween the size and shape of the molecule and the pore
architecture reveals the separation potential [100]. The
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rationale for the separation of enantiomers is that di-
astereomers or a diastereomeric complex occur, and
molecular control of the pore structure to allow chiral
interactions [101] is the most serious challenge in this
area. MOFs can be transformed into chiral centers using
a chiral enantiomer as an organic binder or by deriva-
tization reactions (eg functionalization of an N-group)
[102]. The inclusion of metalo-ligands in the MOF struc-
ture as bridging binders is another proposal presented
in this field [103].

Applications of Chiral Separations by Capillary
Electrophoresis and Related Techniques

(MIPS) as Chiral Stationary Phases

Amino acids are essential ingredients for creating ani-
mal nutrition protein. Amino acids are a combinati-
on of DL- enantiomers in nature. The interaction and
functionality of these molecules are different in natu-
re. Therefore, studies are ongoing for the recognition
and separation of amino acid enantiomers today. Wu
et al. prepared MIPs containing magnetic nanoparticles
combined with the microchip-CEC method to be used
as CSP to separate mandelic acid and histidine enantio-
mers [104]. Denizli et al. prepared amino acid-imprinted
monolithic columns to perform enantiomeric separati-
ons of hydrophobic amino acids (tryptophan, phenyla-
lanine and tyrosine) and histidine enantiomers in CEC
[105,106]. While L-forms of amino acids are preferred as
template molecules, N-methacryloyl-(L)-phenylalanine
(MAPA) monomer was preferred as a functional mo-
nomer to implement the MIT. The monolithic column
where the MAPA monomer is preferred as a functional
monomer can form EOF. This is also the exclusive featu-
re of the MAPA monomer [14]. MAPA can act as a weak
cation exchange monomer due to deprotanization ca-
used by the carboxylic acid (-COOH) and amino (-NH2)
group in the phenylalanine part of the MAPA monomer
at pH above the isoelectric point (pl = 5.48). Because
of its relatively high hydrophobicity, phenylalanine has
made a significant contribution to hydrophobic inte-
ractions by molecular imprinting in chromatographic
column preparation. Hrobonova and Lomoneva repor-
ted [107] that they prepared L-phenylalanine-imprinted
polymers for enantiomeric separation of phenylalanine
and used as CSP in HPLC. The analytical performance
of L-phenylalanine-imprinted CSP was also examined
in the study. Yue et al. evaluated the separation of
tryptophan enantiomers using L-tryptophan imprinted-

silica nanoparticles as pseudo stationary phase in EKC
[108]. The process of removing the imprinted (temp-
late) molecule from the matrix in the molecular imp-
rinting technique may present difficulties for various
reasons, such as finding a desorption agent or required
extract solvent for the removal of the template molecu-
le. At this point, electrochemistry provides alternative
technology as long as only electron transfer is involved
with electrochemical oxidation or reduction. Conducti-
ve polymers and copolymers have been applied in the
literature as chiral stationary phases in order to recog-
nize the amino acid enantiomers as a result of the ability
of monomers to be converted into polymers in matrices,
also their chemical stability, electrical conductivity and
redox reversibility [112]. In the class of conductive poly-
mers, polypyrrole (o-PPy) subjected to excessive oxida-
tion (over-oxidised) is most often applied in the separa-
tion of enantiomers as matrices of MIPs [117].

Among the enantiomeric forms of propranolol, which
is widely used in treating angina, the S-(-) form is far
more pharmacologically active than the R-(-) form. Sin-
ce it is used as a racemic form in clinical treatment, the
separation of propranolol enantiomers is given impor-
tance [118]. Liu et al. preferred molecularly imprinted
polymers to separate the enantiomeric forms of prop-
ranol [119]. What makes this study interesting is that
while propranolol-imprinted polymer synthesis is done,
4-4’-azobis (4-cyanovaleric) acid (ACVA), which is deri-
vatized with a carboxyl group, was preferred instead of
using functional monomer. Due to the carboxyl group it
contains, ACVA is a compound that is applied as a radi-
cal initiator since it can interact with propranolol. Still, it
also created complexation with the template molecule
in the molecular imprinting method. Chen et al. [120]
reported that they developed propranolol-imprinted
organic-inorganic hybrid monolithic columns for the se-
paration of propranolol enantiomers in OT-CEC. In this
study, it was stated that 3-(trimethoxysilyl) propyl met-
hacrylate (y-MPS) was used as a crosslinker, because of
the presence of Si-OH groups it contains, it does not re-
quire preliminary preparations for the capillary column
by directly interacting with the capillary column.

Gutierrez-Climante has developed porous silica beads
equipped with molecularly imprinted nanoparticles
(MINPs) applied as CSP in LC [121]. In this study, some
anti-depressant drugs were used as test compounds
for enantiomeric separation. In another study, Guti-
errez and his team presented a surface-imprinted CSP



for the enantiomeric separation of citalopram [122].
N,N’-diethyl aminodithiocarbamoylpropy! (trimethoxy)
silane was used as the silanizing agent for the surface
modification of the solid silica support. Also, citalop-
ram was used as an imprinted-molecule in this study.
1,1'-Bi-2-naphthol (BINOL) is an organic compound of-
ten used as a ligand for transition metal-catalyzed asy-
mmetric synthesis. However, it can also act as a host
for enantiomeric separations as chiral reagents [123].
To examine the enantiomeric separation of BINOL with
R- and S- enantiomers, a coating with molecularly imp-
rinted polymer was performed on silica gel [124]. Dong
et al. produced a new CSP modified with MIP by using
(R)-BINOL as a template molecule in the polymerizati-
on performed on the surface via Molecular Imprinting
Technology (MIT).

Kulsing et al. presented novel strategies to be used for
chiral separations by molecularly imprinted polymers
in open tubular (MIP-PLOT) capillary column formats
by capillary liquid chromatography (CLC) [126]. In their
study in 2014, the MIP-coated capillaries were applied
for the separations of the ketoprofen racemic mixtu-
re. At their second attempt in this field, they preferred
layer-on-layer polymerization method for the prepara-
tion of MIP-PLOT capillary column used to separate ra-
cemic mixtures of Z-L-Asp-OH.

It has been reported that organic-inorganic hybrid MIPs
have been developed in order to eliminate the limitati-
ons caused by the weak sensitivity of the MIP formats
used in CEC to pH changes [127]. As an alternative app-
roach, Zhao and his team reported that they developed
MIP monolithic columns based on polyhedral oligome-
ric silsesquioxanes (POSS) to be used for the separation
of naproxen, amlodipine and zopiclone enantiomers
with the OT-CEC system [128]. Unique features such as
easy chemical modification, suitability to pH tolerance,
high temperature and oxidation resistance have made
POSS a privileged building block for creating multifunc-
tional materials.

Molecular crowding is a method developed in recent
years to stabilize the interaction between template mo-
lecule and functional monomer in MIT. As a result of
synthesis using a molecular crowding agent, it is deter-
mined that it strengthens the interaction between the
functional monomer and the template molecule [129].
Also, synthesized MIPs have more binding capacity as
well as stronger affinity accordingly. A similar indicator
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of this situation is demonstrated by the fact that MIPs
synthesized using a molecule crowding agent show bet-
ter enantiomeric separation ability in the examinations
conducted in the CEC system as a result of using CSP
[132].

One of the latest strategies updated for the develop-
ment of host capacities and interaction selectivity for
MIPs is using of dendrimers with these polymers. Dend-
rimers are attractive candidates for material design due
to the high degree of crosslinking it contains [134]. The
large structure of the dendrimers makes the inlet and
outlet of the template molecule into the polymer matrix
very easy. As a result, dendrimer-MIP has been repor-
ted to provide faster mass transfer, better capacity and
enantioselectivity in CEC [135].

Cyclodextrins and Its Derivatives as Chiral
Selectors

Among all CDs, B-CD is the most preferred CS agent be-
cause it is versatile and can be easily derivatized by re-
acting with different compounds [138-141]. Although
y-CD has the largest gap, the presence of an odd num-
ber of glucose rings reduces the symmetry of the gap,
thereby increasing the dissolving power of the B-CD
[142]. The unique features of B-CD are that its molecule
has 35 chiral centers, so chiral separations can be achi-
eved through the interaction between chiral -CD and
enantiomers of analytes. In the internal hydrophobic
space, the enantiomer can interact well with the B-CD
through hydrophobic interactions such as host-guest or
inclusion complex and Van der Waals force. In the outer
part of the game, the B-CD has a symmetry gap of C,
and 14 hydroxyl groups suitable for attracting with the
polar substituents of the enantiomers via hydrophilic
interaction or hydrogen bond. The use of different
substituents alters the enantioselectivity of the modifi-
ed B-CDs. Modified B-CDs can be created in neutral
[141,143], cationic [144-146] and anionic forms
[147,148]. Cyclodextrin (CD) and its derivatives are
among the most preferred chiral selectors in CE due to
their chemical resistance, conveniences related to their
structural properties and low UV absorptions [149-151].
In addition, the plurality of CD derivatives across the
spaces and substituents meets the possibility of enanti-
omeric separation for large-scale chiral compounds
[152]. CDs act as chiral selectors to separate enantio-
mers and are suitable for related strategies, such as ca-
pillary derivatization, inclusion complex formation mec-
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hanism, chiral recognition, molecular modeling, quanti-
tative approaches, also detection of analytes [153-163].
15 different cyclodextrin derivatives were investigated
as a chiral complexing reagent. And the enantiomers of
asenapine maleate (ASN), which is used as a new an-
tipsychotic against schizophrenia and bipolar | disorder,
was separated for the first time by CD-modified chiral
selector in CZE. In addition, experimental design sup-
porting method development was performed using
B-CD as a chiral selector. NMR spectroscopy, ESI-MS
and molecular modeling were applied to characterize
the inclusion complex [164]. For example, Phatthiyap-
haibuna et al. Performed chiral separation of phenira-
mine using Hydroxypropyl-B- Cyclodextrin (HP-B-CD)
as a chiral selector, placed in the capillary with the met-
hod of the partial filling technique [165]. In one of anot-
her study, B- and y- derivatives of 2-hydroxypropyl-CD’s
were used as chiral selectors to examine the separati-
ons of the enantiomers of Tapendatol, an analgesic
agent. Based on the electrochromatography migration
potentials of the isomers, 2-hydroxypropyl-p-CD was
preferred as a chiral selector for the enantiomeric sepa-
ration of S,R- and R,S-tapentadol isomers under acidic
conditions provided by BGE. Also, enantiomeric separa-
tion of S,S5- and R,R isomers was performed by
2-hydroxypropyl-y-CD at the same conditions [166]. So-
hajda and his team studied of enantioseparations of Im-
peranen, a polyphenolic compound of Imperata cylind-
rica, first time in the CE system. In this study, 27 diffe-
rent CDs was selected to investigate the effect of cavity
size, side chain, degree of substitution, and the loading
amount of cyclodextrins both on the stability and mobi-
lity of the inclusion complex, and also enantioseperati-
ons. After the operation of single CD chiral CE systems,
dual CD systems have been extensively researched.
Among the charged-chiral selectors of CDs, sulfoalkyla-
ted-cyclodextrins due to their high applicability in dual
systems to develop chiral separations have been tested.
It was reported that NMR spectroscopy was used to
characterize the inclusion complex at the molecular le-
vel. Also, In their previous study, the same group propo-
sed CD-based chiral separation method for the separa-
tion of sitagliptin enantiomers in CZE, fast and effici-
ently as it mentioned [167,168]. The heptakis (2,3,6-tri-
O-methyl)-B-CD was used as a chiral selector for the
first time to realize the separation of all enantiomers of
Ketoconazol in EKC. In addition, SDS acted as an anionic
selector, including the BGE, and also played a role in the
transport of neutral ketoconazole [169]. Agonists are
compounds that bind to cell receptors and produce a

response in the cell and often mimic the behavior of na-
turally occurring substances. Agonists create action,
while Antagonist compounds inhibit the formation of
an action. Therefore, it is one of the key elements of
body chemistry and pharmacology [170]. Although the-
re are studies in the literature on the enantiomeric se-
paration of B-agonists, Carboxymethyl-p-cyclodextrin
(CM-B-CD) as a chiral selector was used for the enantio-
meric separation of sympathomimetic drugs such as
bambuterol, tulobuterol, procaterol [171]. Nascimento
et all. examined the enantioseparation mechanism of
4-hydroxypropranolol (4-OH-Prop) at the molecular le-
vel, using a sequential methodology involving molecular
dynamic simulations. Comparing the experimental re-
sults obtained for the separation of 4-OH-Prop enantio-
mers in CE using CM-B-CD as chiral selector, the propo-
sed theoretical model is a good way to estimate chiral
separation of 4-OH-Prop enantiomers [172]. Qi and
Zhang used CM-3-CD as CS to developed and validated
for the enantiomeric purity determination of the Le-
vamlodipine. They reported that the max value of (Rs =
9.8) was obtained at the room temperature conditions.
4 mM CM-B-CD was dissolved in 40 mM phosphate buf-
fer (pH 3.5), and 30 kV voltage, was applied with normal
polarity [173]. The click chemistry is an effective met-
hod, because of not cause any by-product formation as
a result of the reactions carried out under moderate
conditions with high efficiency, so it can be applied for
chiral separations in recent times as well as use in orga-
nic chemistry [161]. In the first of these applications,
B-CD-click-derived silica gel columns were used. Tang et
al. performed the chiral separations of many analytes in
a short period of time with high recognition using the
cationic B-CD derivative compounds obtained as a re-
sult of their synthesis by using click chemistry as chiral
selectors [174]. In the early stages, Tan and his team re-
ported that the cationic B-CD derivative as a single iso-
mer containing imidazolium groups may be a good chi-
ral selector for dansyl amino acids, but it is known that
the strong UV absorption of the imidazollium has a ne-
gative effect on analyte detection [175]. The group ai-
med to eliminate this disadvantage by replacing the
imidazolium moiety with a saturated cyclic amine to
mono-6-deoxy-6-pyrrolidine (3R,4R-
dihydroxypyrrolidine)-B-cyclodextrin chloride (dhypy-
CDCI). The enantiomeric separation ability of the weak

obtain

UV-absorbing and water-soluble four pyrrolinium subs-
tituted cationic B-CD chiral selectors obtained for this
purpose and has been successfully tested on hydroxy
carboxylic acids as well as dansyl amino acids [176]. As a



result of the modification changes made in the structu-
re of the CDs, the stability of the complexes formed bet-
ween the CD and analyte will be affected and also this
may change the resolution capacity of the chiral selec-
tor. At this stage, there are quite a few studies of alkyli-
midazolium-substituted CDs with different alkyl chain
lengths used as chiral selectors [144,177,178]. Given the
wide application of alkaline drugs, sulfated modified-
negatively charged CDs have become the most com-
monly used chiral selector, since it has obvious advanta-
ges in chiral separations. This can occur with the onset
of new electrical interaction and ion exchange interacti-
on, which can enable them to demonstrate improved
enantiorecognition capacity [142,179-185]. For examp-
le, the potential of Chondroitin sulfate D and Chondroi-
tin sulfate E, two representatives of the glycosaminogl-
ycans group, to be evaluated as chiral selectors, was
tested for the first time in CE. The results determinated
Chondroitin sulfate E has a better enantiorecognition
capability than chondroitin sulfate D toward the tested
drugs. As a chiral selector, Chondroitin sulfate, E sho-
wed full effect to separating abilities on alkaline drugs
against limited performance of Chondroitin sulfate D as
chiral selector [186]. In another study, heptakis-(2,3-
diacetyl-6-sulfato)-B-cyclodextrin was applied as the
chiral selector on separations of 12 pairs of basic analy-
te enantiomers some of including oxybutynin, bambu-
terol, tradinterol, clenbuterol. Conditions of the study
applied at pH 2.5 were found to be highly efficient for
the separation of most enantiomers with normal pola-
rity mode at 10 kV [187]. Maltodextrin (MD) as a linear
polysaccharide can be considered as a chiral selector
for chiral separation of a wide variety of acidic and basic
compounds in CE system with high efficiency [188]. As a
supportive factor, the chiral recognition mechanism has
been proven as a result of electrophoretic mobility and
selectivity measurements using different buffer soluti-
ons and organic solvent additives. Sulfated maltodext-
rin (MD) was first applied as a new anionic chiral selec-
tor in capillary electrophoresis (CE) and the power of its
separation ability was investigated on various drugs.
Also, it was reported that uncharged-neutral MD was
used as a chiral selector under the same conditions, but
none of enantioseparations was observed, so it is mea-
ning that the solubility of sulfated-MD was higher than
uncharged-MD due to the strong electrostatic interacti-
on between sulfated-MDs and protonated chiral drugs
[189]. CDs have shown at the top of the most effective
electrophoretic chiral selectors as a result of the high
separation efficiency as well as the selectivity factor
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increase the efficiency in the separation of peptides
and amino acids especially in LE-CE by establishing
synergistic systems with chiral metal complexes
[42,190]. CDs and their modified derivatives have been
widely used as chiral selectors in CZE. In MEKC, the buf-
fer contains a surface active agent that forms the micel-
le as a pseudo-stationary phase. Analytes are dispersed
into the micelle differently and separation takes place.
For enantiomeric separation, a micelle-forming surfac-
tant, such as SDS, is traditionally used with the CDs ad-
ded to form a secondary balance with the micelle. So-
metimes a single chiral surfactant such as sodium salt
can be used [191-193]. The performance of cyclofruc-
tans (CFs), another member of the macrocyclic oligo-
saccharides group, as chiral stationary phase, is investi-
gated for SFC, HPLC and CE recently. While the enantio-
selectivity or enantioseparation potentials of the non-
derivatized CFs show very limited performance, it leads
to the improvement of enantioselectivity for primary,
secondary, tertiary and quaternary amines, especially
after derivatization of fructofuranose hydroxyl groups
with sulfate groups [194].

Metal-Organic Frames as Chiral Stationary Phases

Ding et al. modified the Zeolitic Imidazole framework
(ZIF) with the p(GMA-EDMA) monolithic column, in
which pepsin was used as the chiral selector [195]. In this
study, N-(3-aminopropyl) imidazole monomer not only
allowed MOF to be hold on the monolithic column sur-
face, but also enabled covalent interaction with pepsin.
The enantiomeric separation performance of the pep-
sin-based ZIF modified monolithic column was found to
increase even more than that of the MOF-free format.
Enantiomers of six different drugs were separated in
CEC. As reported, three of them have been included in
the literature in which they differ for the first time as a
result of the separation made by modifying the MOF. Ye
et al. [196] separated the enantiomers of phenylalani-
ne and tyrosine thanks to the homochiral MOF ([Zn,(D-
Cam),(4,4"-bpy)] ) as CSP obtained by modifying the
walls of the capillary column with MOF particles. In the
study of Geng et al. [197], they performed the enan-
tioseparations of DL- phenylalanine via ZIF-8 nanocry-
stals coated capillary column. In addition, L-glutamic
acid was used as a selective ligand in the separation
process in CE. Svec et al. developed a monolithic co-
lumn combined with MOF to be used for enantiomer
separation in Nano-LC. CSP prepared by combining poly
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Table 1. Enantiomeric separations using cyclodextrins (CDs) and derivatives as chiral selectors.

CS (chiral selector)

Zn(I1)- L-4-hydroxyproline/y-CD

B-cyclodextrin and heptakis(2,6-di-O-
methyl)-B-cyclodextrin

Carboxymethyl-B-CD

2-(hydroxypropyl)-B-CD and methyl-y-CD

Sulfobutyl-B-CD and carboxymethyl-3-CD

a-, B-CD and sulfated-B-CD

a-, B-, v-, and heptakis(2,3-di-O-acetyl)-
B-CDs

6A-ammonium-6C-butylimidazolium-B-
cyclodextrinchlorides (AMBIMCD)

Mono-6A-(3-methoxypropan-1-
ammonium)-6A-B-cyclodextrin chloride
(MPrAMCD)

Cationic-B-CD & (SD-CSs) (dual chiral
selector system)

(2,3-di-O--methyl-6-sulfo)-B-CD (HDMS-
B-CD), heptakis (2,3-di-O-acetyl-6-sulfo)-
B-CD (HDAS-B-CD)

Mono(6-deoxy-6-sulfoethylthio)-B-CD
(SET-B-CD), mono|[6-deoxy-6-(6-sulfooxy-
5,5-bissulfooxymethyl) hexylthio]-B-CD
(SMHT-B-CD)

Native a-CD, B-CD, heptakis (2,3-di-O-
acetyl-6-0O-sulfo)-B-CD (HDAS-B-CD),
heptakis(2,3-di-O-methyl-6-0-sulfo)-B-
CD (HDMS-B-CD

Heptakis (2,3-diacetyl-6-sulfo)-B-CD
(HDAS-B-CD)

Heptakis {2,6-di-O-[3-(1,3-dicarboxyl
propylamino)-2-hydroxypropyl]}-
B-cyclodextrin (glutamic acid-B-

cyclodextrin)

Analytes

Dns-Gly-DL-Phe, Dns-DL-Pro, Dns-DL-Thr,
Dns-Gly-DL-Ala, Dns-Gly-DL-Val, Dns-Gly-
DL-Phe

Racemic mixtures of six Troger's base

derivatives

Racemic mixtures of pomalidomide

Duloxetine

Primaquine, tafenoquine, mefloquine,
chloroquine and quinacrine

R,S-tolterodine, R,S-methoxytolterodine

Terbutaline

Some of acidic monomers, including
p-Hydroxy mandelic acid, 3-phenyllactic
acid, p-Hydroxyphenyllactic acid, and
also some Dns-AAs

Some of acidic monomers, including
p-Hydroxy mandelic acid, 3-phenyllactic
acid, p-Hydroxyphenyllactic acid, and
also some Dns-AAs

Kynurenine

Acebutolol, atenolol, carazolol, carteolol,
carvedilol, propranolol, sotalol, and
talinolol

Pseudoephedrine, verapamil

Norephedrine

Propranolol

Terbutaline, clorprenaline, tulobuterol,
clenbuterol, procaterol, carvedilol,
econazole, miconazole, homatropine
methyl bromide, brompheniramine,
chlorpheniramine and pheniramine.

Method

LE-CE

NACE

CZE

CE

CE

CE

CE

CE

CE

CZE

NA-CE

CE

CE

NACE

CE

Reference

(42]

[138]

[139]

[140]

[141]

[142)

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]
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Table 1. Enantiomeric separations using cyclodextrins (CDs) and derivatives as chiral selectors. Continue

(2,3,6-tri-o-methyl)-(a-,B-,y)-CDs

B-CD, CM-B-CD

CS (chiral selector)

Heptakis-(2,3,6-tri-O-methyl)-B-
cyclodextrin (TM-B-CD)

6-monodeoxy-6-mono-(3-hydroxy)-
propylamino-B-CD hydrochloride (PA-
B-CD)

Hydroxypropyl-y-cyclodextrin (HP-y-CD)

6-Sulfated-B-CD,
6-Carboxymethyl-B-CD,
2,6-Sulfamic acid-B-CD

Heptakis (2-Omethyl-3,6-di-O-sulfo)-B-
CcD
(HMDS-B-CD)

3-CD, y-CD, heptakis(2,3,6-tri-O-
methyl)-B-CD (TM-B-CD), heptakis
(2,6-di-O-methyl)-B-CD (DM-B-CD),
carboxymethyl--CD (CM-B-CD) and
HS-B-CD, Heptakis(2,3-di-O-acetyl-6-0O-
sulfo)-B-cyclodextrin (HDAS-B-CD)

Sulfated-a-CD

Sulfated-B-CD

B-CD

HP-B-CD

2-hydroxypropyl-y-CD, vancomycin-
based-2-hydroxypropyl-g-CD

Ketoprofen

2-amino-1-phenyl-ethanol,
1-(4-methoxyphenyl)-2-(methylamine)
ethanol, salbutamol sulfate, sotolol
hydrochloride

Analytes

12 trizole antifungal active compounds

(S)-(+)-isomer of 3-isobutyl-GABA
(Pregabalin)

lodiconazole and it’s related triadimenol
analogues

Tulobuterol, chlorprenaline, tropicamide,
homatropine hydrobromide,
homatropine methylbromide, atropine,
atropine methobromide, anisodamine,
gatifloxacin, oflaxacin

Brombuterol

D,L-(alanine, valine, leucine, isoleucine,
proline, phenylalanine, methionine,
tryptophan, serine, threonine, asparagine,
glutamine, aspartate, glutamate, cysteine,
tyrosine, histidine, lysine and arginine)

Bupropion

Enantiomers of phenylalanine amide and
N--methyl derivatives, also some amino
alcohols

Asenapine maleate

Pheniramine

Tapandelol and its derivatives

CE

CE

Method

EKC

CZE

CE

CE

CE

CE

EKC

CE

CZE

CE

CE

[152]

[153]

Reference

[154]

[155]

[156]

[157]

[158]

[159]

[162]

[163]

[164]

[165]

[166]
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Table 1. Enantiomeric separations using cyclodextrins (CDs) and derivatives as chiral selectors. Continue

HP-a-CD, (2-hydroxy)propyl-a-CD;
HP-B-CD, (2-hydroxy)propyl-B-CD;
L-DOPA, L-3,4dihydroxyphenylalanine;
PA-B-CD, 6-monodeoxy-6-mono
(3-hydroxy)propylamino-B-cyclodextrin
hydrochloride; SB-B-CD, sulfobutyl- Enantiomers of Imperanene CE [167]
ether-a-CD sodium salt; SB-a-CD,
sulfobutylether-B-CD sodium salt; SB--
CD, sulfobutyl-ether-y-CD sodium salt;
SP-y-CD, sulfopropylated-B-CD sodium

salt
Sulfo(2-hydroxy)-propylated-B-CD Enantiomers of Sitagliptin CZE [168]
CS (chiral selector) Analytes Method Reference
Heptakis (2,3,6-tri-O-methyl)-B-CD All stereoisomers of Ketoconazole EKC [169]

CM-B-CD Clanbuterol, bambuterol, tulobuterol, CE (171]
procaterol, salbutamol

CM-B-CD 4-hydroxypropranolol CE [172]
(R,S)-amlodipine besylate, S-amlodipine
CM-B-CD besylate and naloxone hydrochloride CE [173]
6A747hydrOXVEthyl7.1'2'37”'320'»/'76937 Several ampholytic and acidic racemates CE [174]
methoxypropylamino-B-cyclodextrin
Mono-6-deoxy-6-pyrrolidine-B-
cyclodextrin chloride (pyCDCI),
Mono-6-deoxy-6-(N-methyl-pyrrolidine)-
B-cyclodextrin chloride (N-CH3-pyCDClI),
Mono-6-deoxy-6-(N-(2-hydroxyethyl)- Some of dansyl and carboxylic acid
. ) ) ) CE [176]
pyrrolidine)-B-cyclodextrin chloride enantiomers
(NEtOH-pyCDClI),
Mono-6-deoxy-6-(2-hydroxymethyl-
pyrrolidine)-B-cyclodextrin chloride
(2MeOQOH-pyCDCI)
Mono-6A-(2-methoxyethyl-1-
ammonium)- 6A-B-cyclodextrin chloride Some ampholytic and acidic racemates CE [177]
(MEtAMCD)
Trimethyl-B-cyclodextrin (S)- and (R)-lipoic acid CE [178]
Heptakis (2,3-diacetyl-6-sulfo)-B-CD and
heptakis (2,3-dimethyl-6-sulfo)-b-CD Propranolol CE (179]
Heptakis(2,3-di-O-methyl-6-0-sulfo)-
B-CD and heptakis(2,3-di-O-acetyl-6-0- Propranolol and bupivacaine CE [180]

sulfo)-B-CD



Table 1. Enantiomeric separations using cyclodextrins (CDs) and derivatives as chiral selectors.

Heptakis(2-O-sulfo-3-0O-methyl-6-0-
acetyl)cyclomaltoheptaose

Methyl-B-cyclodextrin, highly sulfated-
B-cyclodextrin and highly sulfated-y-
cyclodextrin

Sulfated-B-CD

Heptakis (2,3-di-O-methyl-6-sulfo)-B-CD)
(HDMS-B-CD) and heptakis (2,3-di-O-
acetyl-6-sulfo)-B-CD) (HDAS-B-CD)

CS (chiral selector)

Sulfobutylether-B-cyclodextrin

Chondroitin sulfate D and chondroitin
sulfate E

Heptakis-(2,3-diacetyl-6-sulfato)-B-
cyclodextrin

Maltodextrin (MD)

Sulfated-MD

Mn(I1)-([EMIm][L-Ala]/B-CD,
Mn(l1)-[BMIm][L-Ala]/B-CD,
Mn(ll)-[HMIm][L-Ala])/B-CD

Sodium hexakis (2,3-0-dibenzyl-6-0-
sulfobutyl) cyclomaltohexaose, sodium
heptakis (2,3-O-dibenzyl-6-0-sulfobutyl)
cyclomaltoheptaose

N-undecenoxy-carbonyl-I-leucinol
bromide/heptakis-(2,3,6-tri-O-methyl)-B-
cyclodextrin (L-UCLB/TM-B-CD)

Cyclofructan (CF), isopropyl carbamate
cyclofructan, a-cyclodextrin (a-CD) and
B-cyclodextrin (B-CD)
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1-(naphthyl)ethylamine, and oxprenolol

Warfarin and 7-hydroxywarfarin

Cathinone derivatives (Mephedrone,
Butylone, Naphyrone)

R,S-talinolol
(1-[4-cyclohexylureidophenoxy]-2-
hydroxy-3-tert-butylamino-propane)

Analytes

Lenalidomide

Amlodipine, laudanosine, nefopam,
sulconazole, Tryptophanmethylester,
citalopram, duloxetine, and propranolol

Oxybutynin, bambuterol,
Tradinterol, clenbuterol, clorprenaline,
terbutaline, tulobuterol, citalopram,
phencynonate, fexofenadine, salbutamol
and penehyclidine

Cetirizine (CTZ), (RS)-2-[2-((4-
chlorophenyl) phenylmethyl) piperazine-
1-yl] ethoxyacetic acid, Hydroxyzine
(HZ), (RS)-2-[2-((4-chlorophenyl)
phenylmethyl)-piperazine-1-yl] ethoxy
ethanol

Amlodipine, hydroxyzine,
Fluoxetine, tolterodine, and tramado

Dns-D,L-(Thr, Val, Tyr, Leu, lle, Pro, Met,
Ser, His, Ala, Phe, Asp, Glu,)

DL-Ser

1.1'-bi-2-naphthol, 7,8,9,10 tetrahydro-
benzola]pyren-7-ol,
2,2,2-trifluoro-1-(9-anthryl) ethanol

R,S-1,1"-binaphthalene-2,2’-diyl
hydrogen phosphate

Continue

SP-HPLC

CE

CE

NA-CE

Method

CE

CE

CE

CE

CE

LE-CE

CZE

CE

CE

[181]

[182]

[183]

[184]

Reference

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[193]

[194]
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(4-vinylpyridine-ethylene dimethacrylate) monolithic
column with MOF [Zn,(benzene dicarboxylate)(L-lactic
acid)(dmf)] was successfully used in the separations of
methyl phenyl sulfoxide enantiomers [198]. Chen et al.
obtained a new CSP by filling the homochiral MOF in
the inner walls of the capillary column. Performance of
AlaZnCl coated capillary column was tested by separa-
ting some drugs and monoamine neurotransmitters in
OT-CEC. However, it has been reported that the separa-
tion efficiency of the MOF coated capillary column does
not decrease even after 100 usages [199]. In another
study performed by modifying the inner wall of the ca-
pillary column with the MOF, Ma et al. succeeded the
attachment of the homochiral [Cu(mal)(bpy)]xH,0] to
the inner surface of the capillary column as a result of
covalent interactions [200]. This homochiral MOF-CSP
was applied in CEC system for the analysis of traditional
Chinese medicine ephedra chosen as real sample.

Li-Ming Yuan and his team reported for the first time
in the literature that Metal-Organic Cage (MOC) struc-
tures can be used as chiral stationary phase in CEC
[201]. The team evaluated the enantiomeric separati-
on performances of the three different MOC’s coating
the inner surface of the capillary column, for different
racemates which are derivative compounds of amine,
alcohol and ketones.

Other Applications
Antibiotics as Chiral Selectors

Due to the chirality of some antibiotics, they can make
stereospecific interactions with chiral molecules since
they have some optically active centers and functional
groups allow them to over various strong interactions
including chemical and physical bonds with chiral mole-

Table 2. Recent enantiomeric separation studies using Metal-Organic Frameworks or Cages (MOFs and MOCs) as chiral

stationary phases.

CSP, (MOFs or MQOCs)

[Zn2(D-Cam)2(4,4"-bpy)In

ZIF- [poly (GMA-EDMA)]

([zn2(D-Cam)2(4,4-bpy)In

ZIF8

[Zn2(benzene dicarboxylate) (L-lactic
acid) (dmf)- poly (4-vinylpyridine-
ethylene dimethacrylate)

AlaznCl

[Cu(mal)(bpy)]xH20 (mal,L-(-)-malic acid

Zn3L12, Zn3L22, [Fe4L36](ClO4)8-DMF

Analytes Method Reference
Praziquantel OT-CEC [95]
Hydroxychloroquine (HCQ), chloroquine
(CHQ), hydroxyzine (HXY), nefopam (NEF), CEC [195]
clenbuterol (CLE) and amlodipine (AML)
DL-phenylalanine, DL-tyrosine CEC [196]
DL-phenylalanine CE [197]
(£)-methyl phenyl sulfoxide Nano-LC [198]
Epinephrine, 1soproterenol,
norepinephrine, synephrine, terbutaline, OT-CEC [199]
carvedilol
DL-pencillamine, DL-phenylalanine,
Ephedrine (E) hydrochloride and CEC [200]
pseudoephedrine
Ofloxacin, furoin, benzoin omeprazole,
bendrofl thiazid fari di
endroflumethiazide, warfarin sodium, CEC (201]

ofloxacin, mandelic acid, ketoprofen,
1-(Naphthalen-1yl) ethanol, flavanone



cules, so they can be used as chiral selectors. In particu-
lar, the following two parameters stand out on the ba-
sis of macrolide class antibiotics such as erythromycin
(ERY), azithromycin (AZl), clarithromycin and boromycin
in the frequently chiral separations: a) Due to the lack
of aromatic rings in their structures they cannot exhibit
strong UV absorption, and (b) they do not interact with
the UV detection of analytes because their structure
consists of a macrocyclic lactone ring containing 14-16
[202]. It has been proven that some antibiotics can be
used as a chiral selector as an additive directly added
in BGE or can be used in conjunction with CE and its
related techniques since it can be connected to a chiral
stationary phase [203]. In a study conducted by Yu et
al., the potential of clarithromycin lactobionate, which
is a macrocyclic antibiotic class, was investigated as chi-
ral selector [204]. Within the scope of this examination,
the enantiomers of some drugs such as metoprolol, ate-
nolol were separated by CE method. Another member
of the macrocyclic antibiotics class, clindamycin phosp-
hate, linked to the lincosamide group, has been propo-
sed in the literature as a new chiral selector [205]. Enan-
tiomeric separations of various racemic drug mixtures
such as chlorphenamine, propranolol, nefopam were
provided in the separations performed in the MEKC
method. Propranolol, metoprolol and sertraline enanti-
omers were separated from each other by using rifam-
picin as a chiral selector, which belongs to Naphthalenic
ansamycins group, in CE system [206]. It is noted that
other members of the rifamycin family, which have dif-
ferent substituents on the naphtohydroquinone ring,
can also be examined for their ability to enantiomeric
separations for analytes with multi-ring groups. Azith-
romycin (AZM) has a 15-membered ring structure, as
well as a few stereogenic centers and several hydroxyl
groups, as well as two amino and an ester groups. In the
study [207] conducted by Kumar and Park, the potenti-
al of Azithromycinthis compound to be chiral selector
was examined in CE for the first time in the literatu-
re. For this purpose, separation of 5 different racemic
drug mixtures as well as the enantiomers of tryptophan
have been successfully accomplished. Nonaqueous-
CE (NACE) is a powerful analytical method due to the
higher resolution efficiency and different selectivity of
some chiral selectors used in a non-aqueous environ-
ment, as well as the compatibility of the technique [208].
The low conductivity of electrolytes in NACE allows hig-
her electrical current application and higher buffer con-
centration. Enantiomeric separations of various amino
alcohols and amine-derived compounds were achieved
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using Erythromycin-derived clarithromycin (CLM) as a
chiral selector in NACE. Citric acid (CA) and boric acid
(BA) were used together as BGE in the methanol media,
where the studies were conducted [209].

Boromycin, which was previously reported in the litera-
ture as a chiral selector in LC and SFC [210] as the chiral
stationary phase, was investigated for the first time as
a chiral selector in CE [211]. Enantiomeric separations
of various primary amines were performed by using
boromycinas as chiral selector in NACE in methanol
medium. While it is reported that separations occur
within 14 minutes, also separation values are above 1.5
in many experiments related to the study. In the study
performed by Ren and his coworkers, Gamithromycin
(Gam) as a new generation macrolide antibiotic type
was tested for the first time as a chiral selector to be
used for CE. In these experiments in which enantiome-
ric separations of primary amine compounds namely
Primaquine (PMQ) and 1-amino (AMI) were performed,
N-Methylformamide was used as an anhydrous sol-
vent for Gam, effectively [212]. Doxycycline (DOX) is a
member of the tetracycline group, a broad-spectrum
antibiotic derivative. In addition to its six chiral centers,
it contains five hydroxyl groups, two carbonyl groups
and an amide group [213]. The ability of these functi-
onal groups has strong interactions especially with aci-
dic analytes. DOX was used for the first time in the CE
method for separation of enantiomers are 2,4-dinitro-
benzoyl amino acid and 8 different acidic chiral drugs
as chiral addictive [214]. In that study, the content of
BGE was reported together with DOX as acetonitrile/
methanol+acetic acid+triethylamine. Fusidic Acid (Fus)
is a steroid-antibiotic and contains many chiral centers
and functional group structures. These properties may
enable it to enantiospecific interactions with chiral
compounds, as well as being in the literature as a sui-
table potential for chiral separations with its easy ava-
ilability and cheapness [215]. Streptomycin, one of the
aminoglycoside antibiotics, has been used in the past
for enantiomeric separations by coating the capillary
column chirally with Diethylaminoethyl (DEAE) dextran
hydrochloride [216]. In their study, Zhang et al. used
streptomycin as chiral selector, without the need for
capillary coating, and separated the enantiomers of in
total 5 different acidic drugs containing phenyl groups
such as ibuprofen, mandelic acid, adrenaline hydroch-
loride in the CZE method [217]. In the study in which
streptomycin modified gold nanoparticles as chiral par-
ticipant was added to the background electrolyte used
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Table 3. Recent studies using antibiotics as chiral stationary phase or chiral additives.

CS (chiral selector, addtive)

Clarithromycin lactobionate

Clindamycin phosphate

Rifampicin

Azithromycin

Clarithromycin

Boromycin

Doxycycline

Fusidic acid

Streptomycin

Streptomycin-modified-AuPs

Penicilin G

Eremomycin

Analytes

Metoprolol, atenolol, propranolol,
bisoprolol, esmolol, ritodrine, and
amlodipine, labetalol and nefopam

Nefopam, citalopram, tryptophan,
chlorphenamine, propranolol and
metoprolol, tryptophan methyl ester and
cetirizine

Propranolol, metoprolol and sertraline

Varvedilol, cetrizine, citalopram
hydrobromide, darifenacin, sertraline
hydrochloride and tryptophan

Alprenolol, atenolol, metoprolol, pindolol,
propra-nolol, sotalol, synephrine,
labetalol, clenbuterol, fenoterol,

methoxyphenamine

(-methylbenzylamine, R,S-tryptophanol,
R,S-norepinephrine, R,S-octopamine,
R,S-p-hydroxynorephedrine and R,S-2-

amino-1-phenylethano

Flurbiprofen, ibuprofen, suprofen,
ketoprofen, Carprofen, tropic
acid, mandelic acid, warfarin, N-(3,5-
dinitrobenzoyl)-leucine and N-(3,5-
dinitrobenzoyl)-phenylglycine,

Atenolol, bisoprolol fumarate,
chloroquine phosphate, esmolol
hydrochloride, hydroxychloroquine
sulfate, metoprolol tartrate, procaterol,
PMQ, primaquine phosphate

Ibuprofen, mandelic acid, adrenalin
hydrochloride, dipivefrin, hydrochloride
and isopropyl adrenaline hydrochloride

Adrenaline, noradrenaline and
isoprenaline

Darifenacin, citalopram, sertraline,
propranolol and metoprolol

Ibuprofen, indoprofen, ketoprofen,
fenoprofen, flurbiprofen, mandelic,
3-phenylbutiric, 2-phenoxypropionic, and
a-methoxyphenylacetic acids)

Method

CE

MEKC

CE

CE

NACE

NACE

CE

CE

CZE

CE

CE

CE

Reference

[204]

[205]

[206]

[207]

[209]

[211]

[214]

[215]

[217]

[218]

[219]

[220]



in the CE system the inner wall of capillary columns was
used without the need of any coating process for the
separation of adrenaline, noradrenaline and isoprenali-
ne enantiomers [218].

In the study conducted by Dixit and Para, it was repor-
ted for the first time that Penicillin G can be used as
chiral selector in CE [219]. Enantiomers of five different
basic drugs were studied in chiral separations using the
potassium salt of Pen G as ion-pair chiral selector, which
is a B-lactam antibiotic class. In another study [220] con-
ducted with CE method, Eremomycin was used as chiral
selector, and enantiomeric separations of some chiral
center-containing carboxylic acid derivatives were per-
formed by chitosan-coated capillary columns.

lonic Liquids (ILS) as Chiral Additives

lonic liquids (ILs) consist mainly of cations and anions
that are in liquid phase at room temperature. Thermally
stable, low vapor pressure and non-flammable proper-
ties make them interesting compounds compared to
conventional solvents. Similar to the situation in MOFs,
their structure can be adjusted by changing cations or
anions [221]. There are quite a lot of prospect combi-
nations of possible ions that provide a wide range of
physicochemical properties and functionality. ILs have
been used in a wide variety of applications such as liqu-
id-liquid extraction, solvents, catalysis and gas absorp-
tion [222].

ILs are successfully adapted in separation methods such
as SP in GC [223], mobile phase additives in HPLC [224]
and solvent in solid-liquid or liquid-liquid phase extrac-
tion [225]. Applications of ILs in CE are applied in the
form of an electrolyte, buffer additives, surface coating
or chemical derivatization of the capillary inner wall
[226]. Chiral ionic liquids (CILs) are a subset of ILs with
chiral cation, chiral anion, or both. The obvious supe-
riority of chiral ILs to equal ILs is due to their ability to
gain an extra enantiomeric recognition, so separating
ability, while maintaining a “system modification” capa-
bility [227]. Based on their potential, which is related
to ability for recognitions on chiral separations, scien-
tific interest in CILs has warmly increased [228-246]. In
chiral separations studies, it is observed that the per-
formance of the systems created by modifying ionic li-
quids with SPs enhances the enantiorecognition ability
compared to conventional type stationary phases alone
[247]. However, in addition to the use of ionic liquids
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with stationary phases, their involvement as buffer ad-
ditive in running buffer is one of the most remarkable
approaches recently [243,248,249]. Also it has been
reported in some works that achiral ILs help to obser-
ve more distinct separations by directly affecting the
electroosmotic flow (EOF) and improving the peak sha-
pes in the analyzes [242,250]. Amino acid-based ionic
liquids (AAILs) being a natural chiral center originating
from the amino acid derivative, makes it stand out as
natural compatible functional compounds with their
ability to establish a strong coordinated covalent bond
with metal ions over the heteroatoms they contain.
LECE is the most frequently used method in this field
as a result of the compatible complexity of amino acids
with metal ions. Some recent studies in the literature
show that amino acid and similar amino amide-based
ILs can be applied with high selectivity as chiral ligands,
especially in the separation of amino acid enantiomers
in LECE [251-256]. Cyclofructans (CFs), which are mac-
rocyclic oligosaccharides (cycloinulo-oligosaccharides),
are one of the new generation chiral selectors whose
effectiveness is known. In a study performed by Stav-
rou et al. targeted the enantioseparation of huperzine A
and derivatives of coumarin to determine the chiral se-
parating potential of 6 different CF- derivatives. Almost
all of the CFs studied showed relatively low or even no
chiral separation ability for Huperzine A. In order to inc-
rease both solubility and efficiency, chiral ionic liquid
D-Alanine tert butyl ester lactate (D-AlaC4Lac) was ad-
ded to BGE and separation of the peaks became more
evident in consecutive studies and the value of R_=1.4
was reported in the literature [257].

Nanoparticles (NPs)

Nanostructured materials can consist of many different
structures. These structures include nanocrystals, na-
noparticles, nanotubes, nanowires and nanofilms. The
reasons for the difference in structures are size-volu-
me properties. Nanoparticle vision expressed in nano-
technology has different morphologies and is named in
a similar way, such as the core shell, doped, spherical,
metallic and polymeric [261]. Nanoparticles (NPs) are
generally smaller than 100 nm and these particles are
the building block of nanotechnology. Preparation of
nanoparticles is usually done according to the “Top to
Bottom” and “Top to Top” approaches. In addition to
these approaches, these nanoparticles can be prepared
by chemical vapor condensation method (for hydrogen
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and oxide nanoparticles), hydrogen reduction, inert
gas condensation, production from micro hydrogen
systems, flame synthesis, metallic etching, spray proly-
sis and chemical precipitation methods [262]. Nanopar-
ticles are very preferred materials because their physi-
cal and chemical properties differ from those of normal
size. Nanoparticles are widely used commercially in
home applications, material coatings, biomedical appli-
cations, biosensors and so on [203]. Nanomaterials are
important for applications in separation science as well
as electronic structures as a result of their distinctive fe-
atures due to their high surface/volume ratio and easy
to adapt for modifications. As nanoparticles have hig-
her colloidal stability and wider surface area they are
described as more advantageous materials compared
to micelles used in MEKC. In similar approach, they can
be used as strong buffer additives or as pseudo-phases
to obtain more selective enantiomeric separations and
recognition activites [218,263]. Due to their large srufa-
ce area, it helps to create more interactions betweeen
chiral selector and analytes, so they act a role as modi-
fied component with chiral selector in CEC, also lately
in microchip capillary electrophoresis (MCE) to improve
efficiency and selectivity of enantioseparations with en-
hanced chemical stability. Various nanoparticles based
on silica, polymer, gold, carbon or crystals are used for
this purpose [264]. Recently, the B-cyclodextrin modifi-
ed quantum dots as the pseudo-stationary phase was
the first time applied for direct enantioseparations with
the combined system of capillary electrophoresis with
laser-induced fluorescence detection (CE-LIF). It was
reported that inclusion complexation of 3-CD and the
fluorescence intelligence of QD core, and also the com-
posite QDs were added into the running buffer as pseu-
do-stationary phase. The new CE-LIF method provided
enantioseparation for six groups of model analytes
without need of capillary preparation or modification,
also analyte derivatization [265]. GNPs (gold nanopar-
ticles) can be shown as one of the most frequently used
nanomaterials in separation methods because of their
properties such as easy preparation, being suitable for
active complexing with biological substances, tolerable
particle size with narrow edition and large surface are-
as. Stationary phase applications prepared by modif-
ying GNPs with chiral selectors are one of the methods
used in enantiomeric separation studies. Yu et al. firstly
immobilized GNPs on the fused-silica capillary modifi-
ed with 3-mercaptopropyl-trimethoxysilane (MPTMS),
then as a result of surface functionalization by self-
assembly of thiol-derived cyclodextrin (SH-B-CD), they

obtained a new chiral stationary phase. Compared with
the single layer of the GNP film capillary column, it was
reported that the multi-layer GNP capillary column
showed appropriate enantioseparation performance
[266]. Yang et al. suggested for the first time the immo-
bilization of GNP’s onto thiol-derived B-cyclodextrins
used as CSP for enantioseparations in OT-CEC. They
reported that their stationary phase content could still
be re-used for studies at least one month, if the parti-
cipants were stored at 4°C [267]. Fang et al. prepared a
OT-CEC chiral column by firstly electrostatic assembly
polymer
onto the inner surface of a fused-silica capillary, then
negatively charged GNPs modified SH-B-cyclodextrin
was self-adsorbed onto inner wall of the column [268].

of poly(diallydimethylammonium chloride)

Wang and his team provided enantiomeric separations
of three different drugs in the chiral column they pre-
pared by modifying the CD-GNP to the monolithic co-
lumn, which was ready to be covalently attached with
the preliminary reactions [269]. Wang et al. have deve-
loped a new chiral stationary phase system to separate
tryptophan enantiomers in MCE [270]. In this approach,
the stationary phase was created by mounting in layers,
while PDA/GNPs and DNA were sequentially fixed on a
glass microfluidic channel surface. The main advantage
of the microchip prepared with this approach has been
reported to simplify the immobilization methodology
of the chiral selector of PDA/GNPs/DNA and greatly
increases the specific surface volume of the microflu-
idic chip channel. Fang et al. have developed a chiral
stationary phase system for use in OT-CEC. GNPs and
carboxymethyl-B-cyclodextrin were blended and then
attached to the inner surface of the capillary column. It
has been reported that the modification type formed
by the nesting of GNPs and negatively charged SH-
CM-B-CD exhibits a wider separation range for neutral
and basic drugs [271]. In another practical and feasible
approach, the physical magnetic attraction approach
for the preparation of functionalized magnetic packed
columns attracts increased attention in studies in se-
paration technologies. Yang et al. performed the enan-
tiomeric separations of several dansyl amino acids via
preparing a B-CD stationary phase modified with Fe O,
magnetic nanoparticles in OT-CEC. Also, they reported
that high enantiomeric interaction capability and excel-
lent reusability for analytes observed in their systems
were compared to other methods in the literature [272].
Microfluidic analysis is considered as a very convenient
platform for analytical separations as it provides highly
effective separations in a short period of time. Ju et



al. made rapid separations of ofloxacin enantiomers
on chiral MD (microfluid device) integrated with mag-
netically adjustable MIP-NPs [273]. Microchip-based
capillary electrophoresis (MCE) is widely used for chi-
ral separation with advantageous aspects such as low
consumption, high separation efficiency, low analysis
times and system stability times. Poly (dimethylsiloxa-
ne) (PDMS) is one of the common polymeric materials
used for microchips because of its easy and economi-
cal preparation, high permeability and optical trans-
parency. However, due to the hydrophobic character
of PDMS, it decreases the separation efficiency and
their reusability performance, as well as exhibiting non-
selective undetermined adsorption behaviors. In order
to overcome these seemingly disadvantaged situations,
a surface modification approach is envisaged. For this
purpose, it is reported that MIP-NPs- PDMS microchip
was developed and used for the first time in chiral se-
parations [274].

Du et al. reported for the first time using carbon na-
noparticles (CNPs) as PSPs to modify CPS combined
with dextrin as chiral selector for the enantioseparati-
ons of various basic drugs in EKC [275]. Silica nanopar-
ticles (SiNPs) have been recently shown as one of the
alternative materials for chromatography applications
due to their interesting properties such as high surface
area, biocompatibility, high organic solvent resistance
and easy derivatization with different functional gro-
ups. For enantiomeric separations, silica nanoparticles
are usually first functionalized, and then added to the
background electrolyte solution, similar to the gene-
ral application of nanoparticles [276-280]. Apart from
this, in another application option, it is attached to the
interior-inner wall of the capillary column in order to
change the EOF, increase the column capacity and imp-
rove the separation selectivity and column efficiency
in electrophoretic applications. Gong et al. presented
the approach that amino-modified silica nanoparticles
(SINPs) can be used as an additive to the background
electrolyte solution to improve the chiral selectivity of
capillary electrophoresis induced by the presence of
CM-B-CD. As NH_-SiNPs were dispersed in the buffer
solution, they would provide a large surface for CM-
B-CD adsorption by electrostatic interaction, allowing
a greater close contact between the CM-B-CD and
analytes. The coating layer absorbs the chiral selec-
tor of the CM-BCD and then acts as a chiral stationary
phase in the chiral separation process. [281]. Na Tang
et al. enantioseparated enantiomers of tryptophan in
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EKC by synthesizing L-Tryptophan-imprinted silica nano-
particles (L-Tryp-SiNPs) as a pseudo-stationary phase as
a surface modification application [282]. In the study,
which Ethanediamine-B-cyclodextrin was preferred as
chiral selector, Du et al. Enantioseparated several drugs
with CPS system they obtained by combining synthe-
sized Poly(Glycidyl methacrylate)-based nanoparticles
on the inner surface of the capillary column in OT-CEC
[283]. Aydogan et al. prepared a new chiral ligand exc-
hange capillary electrophoresis method with the use of
L-histidine modified nanoparticles as the chiral ligand
and Cu (I1) as the central ion. With this approach, enanti-
oseparation of ofloxazine was performed by LECE [284].

Monoliths

The monolith means single stone in Latin language, also
are known as porous materials up today. Before 2000s,
monolithic stationary phases have become one of the
most interesting micro-separation techniques with
their evaluation as chromatographic support material
[285]. Monoliths are generally used in separation sci-
ence and can be considered as a single porous particle.
They have emerged as an alternative to particle filled
columns that have been used for the years [286]. Mo-
nolithic columns are macroporous polymeric materials
prepared by in-situ polymerization of the monomers
in the capillary column under the condition of the po-
re-forming mixture system and the initiator. With the
optimization of polymerization conditions, it is possible
to obtain a material with low micrometer pores inter-
connected with each other. Thus, low back pressure can
be achieved even when monoliths are exposed to high
flow rates. Another feature of monoliths is their poro-
sity that can reach up to 80% [287].

Monolithic columns can be evaluated under 3 groups
as organic-polymer based, inorganic silica based and
organic-inorganic (hybrid) silica based in terms of their
development so far. Organic monoliths are prepared by
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Table 4. Recent studies using ionic liquids as chiral additives.

Chiral additive (ILs)-CSP Analytes Method Reference

(+)-N,N-dimethylephedrinium-
bis(trifluoromethanesulfon)imidate Rabeprazole and omeprazole NACE [227]
([DMP]+[Tf2N]-),

) L Nefopam, duloxetine, ketoconazole,
Tetramethylammonium-L- arginine/MD P L ; CE [228]
cetirizine, and citalopram

Chlorpheniramine,

6-0-2-hydroxpropyltrimethylammonium- Brompheniramine, promethazine,
B-cyclodextrintetrafluoroborate liarozole, tropicamide, warfarin, CE [229]
([HPTMA-B-CD][BF4]) Pheniramine and bifonazole
(EtChoINTf2) /y-CD DL-Homocysteine CE [230]
AAILs/y-CD

Tetrabutylammonium-aspartic
acid ([TBA][L-Asp]), tetramethyl-
ammonium-aspartic acid ([TMA][L-Asp]),
tetrabutylammonium-arginine ([TBA]
[L-Arg]), tetramethylammonium-arginine
([TMA][L-Arg]), tetrabutylammonium-
isoleucine ([TBA][L-Iso]),
tetramethylammonium-isoleucine
(ITMA][L-Iso]), [TBA[L-Lys], [TMA][L-Lys),
[TBAJ2[L-Glu], [TBA][L-Glu] and [TMA]

Ilvabradine EKC [231]

[L-Glu]
Ofloxacin, propranolol hydrochloride,
dioxopromethazine hydrochloride,
isoprenaline hydrochloride,
(1-ethyl-3- methylimidazolium-L-lactate)/ chlorpheniramine maleate,
) ) . L CE [232]
hydroxypropyl-B-CD liarozole, tropicamide, amlodipine
benzenesulfonate, brompheniramine
maleate, and homatropine
methylbromide
DL-Tryptophan, DL-Glutamic acid, DL-
Alanine
(4-ATMCDCI) (DL-Leucine, DL-Isoleucine, DL- CE [233]
Methionine, DL-Serine, DL-valine, DL-
Threonine , naproxen
([TMLV]+[Tf2N], ([TMLP]+[Tf2N]-, Nefopam hydrochloride, econazole
([DMLP]+[Tf2N]-) nitrate, sulconazole nitrate, ketoconazole CE [234]
/HP-B-CD and amlodipine besylate
[L-Pro] [CF3COO0]-Cu* DL-Tryptophan LECE [235]

Propranolol, nefopam, citalopram,
TMA-LA/CP chlorphenamine, metoprolol, bisoprolol, CE [236]
andesmolol
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Table 4. Recent studies using ionic liquids as chiral additives. Continue

Chiral additive (ILs)-CSP Analytes Method Reference

Indoprofen, carprofen, ketoprofen,

L-AlaC4Lac and D-AlaC4Lac ) CE [237]
ibuprofen,
Tryptophan, phenylalanine, histidine,
TMA][L-OH-P LECE-MEKC 238
( J{L-OH-Pro] tyrosine and 3,4-dihydroxyphenylalanine [238]
Tetramethylammonium L-Lysine-
hydroxypropyl-B-cyclodextrin ([TMA]
[L-Lys])-HP-B-CD
Tetrabutylammonium L-lysine-
hydroxypropyl-B-cyclodextrin ([TBA] Duloxetine, verapamil, terbutaline, CE (239]
[L-Lys])-HP-B-CD econazole and sulconazole
Tetramethylammonium L-glutamic acid-
hydroxypropyl-B-cyclodextrin ([TMA]
[L-Glu])- HP-B-CD
Tertramethylammonium-D-
pantothenate-Maltodextrin Propranolol hydrochloride, amlodipine
(TMA-D-PAN/MD) besylate, nefopam hydrochloride
Tertramethylammonium-D-quinate- Y o P Y ) ’ CE-173 [240]
. tropicamide, and duloxetine
Maltodextrine hvdrochloride
(TMA-D-QUI/MD) ¥
([TBA][L-ASP]-B-CD) DL-phenylalanine, DL-tryptophan CE [241]

Tetramethylammonium-L-arginine (TMA-
L-Arg)/a-CD,
Tetraethylammonium-L-arginine
(TEA-L-Arg)-a-CD,
Tetrabutylammonium-L-arginine (TBA-L-
Arg)/a-CD,
Tetramethylammonium-L-proline
(TMA-L-Pro)/a-CD,
Tetramethylammonium-L-glutamic acid
(TMA-L-Glu)/a-CD

Amlodipine besylate, citalopram
hydrobromide, nefopam hydrochloride, CE [242]
sulconazole nitrate and tryptophan

1-butyl-3-methylimidazolium(T-
4)-bis[(25)2-(hydroxy-k0O)-3-
methylbutanoato-kQO] borate
(BMIm+BLHvB-)-Dextrine (D)

Duloxetine, ketoconazole, sulconazole

1-butyl-3-methylimidazolium and citalopram

(T-4) bis[(aS)-a-(hydroxy-k0)-4-

methylbenzeneacetato-kO] borate

(BMIm+BSMB-)/Dextrine (D)

CE [243]
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Table 4. Recent studies using ionic liquids as chiral additives. Continue

Chiral additive (ILs)-CSP

1-butyl-3-methylimidazolium(T-
4)-bis[(2S)2-(hydroxy-kO)-3-
methylbutanoato-k0O] borate
(BMIm+BLHvVB-)/B-CD
1-butyl-3-methylimidazolium
(T-4)bis[(aS)-a-(hydroxy-kO)-4-
methylbenzeneacetato-kOJ]borate
(BMIm+BSMB-)/B-CD

Tert butyl ester bis (trifluoromethane)
sulfonimide/vancomycin L-AlaC4NTf2/
vancomycin
-ValC4ANTf2/vancomycin

1-ethyl-3-methylimidazolium-L-lactate/B-
CD

(TMA-LA)

L-AlaC4NTf2 and L-ValCANTf2

TMA-L-Arg, TMA-L-Asp/glycogen

[GTMA]CI/DM-B-CD/TM-B-CD

Zn (I)-Leu/B-CD

[L-Phn][CF3C0O0]2. [CF3COO0]2,

[L-AIn][CF3COO0]2, [L-Phn] [NO3]2 [L-Phn]
[SO4]

Zn (I)-L-Lys

Analytes

Propranolol hydrochloride, amlodipine
besylate, nefopam hydrochloride,
tropicamide, and duloxetine
hydrochloride

Naproxen, carprofen, ibuprofen,
ketoprofen and pranoprofen

Zopiclone, repaglinide, chlorphenamine
maleate, brompheniramine maleate,
dioxopromethazine hydrochloride,
promethazine hydrochloride, liarozole,
carvedilol, homatropine hydrobromide,
homatropine methylbromide, venlafaxine,
and sibutramine hydrochloride

Atenolol, dulexetine, metoprolol,
nefopam

Naproxen, pranoprofen, warfarin

Nefopam, dulexotine, citalopram,

Pindelol, oxprenolol, propranolol

DL-tyrosine, DL-valine, DL-phenylalanine

DNS (DL-Met, DL-Ser, DL-Met)

DNS (DL-Met, DL-lle, DL-Ser)

Method

CE

CE

CE

CE

CE

CE

CE

LECE

LECE

LECE

Reference

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]



K. Sarkaya et al. / Hacettepe J. Biol. & Chem., 2021, 49 (3), 253-303

Table 4. Recent studies using ionic liquids as chiral additives. Continue

Chiral additive (ILs)-CSP

(TMA-L-Arg)/Cu(ll), (TMA-L-Glu)/Cu(ll),
TMA-L-Pro)/Cu(ll)

[1-ethylpyridinium][L-lysine]/Zn(l1),
1- butylpyridinium][L-lysine]/Zn(ll),
[1-hexylpyridinium][L-lysine]/Zn(l1),
1-[octylpyridinium][L-lysine]/Zn(ll),

[BMIM]CI-Zn (I1)-L-Arg,
[BMIM]Br-Zn (Il)-L-Arg,
[BMIm]BF4-Zn (I1)-L-Arg,

([TBA][L-Asp]), ([TMA][L-Asp]), ([TBA]
[L-Arg]), ([TMA][L-Arg]), ([TBA][L-Is0]),
([TMA][L-Iso]), [TBA][L-Lys], [TMA][L-Lys),
[TBAJ2[L-Glu], [TBA][L-Glu] and [TMA]
[L-Glu]

(TMA-CM-B-CD)

(TMA-L-Hyp/CP)

[native CF-6 and CF-7, isopropy!
cyclofructan-6 (IPCF-6), IPCF-7, sulfated
cyclofructan-6 (SCF-6), and SCF-7]

Analytes

DNS DL-(Alanine, Aspartic acid, Isoleucine
, Histidine, Threonine , Tryptophan,
Tyrosine and Phenylalanine)

DNS (DL-Asn, DL-Ile, DL-Met)

Dns-D,L-serine (Dns-D,L-Ser), Dns-D,L-
methionine (Dns-D,L-Met),andDns-D, L-
isoleucine (Dns-D,L-lle)

Ivabradine

Atenolol, amlodipine, chlorphenamine,
metoprolol, ofloxacin salbutamolesmolol,
sotalol and propranolol labetalol,
Isoproterenol

Propranolol, nefopam, citalopram,
chlorphenamine

Huperzine A and coumarin-derivatives

Method

LECE

LECE

LECE

EKC

CE

CE

CE

Reference

[254]

[255]

[256]

[258]

[259]

[260]

[257]
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Table 5. Studies on nanoparticle-based stationary phases in literature for enantioseparations.

CSP or BGE Analytes Method Reference
(ST-GNPs) Adrenalin‘e, noradrlenaline, and e 218]
isoprenaline
(DL-Val, Leu, Glu and Asp)
B-CD-GNPs (chlorpheniramine, zopiclone and (PSP)-CEC [263]
carvedilol)
B-CD/QDs, HP-B-CD/QDs, and SBE-B-CD/ DLTyr, DL-Phe, DL-Tyrp CE-LIF [265]
QDs
SH- B-CD-GNPs (RS)-meptazinol OT-CEC [266]
CD-GNPs Zopiclone, trop.lcam_lde and OT-CEC (267]
chlorpheniramine
Zopiclone, carvedilol, salbutamol,
SH- B-CD-GNPs Terbutaline sulfate, phenoxybenzamine OT-CEC [268]
hydrochloride and ibuprofen
CD-GNP’s Chlorphemra'mlnej, zopiclone, CEC (269]
tropicamide
PDA-GNPs-DNA DL-Tryptophan MCE [270]
SH-CM-B-CD-GNPs Tramadol hydrochloride and zopiclone OT-CEC [271]
Dns DL-alanine, leucine, isoleucine, valine,
MNP-B-CD, MNP-B-CD-IL L R . OT-CEC [272]
methionine, glutamic acid
MIP-NP-MD Oflaxacin CEC [273]
(MIP—Fe,O,@PNE NPs) RS-mandelic acid, DL-histidine MCE [274]
Sulconazole, ketoconazole, citalopram
-SWCNTs)/B-CD ! ’
EE—MV\/CN'T')S/)E»CD Chydrobromide a@d nefopam EKC [275]
hydrochloride
DL-t i tryptoph Gly-L-Ph
Fe,0,@PDA NPs yrosine, [ryprophan, Bly==rne OT-CEC [276]

RS-oflaxacin,
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Table 5. Studies on nanoparticle-based stationary phases in literature for enantioseparations. Continue

CSP or BGE Analytes Method Reference

Laudonosine, propranolol, amlodipine,

ILs-MWNTs/E(CSE) . CE [277]
citalopram, nefopam
CD-MMP Propranolol, ofquacm, amlodipine, OT-CEC (278]
chlortrimeton, tropicamide, and atenolol
(EMIML-Tar-GNPs), (EMIML-Lac-GNPs) DL-phenylalanine, tryptophan, tyrosine CE [279]
Indapamide, Troger’s base, pindolol,
MCM-41/CDMPC OT-CEC 280
/ (R,S)-octahydrol,10-bi-2-naphthol [280]
Ephedri hlorphenirami
(CM-B-CD-NH2-SiNPs phedrine, chiorpheniramine, CE [281]
propranolol and amlodipine
L-Tryp-imp-SiNPs DL-Tryptophan EKC [282]
PGMA-NPs/Ethandiamine-B-CD Propranolol, amlodipine and metoprolol OT-CEC [283]

L-His+Cu2+/-NPs Oflaxacin LECE [284]
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using monomer, crosslinker, initiator and pore-forming
solvent materials together in a capillary tube. It can be
obtained in desired size and porous surfaces together
with the monitoring of polymerization conditions in ge-
neral. Different chemicals and precursors can be used
for the special modifications of columns. Organic poly-
mer-based monolithic columns have some advantages
such as simple, low cost, wide pH range effectiveness
and easy modification of their surfaces using functional
monomer and crosslinker [288]. On the other hand, if
factors such as swelling in buffer solutions can affect re-
usability or reduce mechanical stability, problems such
as shortening the service life of these materials may be
encountered. In contrast to the this situation, inorganic
silica-based monolithic columns are noteworthy for the-
ir solvent effect, as well as high column efficiency and
high mechanical stability. As a result of the presence
and ionization of silanol groups on surface of monoliths,
electroosmotic flow (EOF) can be provided. Due to the
low acidity of the silanol groups, silica-based monoliths
can work in the mobile phase in conditions where the
pH is higher than 5.0 to provide high EOF [289]. Analysis
of acidic analytes in such sorbents is very difficult due
to EOF. In this context, in contrast to the electropho-
retic mobility of acidic analytes, the analysis times are
quite long or there is no sample elution. On the other
hand, the separation of basic compounds by inorganic
silica-based monoliths due to the stiff adsorption bet-
ween the ionization of the surface of the stationary
phase and the charged solution causes the formation of
tailed peaks. To solve this problem, ionic functional gro-
ups are immobilized to the surface of silica-based mo-
noliths [290]. Silica-based monolithic columns can be
prepared by controlling of the silica building blocks se-
parately from the size and through pores by sol-gel tre-
atment. Sol-gel network offers high permeability, high
mechanical strength, high efficiency and resistance to
organic solvents. However, the preparation of conven-
tional silica-based monolithic columns, which involves
creating individual silica matrices and subsequent che-
mical bonding, is a process that requires patience, but it
is also difficult to control all reaction conditions, which
leads to a negative impact on the reusability parameter
[291]. Hsieh et al synthesized vancomycin-bouund silica
monolithic columns for enantiomeric separations using
the in situ sol-gel method for the first time in literature
[292]. Alternatively, the initial incorporation of functi-
onal monomers instead of further modification of the
silica rod may prevent the aforementioned drawbacks.
Sol-gel chemistry provides a versatile approach to the

synthesis of organic-inorganic hybrid materials under
mild reaction conditions. In these latter type of column
materials, the organic portion is covalently attached to
a siloxane type, which can be hydrolyzed this time, to
form a silica mesh by means of a non-hydrolyzed Si-C
bond, which has more hydraulic stability than Si-O-
Si-C. For example, The approach of Sol-gel technology
presents a comprehensive alternative for the synthesis
of organic-inorganic hybrid materials due to the reac-
tivity of siloxane and organosiloxane precursors [293].
These hybrid monoliths, which will be considered as a
new generation silica based monolithic columns, are
mechanically more stable and do not require extra mo-
dification compared to traditional silica based columns.
For this reason, hybrid monolithic columns have taken
place in the literature as a new alternative stationary
phase in separation science. While hybrid monolithic
columns were developed to overcome all these draw-
backs, different inorganic species were recommended
in the literature instead of silica based, including al-
mina, titania, hafnia or zirconia. Thanks to its excellent
thermal stability and unique surface chemistry, Zirconia
has the potential to be used in chromatographic sepa-
rations for chiral monolithic columns. Zirconia has lower
specific surface area and pore volume compared to
silica. However, due to its higher density, the surface
area and porosity present in a chromatographic column
are similar to silica [294]. So then, the performance of
zirconia coated-hybrid columns in enantiomeric separa-
tions is remarkable. It is reported that in the reactions,
which zirconium-based hybrid monolithic columns are
employed as CSP, the elution times are shortened, and
the pH problem experienced in silica-based materials is
resolved with improved mechanical stability [295-302].

In recent years, by combining the chiral recognition
capability of CDs and the flexibility of the monolithic
materials, various CD-functionalized monolithic co-
lumns have been investigated in detail [303-312]. The
strategy that has been recently used in the preparation
of CD-derivatized monoliths is one-step or one-pot app-
roach. Instead of a two-step post-modification and co-
polymerization strategy, the one-step strategy with a
CD-derived functional monomer is a potential approach
to facilitate synthesis and increase reusability [313-320].

Methacrylate-based monolithic columns are one of the
materials most prone to development. In addition to
being practical, it is shown that the column can be app-
lied sometimes without requiring any silanization pro-



cess [105,106,321-323] Denizli et al. synthesized chiral
monolithic capillary column based on butyl methacryla-
te in their studies in which the enantiomeric separati-
ons of including some of hydrophobic amino acids in-
vestigated, which N-Metacryloyl-L-Histidine monomer
(MAH) and N-Metacryloyl-L-Glutamic Acid (MAGA) was
used as chiral selectors, resptectively in CEC [324,325].

In the first approaches for the use of nanoparticles for
enantiomeric separation studies, NPs were first functi-
onalized and then added to the background electrolyte
solution, or it was coated to increase column capacity
and increase separation selectivity and column effici-
ency in CE or CEC [326,327]. However, this method has
emerged as a disadvantage because the dynamic coa-
ting layer is unstable. Another limitation is the necessity
to create a stable, usual heterogeneous nanoparticle
solution in the electrolyte. Stabilizing NPs in capillaries
isa good choice to achieve a chiral stationary phase. The
addition of NPs to the content of the monolithic column
is perceived as an effective approach as immobilization
of SiNPs or CNT as chiral selector is ideal support for
holding NPs and thus allows the use of a wide variety of
different selectivity offered by the unique properties of
the NPs [280,328,329].

Table 6. Monoliths for recent enantioseparation studies.

CSor CSP

Vancomycin-SM

(CDMPC-ZM)

(TEOSPC-ERY-ZM)

K. Sarkaya et al. / Hacettepe J. Biol. & Chem., 2021, 49 (3), 253-303

CONCLUSION

In this review, the enantiomeric separations in the last
ten years are discussed. There are many molecules in
enantiomeric forms in nature, and each enantiomeric
form of these molecules has different physiological or
biological, even toxic effects. For this reason, chiral
separations of enantiomers are an important issue in
itself. For this purpose, Capillary electrophoresis and
related techniques are still one of the most frequently
used methods on chiral separations today. In the pro-
cess of technology development, new hybrid methods
are emerging depending on the electrophoretic foun-
dations. With the development of column technology,
the interest in new types of chiral selectors or chiral sta-
tionary phases increases. Again in this review, the most
used chiral stationary phases for chiral separations are
given and described.
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Analytes Method Reference
Thalidomid farin, bupi i
alidomide, warfarin, upllvacame, CEC (292]
alprenolol, metoprolol, pindolol
Troger’s base, 2,2,2-trifluoro-1-anthryl
ethanol, transstilbene oxide, -methyl-1-
naphthalenemethanol,
4-phenyl-1,3-di , -methylb |
pheny |oxar1e methylbenzy RP-CEC (295]
cyanide,-
(trifluoromethyl) benzyl alcohol,
epoxiconazole,
benalaxyl and tetramethrin
Propranolol, cetirizine, citalopram,
CEC 296
Metoprolol, sertraline and indapamide [296]
Ketoprofen, carprofen, flurbiprofen, NACE [297]

(TEOSPC-AZI-ZM)

ibuprofen, suprofen, warfarin
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Table 6. Monoliths for recent enantioseparation studies. Continue

CS or CSP

(CLIP-TEQOSPC-ZM)

(QUI-S/ZHM)

(CLIP-ZM)

(CDMPC-ZM)

(QUI-SHM)

(MDI-B-CD-TpPa 1 COF)

HSBCD

B-CD-GNPs

Br-B-CD-M

Sulfated-B-CD

(PDA/S-B-CD/GNPs

Analytes

Citalopram, Troger's base, indapamide,
metoprolol, cetirizine and atropine,
sertraline, propranolol

Carprofen, flurbiprofen, ibuprofen,
mandelic acid, suprofen, tropic
acid, warfarin, ketoprofen, N-(3,5-
dinitrobenzoyl)-Leucine, N-(3,5-
dinitrobenzoyl)-phenylglycine

Ibuprofen, suprofen, indoprofen,
ketoprofen, propranolol, atenolol

Acebutolol, alprenolol, atenolol,
carvedilol, metoprolol, oxprenolo,
pindolol, propranolol

Carprofen, flurbiprofen, ibuprofen,
indoprofen, suprofen, tropic acid,
warfarin, ketoprofen, mandelic acid and
tert-butylcarbamoylquinine

DL-histidine

DL-aspartic acid, tyrosine and lysine

Zopiclone, chlorphenamine
maleate, brompheniramine maleate,
dioxopromethazine hydrochloride,
carvedilol, homatropine hydrobromide,
homatropine methylbromide, venlafaxine,
sibutramine hydrochloride and
terbutaline sulfate

1-phenyl-1,2-ethanediol

Norephedrine, chlorpheniramine, dopa

Salbutamol, terbutaline, trantinterol,
tulobuterol, clorprenaline, pheniramine,
chlorpheniramine, brompheniramine,
isoprenaline and tolterodine

Method

CEC

CEC

CEC

CEC

CEC

OT-CEC

OT-CEC

OT-CEC

OT-CEC

CEC

OT-CEC

Reference

[298]

[299]

[300]

[301]

[302]

[330]

[304]

[305]

[306]

[307]

[308]
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Table 6. Monoliths for recent enantioseparation studies. Continue

CSor CSP Analytes Method Reference
B-CD-AGH DL-mandelic acid and its derivatives CEC [309]
TM-B-CD Alprenolol, hexaconazole RP-LC [310]

a- and B-blockers, anti-inflammatory
drugs, antifungal drugs, dopamine
antagonists, norepinephrine-dopamine
reuptake inhibitors, catecholamines,
sedative hypnotics, diuretics,
2,3,6-tris(phenylcarbamoyl)-B-CD-6- antihistaminics, anticancer drugs
methacrylate and antiarrhythmic drugs. alprenolol,
bufuralol, carbuterol, cizolertine,
desmethylcizolertine, eticlopride,
ifosfamide, 1-indanol, propranolol,
tebuconazole, tertatolol and
o-methoxymandelic acid

v (311]

2-chloro-mandelic acid, 2-bromo-
mandelic acid, 4-chloro-mandelic
poly(GMA-NH2-B-CD-EDMA), acid, Benzoyl-DL-Leucine, 2-chloro-
poly(GMA-EDA-B-CD-EDMA), benzoyl-Leucine, 3,5-DNB Phenbromate,
poly(GMA-HDA-B-CD-EDMA Suprofen, Idoprofen, Ibuprofen,
2-(-3-chlorophenoxy)-propionic acid,
Haloxyfop, tropic acid, 2-Phenylpropionic
acid

CEC (312]

poly(GMA-EDA-B-CD-EDMA Ibuprofen, fenoprofen and indoprofen u-HPLC [313]

2-bromomandelic acid, 4-chloromandelic

poly(GMA-mono-NH2-B-CD-EDMA) acid, and 4-bromomandelic acid

u-HPLC [314]

Ph-B-CD-silica hybrid monolithic columns 13 different racemats CLC [315]

Chlorpheniramine, brompheniramine,
homatropine, homatrophine
methylbromide, clorprenaline,
tropicamide

poly(GMA-B-CD-EDMA) CEC [316]

N-benzyloxycarbonyl-DL-aspartate, (RS)-
B-CD-UF a-methylbenzylamine, DL-mandelic acid, CLC [317]
DL-aspartic acid
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Table 6. Monoliths for recent enantioseparation studies. Continue

CS or CSP

Allyl-B-CD with PETMP

GMA/B-CD- vinylbenzyl
trimethylammonium

Glycidyl methacrylate-sulfobutylether
B-cyclodextrin (GMA-SBE-B-CD)

HPMA-CI/L-His+Cu?*

p(MA)-B-CD

p(GMA)-CDMPC

p(BMA)-MAH

p(BMA)-MAGA

Analytes Method Reference
Flavanone, flubiprofen, naproxen,
synephrine,
Isoprenaline sulfate, ketoprofen, and CLC [318]
atropine sulfate monohydrate
Enanti f (ph jonic acid
nantiomers of (p er?oxy? propionic acid, CEC-MS 319]
mandelic acid,
Flavanone, mandelic acid methyl ester,
homatropine methylbromide and some CE [320]
chiral drugs
DL—.m?Ic_mic acid, tyrosirje, pheny.lalan.ine, LECE (321)
histidine, glutamic acid, aspartic acid
Mandelic acid derivatives, nonsteroidal
anti-inflammatory drugs, N-derivatized CEC [322]
amino acids, and herbicides
Trans-stilbene oxide, benzoin, 2-phenyl-
1- |, Troger’ floqui
propanol, roger s base, mefloquin, CEC (323]
propranolol, ibuprofen, naproxen,
phenylalanine
DL-tyrosine, tryptophan, phenylalanine CEC [324]
DL-phenylalanine, glutamic acid, histidine, CEC (325]

tyrosine
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