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Capillary electrophoresis (CE) is widely used for the impurity profiling of drugs that contain stereo-
chemical centers in their structures, analysis of biomolecules, and characterization of bio-
pharmaceuticals. Currently, CE is the method of choice for the analysis of foodstuffs and the
determination of adulterants. This article discusses the general theory and instrumentation of CE as well
as the classification of various CE techniques. It also presents an overview of research on the applications

of different CE techniques in the impurity profiling of drugs in the past decade. The review briefly
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presents a comparison between CE and liquid chromatography methods and highlights the strengths of

CE using drug compounds as examples. This review will help scientists, fellow researchers, and students

to understand the applications of CE techniques in the impurity profiling of drugs.

© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The presence of impurities in any of the pharmaceutical
dosage forms can be extremely dangerous to patients. Currently,
special attention is paid to the impurity profiling of pharma-
ceutical substances. Impurities are the major cause of this risk as
they may affect the quality of drugs. There are many methods of
impurity profiling, such as nuclear magnetic resonance (NMR),
mass spectrometry (MS), high-performance thin-layer chroma-
tography (HPTLC), high-performance liquid chromatography
(HPLC), gas chromatography (GC), and other hyphenated tech-
niques such as liquid chromatography-mass spectrometry (LC-
MS), gas chromatography-mass spectrometry (GC-MS) and
capillary electrophoresis-mass spectrometry (CE-MS) [1]. It is
very important to assure the quality and purity of any pharma-
ceutical dosage form for the wellbeing of patients. The purity of
any drug is based on the percentage of the amount of the labeled
active pharmaceutical ingredient present in the pharmaceutical
dosage form and approved by regulatory agencies, such as In-
ternational Conference on Harmonization of Technical
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Requirements for Registration of Pharmaceuticals for Human Use
(ICH) [2]. According to the ICH guidelines, drug impurities can be
classified into three categories: inorganic impurities, organic
impurities, and residual solvents. Organic impurities may arise
during the manufacturing process or storage of drug substances,
including starting materials, by-products, intermediates, or
degradation products. Inorganic impurities also arise during the
manufacturing process, which consist of reagents, catalysts,
heavy metals, or salts [3]. Drug substances may contain both
organic and inorganic impurities, which need to be identified and
evaluated for their toxic effects, such as mutagenicity and DNA
reactivity, which may lead to carcinogenic risks [4]. The nature
and quantity of impurities are identified using HPLC, GS, capillary
electrophoresis (CE), supercritical fluid chromatography, thin
layer chromatography (TLC), and high-performance thin layer
chromatography (HPTLC), followed by further characterization
using Fourier transform infrared spectroscopy (FT-IR), NMR,
ultraviolet—visible spectroscopy (UV—vis), and MS. In the past
few years, besides HPLC, other analytical methods such as CE
have played a vital role in the identification of impurities present
in the drugs [5,6], and CE has become a method of choice for the
analysis of biologics, food materials, and supplements. CE is
preferable over other methods as it provides higher resolution
and faster results. For analytical purposes, CE is more sensitive
and requires a small amount of analytes. It is a useful technique
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because a wide range of detection methods can be paired with it,
and it can be used for drugs with stereochemical centers in their
structures, biomolecules, and biologics. Compound separation is
based on several factors, such as the applied voltage, pH, injec-
tion time, temperature of the capillary used, and presence of
surfactants. The advantages of CE over the other sophisticated
analytical methods are high efficiency, high resolution, fast
sample analysis, and less reagent consumption in the analysis of
drugs [4].

2. Theory and instrumentation of capillary electrophoresis

CE separates ions using an applied voltage based on the elec-
trophoretic mobility, which depends on the atomic radius, charge,
and viscosity of a particular molecule. The rate at which the par-
ticles move depends on the applied electric field. As the field
strength increases, the mobility of particles increases and is
affected by the charge of the particles; however, neutral particles
remain unaffected [3]. Here, charged ions migrate under the effect
of an applied electric field. If two ions of similar sizes are present,
the ion with the greater charge will move faster; in the case of ions
of similar charges, small-sized ions have less friction and faster
migration rates (Fig. 1). Cations migrate toward the cathode and
anions move toward the anode. The separation of these ions is
based on the electric field and remains stagnant. Under normal
conditions, the buffer solution moves toward the cathode and so do
the molecules present in the solution. In CE, the sample is injected
into a buffer solution present in a capillary tube. When an electric
field is applied to the capillary tube, the sample components
migrate because of the two types of mobility: electro-osmotic flow
(EOF) and electrophoretic mobility.

2.1. Electro-osmotic flow (EOF)

EOF is based on the application of a high voltage to an elec-
trolyte present in a capillary tube. EOF takes place as a buffer (pH
> 3) and causes a proton loss from the SiOH group from a silica
capillary tube to form SiO~ ions [7]. The capillary wall imbibes a
negative charge, which then develops a double layer of cations.
The inner cation layer is stationary, whereas the outer layer is
free to move along the capillary. The applied electric field causes
free cations to move toward the cathode, creating a powerful
bulk flow. The movement of the conductive medium through a
capillary in response to an applied electric field is depicted in
Fig. 2. The magnitude of the EOF can be expressed in the terms of
velocity or mobility. Because the charges are strongly pH-

Fig. 1. Cross section of capillary in capillary electrophoresis (CE).
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Electro-osmotic flow

Fig. 2. Movement of a conductive medium through a capillary.

dependent, the magnitude of the EOF varies with pH. For an
effective separation, a change in the pH of the buffer plays an
important role. The change in pH from above the isoelectric point
to below the isoelectric point changes the net charge of the so-
lute from negative to positive. An increase in buffer pH generally
increases the EOF. The EOF rate can be controlled by the field
strength and the charge density of the capillary wall.

2.2. Electrophoretic mobility

Electrophoresis is a method in which ions migrate owing to
the applied voltage [8]. The force applied to the ions is the cu-
mulative net charge of the products and the electric field
strength. This combined expression leads to electrophoretic
mobility, which is a measure of solute mobility that helps a solute
to move through a conductive medium in response to an applied
electric field [9—11]. CE is an electrophoretic method where a
buffer is added into a narrow bore silica capillary/fused silica
capillary with an internal diameter of approximately 25—100 um,
and the capillary wall is covered with ionizable silanol groups
(SiOH) (Fig. 3). When the voltage is applied to the solution,
molecules move through the solution toward the electrodes of
opposite charges, and a detector helps to measure the absorbance
of the molecules as they pass through the solution. The various
types of detectors used in this system include UV/vis absorption
detectors, fluorescence detectors, radiometry detectors for
radioactive substances, laser-induced fluorescence detectors,
conductivity detectors, electrochemical detectors, and mass
spectrometers. The absorbance is analyzed using a computer
system and presented graphically.

Integrator or

Capilary computer
2]
ANOdE p— Buffer Buffer Cathode
Source vial Sample vial Destination via
High voltage

power supply

Fig. 3. Instrumentation of CE.
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Fig. 4. Classification of various CE techniques under the continuous and discontinuous
systems. CITP: capillary isotachophoresis; CIEF: capillary isoelectric focusing; MEKC:
micellar electrokinetic chromatography; CZE: capillary zone electrophoresis; CGE:
capillary gel electrophoresis.

3. Types of capillary electrophoresis

The different types of CE include capillary zone electrophoresis
(CZE), capillary gel electrophoresis (CGE), micellar electrokinetic
chromatography (MEKC), microemulsion electrokinetic chroma-
tography (MEEKC), capillary electrochromatography (CEC), capil-
lary isoelectric focusing (CIEF), and capillary isotachophoresis
(CITP). Electrophoresis is divided into two major parts: a contin-
uous system and a discontinuous system (Fig. 4). The continuous
system has a background electrolyte (BGE) acting throughout the
capillary as a buffer and is further divided into two subtypes: the
kinetic and the steady-state processes. The kinetic process has a
persistent electrolyte content, whereas the steady-state process
consists of varying electrolyte content. The sample component in a
discontinuous system is divided into two different electrolytes, i.e.,
one with higher mobility known as leading electrolyte and other
one with buffer with lowest component, which is slower than
molecule [12—14].

3.1. Capillary zone electrophoresis (CZE)

CZE is the most widely used CE method, and it is also referred to
as the free solution CE technique. In CZE, the separation is quick and
easy for a mixture in solution. The principle of this method is based
on the change in electrophoretic mobility, which is directly pro-
portional to the molecular charge and inversely proportional to the
atomic radius and viscosity of a particular solvent. The fused silica
capillary has silanol groups, and gets ionized in the buffer solution.
Anions present in the solution are attracted toward the anode;
however, a few of them migrate toward the cathode. Cations with
the largest charge-to-mass ratio are separated first, followed by
anions and finally neutral compounds. The electro-osmotic velocity

Injection Waste
EOF——— —
Detector Detector
signal
Time

Fig. 5. Capillary zone electrophoresis (CZE). EOF: electro-osmotic flow.
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Fig. 6. Micellar electrokinetic capillary electrophoresis (MEKC).

can be changed by changing parameters, such as the viscosity,
strength, pH, and dielectric constant (Fig. 5).

3.2. Microemulsion electrokinetic chromatography (MEEKC)

MEEKC is a special method of electrokinetic chromatography
that accomplishes electrokinetic separation using microemulsions
as background electrolytes. MEEKC separates solutes based on the
hydrophobicity and differences in electrophoretic mobility, and it
offers highly efficient separation of charged and neutral solutes
covering a wide range of water solubility. Analytes may be parti-
tioned between the aqueous phase of the microemulsion and its
oil droplets, which act as a pseudo-stationary phase. This tech-
nique is well suited for the separation of neutral species con-
taining charged oil droplets (obtained by the addition of an
anionic or cationic surfactant). The components that are immis-
cible organic solvents (n-heptane), co-solvents (n-butanol), and
surfactants act as buffers.

3.3. Micellar electrokinetic electrophoresis (MEKC)

MEKC is a technique based on the transfer of solute parti-
tioning between micelles and solvents. The aggregation of mi-
celles occurs when a surfactant is mixed with a solution above
the critical micelle concentration. The aggregated micelles
comprise a polar negatively charged surface that is the cathode
and are attracted toward a positively charged surface that is the
anode. Because of the EOF toward the cathode, the micelles are
attracted toward the cathode but at a slower speed. The hydro-
philic molecules do not stay for longer periods and migrate
through the solvent, whereas hydrophobic molecules require
more time to migrate. In the absence of micelles, neutral species
move with the help of EOF and separation does not occur (Fig. 6)
[10,11].

3.4. Non-aqueous capillary electrophoresis

In non-aqueous CE, separation is based on differences in the
physicochemical properties of molecules. The migration of the so-
lute depends on the nature of the solvent and its mixture.

4. Previous reviews on capillary electrophoresis

Many reviews have been published on the applications, current
progress, and updates on recent advances in CE in terms of analysis,
identification, compound characterization, and impurity profiling
of drugs, biopharmaceuticals, and other biomolecules. Many au-
thors have described the applications of different CE methods for
the assay and identification of metabolites from different biological
matrices, such as serum, plasma, urine, and blood; and
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Table 1

Year-wise details of past reviews on CE along with studied analytes and field of study.

Journal of Pharmaceutical Analysis 12 (2022) 15-28

Title of review Studied analytes

Field of study Year Refs.

Capillary electrophoresis based immunoassays: a critical
review

Highlight. capillary electrophoresis coupled to
electrochemical detection: a review of recent advances

Capillary electrophoresis as a versatile tool for the
bioanalysis of drugs—a review

Overview of capillary electrophoresis and capillary
electrochromatography

Capillary electrophoresis for forensic drug analysis: a review

Capillary electrophoresis in pharmaceutical analysis (a
review)

Capillary electrophoresis-based methods for the
determination of lipids: a review

Recent advances of capillary electrophoresis in
pharmaceutical analysis

Coupling isotachophoresis and capillary electrophoresis: a
review and comparison of methods

The application of capillary electrophoresis techniques in
toxicological analysis

Capillary electrophoresis: trends and recent advances

isomers

Drug components

Recent advances in capillary electrophoresis-mass
spectrometry: instrumentation, methodology and
applications

Recent developments and applications of capillary and
microchip electrophoresis in proteomics and peptidomics

Recent developments of capillary electrophoresis in
seawater analysis
Advances in capillary electrophoresis for the life sciences

inorganic ions

Free antibody, free antigen, antigen-antibody complex

Carbohydrates, amines, peptides, sulphur disulfides,
inorganic ions, purine-related compounds
Analysis of drugs in biological matrices

DNA, carbohydrates, proteins, metal ions,
pharmaceuticals, enantiomeric species

Drug seizures and non-biological samples

Drug impurities, parent drugs, vitamins, enantioselective

Fatty acid, glycerophospholipids, triglycerides, sterols
Active pharmaceutical ingredients (API), impurities,

chiral compounds, biological fluids

Toxicological products present in the drug components
and biological matrices
Nanoparticles, nucleic acid, viruses, metabolites, amino
acids, carbohydrates, biopharmaceuticals, proteins
Proteins, peptides, metabolites, API, biological fluids

Enzymes, hormones, antibodies, transporters

Phosphates, iodide, bromate, fluorides, peptides and

Biopharmaceutical molecules

Immunoassay in research and clinical 1997 [15]
diagnostics

Coupled electrochemical detection 1998 [16]
and CE (CEEC)

Bioanalytical applications of CE 1999 [17]
Clinical, biomedical and forensic 1999 [18]
applications of CE and microchip CE

Forensic drug analysis 2005 [19]
Detection of anions and cations in 2006 [20]
stoichiometric analysis

Determination of lipids 2008 [21]
Application of CE in pharmaceutical 2010 [22]
analysis

Coupled isotachophoresis and 2013 [23]

capillary electrophoresis (tITP-CE)

Applications of different types of CE in 2014 [24]
toxicological analysis

New developments in the broad field 2018 [25]
of CE

Applications of hyphenated CE-MS 2019 [26]
Microchip electro-separation 2019 [27]
methods for proteomics and

peptidomes

Analysis of sea water 2019 [28]

Role of CE in the development of life 2019 [29]
sciences

biomolecules, such as carbohydrates, proteins, lipids, such as fatty
acids, vitamins, and nucleic acids. In this section, we summarize the
past reviews published on CE year-wise as shown in Table 1
[15—29].

5. Applications of different capillary electrophoresis methods
for impurity profiling of drugs

5.1. Capillary zone electrophoresis (CZE)

Elbashir et al. [30] developed and validated a CZE method for
the identification of quinocide impurities (Fig. 7) in primaquine.
For evaluation purposes, native cyclodextrin (CD) and crown
ether were used for the capillary ion analysis. The notable finding
by the authors was the interactions of quinocide and primaquine
with buffer additives (B-CD), which led to the reverse order of
elution of the analytes. The method could separate primaquine
and quinocide in less than 5 min with a resolution of 3.5—-3.8
between analytes. The authors also explained the mechanism of
complex formation and separation of analytes using buffer ad-
ditives (Table 2) [31—-38]. El-Attug et al. [31] developed a method
to determine kanamycin sulfate and its related impurities using
the CZE technique with the help of a P/ACE MDQ instrument
(Beckman Coulter, USA) (Fig. 7). The advantages of this method
are 1) its ability to resolve kanamycin base, its sulfate salt, and
related impurities in a single run, and 2) it was applied to drugs
lacking chromophoric groups, and separation was achieved in
less than 6 min (Table 2). The authors [32] drafted a method for
the development and validation of amikacin, tobramycin, and its
related impurities, nebramine and niamine, using CZE with the
help of a P/ACE MDQ instrument (Beckman Coulter, USA). A
similar approach was applied and used for kanamycin, and a
method was developed for drugs lacking chromophores (Table 2).

18

Orlandini et al. [33] applied the quality by design (QbD) approach
for the development of a CE method for the simultaneous assay
of metformin hydrochloride and its main impurities (Fig. 7). In
this study, the authors selected seven critical process parameters
related to capillary, injection, BGE, and instrumental settings.
This method allowed the separation of a significant amount of
impurities in a very short time and obtained satisfactory results
for the validation parameters and analysis of real samples. The
method could separate metformin hydrochloride, internal stan-
dard imidazole hydrochloride, and metformin hydrochloride
impurities in less than 9 min. This was the first report on method
development using CD-CZE and QbD approaches. QbD can save
experimental efforts for analytical method development
(Table 2). Orlandini et al. [34] developed and validated a CZE
method for the determination of levosulpiride (Fig. 7) and its
enantiomeric impurity using the QbD approach. The method
could separate chiral S- and R-levosulpiride enantiomers in less
than 12 min. This was the first reported method for the deter-
mination of the enantiomeric purities of a chiral substance using
the QbD approach (Table 2). The CD-modified micellar electro-
kinetic chromatography was devised for enantioseparation and
impurity determination of ambrisentan (Fig. 7) using the CZE
method [35]. The method was developed using the QbD approach
and the response surface methodology. The study showed an
extensive effect of pH and y-CD concentration on the enantio-
meric separation of analytes (Table 2). The authors [36] devel-
oped a stability-indicating CZE method, a first report, for the
assay of tipranavir (Fig. 7, Table 2) and its two major organic
impurities, which were recognized by high-resolution mass
spectrometry. The results of this study indicated that tipranavir
was more prone to oxidative degradation than other stress con-
ditions following second-order degradation kinetics. The CZE
method [37] was used for the identification of zofenopril calcium
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Fig. 7. Chemical structures of drugs and their related substances/impurities identified/searched using CZE.
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Table 2
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Review of capillary zone electrophoresis (CZE) method with the details of background electrolyte conditions for impurity profiling of drugs.

Name of
Drug

Background electrolyte

Analyte Voltage Temperature Wave
(kV) (°C) length

(nm)

Name of impurities/related substances

Limit of Refs.
detection

(%)

Primaquine a) 50 mM phosphoric acid 15 25 254
b) 1 M Tris solution

c) 0.2 um cellulose nitrate
d) Buffer

a) 40 mM r-histidine

b) pH 6.35

c) 0.6 mM CTAB

a) 20 mM MES

b) pH 6.6

c) L-histidine

d) 0.3 mM CTAB

a) 35 mM Britton-
Robinson buffer

b) 15 mM carboxymethyl-
B-CD

a) 9—12 mM sulfated-p-
CcD

b) 29—38 mM methyl-$-
CcD

¢) Britton-Robinson buffer
a) 100 mM borate buffer
(pH 9.20)

b) 100 mM sodium
dodecyl sulfate

¢) 50 mM y-cyclodextrin
a) 50 mM sodium borate 28
b) 5% of methanol

c) Furosemide as IS

a) 100 mM sodium
tetraborate decahydrate
b) pH 9.15

¢) 1.0 M hydrochloric acid
a) 150 mM phosphate
buffer

b) 3.1 mM HPyCyD

c) 2% methanol

Kanamycin 30 25 234

Amikacin 30 25 234

Metformin 30 26 234

Levosulpride 12—-14 16 288

Ambrisarten 30 22 -

Tipranavir 25 240

Zofenopril 17 25 225

Cinacalcet 26 18 220

a) Quinocide _

a) Paromamine
b) 4-0-(6-amino-6-deoxy-a-D-glucopyranosyl) deoxystreptamin

a) Kanamycin

a) Melamine-1,3,5 triazine-2,4,6 triamine —
b) Cyanoguanidine

a) Levosulpride related impurities

a) Diphenylmethon 4,6-dimethyl-2-methyl-sulfonyl-pyrimidine -

a) Tipranavir related impurities —

a) Chlorothiazide
b) Salamide

a) S-cinacalcet —
b) (R)-(+)-1-(1-naphthyl) ethylamine, N-[3 (3-methyl phenyl) propyl]
-N-[(1R) 1-(1-napthyl) ethyl]amine hydrochloride

[30]

0.10
1.0

[31]

14

[32]

[33]

0.12 [34]

[35]

[36]

0.02
0.03

[37]

[38]

CTAB: N-cetyltrimethyl ammonium bromide; MES: morpholine ethyl sulfonate; B-CD: B-cyclodextrin; HPyCyD: (2-carboxyethyl)-B-cyclodextrin and (2-hydroxypropyl)-y-

cyclodextrin.

and hydrochlorothiazide in the presence of two main impurities
of hydrochlorothiazide, chlorothiazide, and salamide (Fig. 7) us-
ing an Agilent 7100 CE instrument equipped with a photodiode
array (PDA) detector. The advantage of this method is that it can
separate four analytes of interest in less than 5 min. The authors
used the QbD approach for the development and application of
this method and claimed it to be a green technology compared to
the conventional analytical methods (Table 2). The CZE analytical
method [38] was used for the enantioseparation and analysis of
cinacalcet and its impurities (Fig. 7) using the QbD approach and
HP 3D CE (Agilent technology) equipped with UV—vis diode-
array detector (DAD). The analytes were separated within 10 min
(Table 2).

CZE is a powerful separation technique employed for the im-
purity profiling of various drugs. Various researchers have applied
this technique for the impurity profiling of drugs, such as prima-
quine, kanamycin, amikacin, metformin, levosulpiride, ambri-
sentan, tipranavir, zofenopril, and cinacalcet. The technique could
detect impurities below the reporting threshold according to the
ICH Q3A and Q3B guidelines.

5.2. Microemulsion electrokinetic chromatography (MEEKC)

Orlandini et al. [39] used the MEEKC method with the QbD

20

approach to determine clemastine and its three main impurities
(Fig. 8) using an Agilent Technologies 3DCE system equipped with a
UV—vis detector and thermosetting system microemulsion. This
dual CD system-modified MEEKC method was reported for the first
time as an analytical method for the analysis of clemastine and its
impurities (Table 3). Wongwan et al. [40] reported a modified CD
MEEKC method for the estimation of charged and uncharged im-
purities of dexamphetamine, mainly levorotary enantiomer in
dexamphetamine sulfate (Fig. 8). Separation was performed using a
Beckman Coulter P/ACE system. The percentage of levoamphet-
amine in dexamphetamine ranged from 3.2% to 3.8%. The method
could quantify impurities at the 0.1% level, except for the Z-ste-
reoisomer. The method was claimed to be the first reported CD-
modified MEEKC method for the simultaneous estimation of
charged and uncharged impurities, including stereoisomers
(Table 3). Orlandini et al. [41] used the MEEKC method for the
identification of ramipril and its eight main impurities (Fig. 8) using
an Agilent Technologies 3DCE system equipped with a UV—vis DAD.
Separation was achieved within 10 min of the analysis. This method
was able to resolve degradation products, which isomerize during
acidic degradation under the selected experimental conditions
(Table 3). The authors [42] developed an assay method using
MEEKC for determination of almotriptan and its impurities (Fig. 8)
using the QbD approach and multiple process variables, which
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Fig. 8. Chemical structures of drugs and their related substances/impurities identified/searched using microemulsion electrokinetic chromatography (MEEKC).

Table 3
Review of microemulsion electrokinetic chromatography (MEEKC) method with the details of background electrolyte conditions for impurity profiling of drugs.
Name of Drug Background electrolyte Name of impurities/related substances Limit of Refs.
Analyte Voltage Temperature Wave detection (%)
(kV) (°C) length (nm)
Clemastine a) 10 mM borate buffer (pH 9.2) 17 20 195 a) 2-(2-(1-(4-chlorophenyl-1-pphenylethoxy)ethyl)- 0.04 [39]
b) 1.5% n-heptane and 8.7% of SDS/ 1-methylpyrrolidine1-oxide 0.04
butanol at 1:2 ratio b) 1-(4-chlorophenyl)-1-phenylethanol

c) 18 mM methyl--CD
d) 38 mM heptakis
Dexamphetamine a) 1.5% SDS 14 20 195 Dexamphetamine related impurities 0.05 [40]
b) 0.5% ethyl acetate
¢) 3.5% 1-butanol
d) 2.5% 2-propanol
e) 92% 50 mM sodium phosphate
buffer, pH 3.0

Ramipril a) 90 mM phosphate (pH 2.5) 26 17 210 a) Ramipril methyl ester <0.01 [41]
b) 1.05% of n-heptane b) Hexahydrorampril <0.01
¢) 10.00% of SDS/n-butanol at 1:2 ratio

Almotriptan a) 30 mM borate buffer (pH 9.4) 27 24 227 a) Almotriptan-N-oxide <0.01 [42]
b) 0.91% n-heptane b) Almotriptan triptamine <0.01
c) 12.37% SDS and n-butanol at 1:2
ratio

Fluoroquinolones a) 125 mM NaH,POy, pH of 2.75 28 25 295 a) Norfloxacin — [43]
b) 2.65% SDS b) Ciprofloxacin
¢) 1% n-octanol c) Levofloxacin
d) 6.60% n-butanol and 8.00% 2- d) Moxifloxacin
propanol e) Ofloxacin
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were further verified on an Agilent Technologies 3DCE system
equipped with a UV—vis DAD (Table 3). Kaale et al. [43] developed
and validated an analytical method for fiuoroquinolones and their
impurities using MEEKC (Fig. 8), where the separation was carried
out using Beckman P/ACE MDQ CE. This method could separate five
fluoroquinolone impurities in a run time of 20 min. The MEEKC
method has more weightage as it can resolve impurities A—E of
ciprofloxacin and impurities A and E of ofloxacin in a single run,
which is not possible with the official European Pharmacopoeial
method (Table 3).

MEEKC was employed for the determination of impurities in
various drugs mentioned in the API and formulations. Various re-
searchers have used conventional and novel approaches such as the
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use of QbD for method development in their research work. The
MEEKC method can resolve very low levels of impurities from the
main analyte with a very low detection limit, complying with the
requirements of the ICH Q3A and Q3B guidelines.

5.3. Micellar electrokinetic chromatography (MEKC)

Furlanetto et al. [44] developed an analytical MEKC method
using the QbD approach and validated it for budesonide and its
impurities (Fig. 9, Table 4). Michalska et al. [45] devised a MEKC
method for ertapenem and its impurities (Fig. 9) where separation
of the impurities was carried out on a Quanta 4000E CE system
equipped with a UV spectrophotometric detector. The limit of
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Gliclazide impurity F
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Fig. 9. Chemical structures of drugs and their related substances/impurities identified/searched using MEKC.
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Table 4

Journal of Pharmaceutical Analysis 12 (2022) 15-28

Review of micellar electrokinetic chromatography (MEKC) method with the details of background electrolyte conditions for impurity profiling of drugs.

Name of Background electrolyte Name of impurities/related substances  Limit of detection Refs.
drug Analyte Voltage Temperature = Wave length )
(kv) ) (nm)
Budesonide a) 65 mM CHOL and 10 mM MAPS 16 21 245 a) 16-a-hydroxyprednisole 0.60 [44]
b) 70 mM borate buffer at pH 8.8 b) D-homobudesonide 0.10
Ertapenem a) 60 mM of NaH,PO4 and 20 mM H3BO5; 18 — 214 a) Pro-MABA [45]
buffer b) Oxazinone
b) pH 6
¢) 80 mM SDS
Valacyclovir a) 20 mM citric acid 25 28 254 a) Acyclovir 0.02 [46]
b) 1 M Tris solution (pH 2.75) b) Guanine 0.03
c) 125 mM SDS as IS
Gliclazide a) 40 mM citrate (pH 6.7) 20 25 225 a) Gliclazide impurity B 0.12 [47]
b) 10 mM NaH,PO4 buffer (pH 7.0—-9.0) b) Gliclazide impurity F 0.06
¢) 10—-50 mM SDS
Palonosetron a) 30 mM sodium cholate 25 25 214 Palonosetron related impurity <0.01 [48]
b) Methanol
Zolmitriptan 138 mM phosphate buffer (pH 2.74) 30 25 227 a) Decarbonyl zolmitriptan - [49]
b) (4S)-4-(4-aminobenzyl)-1,3-
oxazolidin-2one
Goserelin a) 6-Amino caproic acid (pH 4.2) 10 20 220 Goserelin related peptides [50]
b) CTAB
c)CD

d) Sodium hexane sulfonate

CHOL: sodium cholate; MAPS: 3-(N,N-dimethylmyristylammonio)propanesulfonate; SDS: sodium dodecyl sulphate; CTAB: N-cetyltrimethyl ammonium bromide; CD:

cyclodextrin; Pro-MABA: proline amide of m-aminobenzoic acid.

detection was calculated at the level of 0.3 pg/mL, whereas the limit
of quantification was calculated at the level of 0.8 ng/mL. Al Azzam
et al. [46] developed an analytical MEKC method for valacyclovir
and its impurities (Fig. 9) where the separation of impurities was
performed using the HP3DCE CZE system. The method was less
sensitive than LC-MS; however, the separation time was less than
4 min, which is the most important feature of the developed
method that can detect low concentrations (less than 0.7%) of
guanine in accordance with the European Pharmacopeia (Table 4).
Doomkaew et al. [47] developed a simple aqueous-based stability
method, indicating the analytical MEKC method for gliclazide and
its specified impurities, gliclazide impurities B and F (Fig. 9) where
separation was carried out using a 3DCE instrument model G1600A
(Agilent Technologies, Waldron, Germany) equipped with a PDA
detector. The method separate gliclazide and its impurities in less
than 5 min. This method resolved impurity B and an unknown
impurity generated during a stress degradation study. However,
impurity F was not resolved using the developed method (Table 4).
Hu et al. [48] developed an analytical method for the analysis of
palonosetron hydrochloride (Fig. 9) stereoisomers using sodium
cholate as a chiral selector on a TH-3100 CE system equipped with a
UV detector. The authors studied 10 different solvents for the
separation of palonosetron stereoisomers. Methanol was found to
be the best solvent for analyte resolution. The method could
measure very low concentrations of palonosetron distomers in the
presence of high concentrations of eutomers (Table 4). Orlandini et
al. [49] devised a fast and selective CE method for the analysis of
zolmitriptan and its five potential impurities (Fig. 9) using the QbD
approach (Table 4). Gong et al. [50] developed the MEKC method for
the analysis of goserelin and its related impurities (Fig. 9) using an
Agilent 7100 CE instrument equipped with a DAD. This method was
able to separate nine peptides with almost the same relative mo-
lecular mass. The separation of these nine peptides was achieved in
less than 30 min. This proposed method resolved the impurities (D-
Tyr5)-goserelin and (D-His 2)-goserelin, which cannot be resolved
using the European Pharmacopoeial method (Table 4).

MEKC is a widely adopted separation technique for the impurity
profiling of drugs owing to its excellent resolution capabilities. In

Flurbiprofen Flufenamic acid

Fig. 10. Chemical structures of flurbiprofen and flufenamic acid identified using non-
aqueous capillary electrophoresis.
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Fig. 11. Chemical structures of zopiclone and its impurities identified using electro-
kinetic chromatography.

the present review, we summarize various MEKC methods
employed for impurity profiling of drugs such as budesonide,
valacyclovir, ertapenem, gliclazide, palonosetron, zolmitriptan, and
goserelin. MEKC is sensitive enough to detect impurities below the
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reporting threshold level according to the ICH Q3A and Q3B
guidelines.

5.4. Non-aqueous capillary electrophoresis

Rousseau et al. [51] established a non-aqueous CE method for
the analysis of flurbiprofen and its impurities (Fig. 10) using an HP
3D CE system equipped with a DAD. BGE is composed of phosphate
buffer at pH 2.5, n-heptane, SDS, and n-butanol; the temperature
was set at 17 °C, voltage at 26 kV, and wavelength at 250 nm. In the
developed method, IPA-B-CD was used as a chiral selector, and
flufenamic acid was used as the internal standard. The method
detected 0.1% S-flurbiprofen in R-flurbiprofen.

Tonon et al. [52] developed an electrokinetic enantioselective
chromatography method for zopiclone and its impurities (Fig. 11)
using an Agilent CE system model G6100A equipped with a
photodiode array detector. BGE comprised 80 mM sodium
phosphate buffer (pH 2.5) and 5 mM carboxymethyl-B-CD as a
buffer; the temperature was set at 25 °C, voltage at 27 kV, and
wavelength at 305 nm. The method was successfully applied for
the determination of impurities in the zopiclone tablet
formulation.

6. Analysis of pharmacopeial monographs using capillary
electrophoresis methods

CE is a method of choice for the analysis of some published
Pharmacopeial monographs, especially for analysis of glycan
biomarkers, proteins, polar small molecules, hormones, and
peptides. In the European Pharmacopeia (Ph. Eur.) monograph of
aprotinin and its concentrated solution [53], CZE with a UV de-
tector was used for the determination of related impurities.
Similarly, CZE with a UV detector was used to determine eryth-
ropoietin isoforms in the erythropoietin concentrate as per the Ph.
Eur and the United States Pharmacopeia-National Formulary
(USP—NF) monographs [53,54]. Aprotinin is a protein-based drug
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that is widely used for the analysis and characterization of bio-
pharmaceuticals. Higher resolution, better separation efficiency,
and shorter analysis time make CE a versatile technique for the
analysis and identification of biologicals and biosimilars. CE, along
with many other techniques, is currently used for the analysis of
intact proteins and glycans. Almotriptan malate, a selective sero-
tonin 5-HT1B/1D agonist, is a second-generation triptan. CE was
found to be the method of choice for the determination of almo-
triptan impurities. As per the USP—NF [54] acceptance criteria, the
resolution should be not less than 2.0 between almotriptan-
impurity B and almotriptan peaks and between almotriptan-
impurity D and almotriptan peaks. The relative standard devia-
tion should not exceed 5.0% of the peak response ratio. CE proved
to be one of the best methods for the detection of almotriptan
impurities. In the case of alteplase for injection [55], complex
peaks of glycopeptides were separated from the tryptic peptide
using the CE method. In the recombinant DNA technology, for
peptide mapping, separation is required between the test and
reference proteins and CE plays a vital role in the analysis and
characterization of dried factor VIII (rDNA) [55]. As per the British
Pharmacopeia (B.P.) monograph, the characterization of human a-
1 proteinase was performed using CE techniques [55].

In this section, we have provided the details of the Pharmaco-
peial monographs referred from different Pharmacopeias, such as
USP-NF, Ph Eur, and BP. The names, monograph numbers, related
background electrolyte conditions, and names of the impurities/
impurity-related substances are listed in Table 5.

7. Comparison of capillary electrophoresis with liquid
chromatography for the impurity profiling and analysis of
drugs

CE is an analytical technique that has shown great potential in
replacing many conventional analytical methods in the last few
years. The main advantage of CE over LC is its high efficacy and low
reagent consumption. It is a highly versatile and rapid method of

Table 5
Review of CE methods for Pharmacopeial monographs with the details of monograph number, background electrolyte conditions and name of impurities/related substances.
Name of Monograph Method of analysis ~ Voltage Temp. Wave Name of impurity/related substances Refs.
Pharmacopoeial number (kV) (°C)  length
monograph (nm)
Aprotinin and aprotinin Ph. Eur Capillary zone +12 25 214 Aprotinin impurity [53]
concentrated 0579, 0580 electrophoresis A and B
solution
Erythropoietin Ph. Eur Capillary zone +16 35 214 1-8 Isomeric forms [53]
concentrated 1316 electrophoresis
solution
Amlotriptan malate uUsP Micellar +15 15 214 Almotriptan N-dimer, malic acid, amlotriptan impurities A, B, C, D [54]
electrokinetic
electrophoresis
Betadex sulfobutyl USP Gel capillary +30 25 205 Impurity 1-10 [54]
ether sodium electrophoresis
Erythropoietin usp Capillary zone +20 35 214 Isoforms of erythropoietin [54]
concentrated electrophoresis
solution
Glutathione Ph. Eur High performance 20 25 200 L-cysteinglycine, cysteine, bis(L-y-glutamyl-L-ysteinylglycine)dislfide (.-  [53]
1670, B.P. capillary glutathione oxidised), L.-y-glutamyl-L-cysteinylglycine, unknown structure
electrophoresis
Levocabastine Ph. Eur Capillary zone - 50 214 Related impurities [53]
hydrochloride 1484, B.P.  electrophoresis
Ropivacaine Ph. Eur Capillary zone — 30 206 Enantiomeric impurities [53]
2335, B.P.  electrophoresis
Somatropin for Ph. Eur Capillary zone 20 30 200 Charged variants [53]
injection 2370, B.P.  electrophoresis
Trypsin inhibitor usp Capillary zone +12 25 214 Related impurities [54]

electrophoresis
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Table 6
Comparison of CE with LC.
Parameters Capillary electrophoresis Liquid
chromatography
Analysis time Fast (1—20 min) Moderate (10
—60min)
Cost Low Moderate
Sample quantity Very low Moderate

Solvent consumption

(volume)
Instrumentation

Graph shape

Less (1—100 nL)

Simple to operate

Narrow peak for better

resolution

Moderate (1—100 pL)

More complex to
operate

Pumped parabolic
flow

analysis, which requires a very small amount of analytes and can
analyze both neutral and charged species. Owing to its large peak

capacity, this method is suitable for the separation of impurities
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from the main drug, which may resemble the chemical structure of
the compounds. Moreover, its high efficacy and low reagent usage
make it more visible against LC. A simple comparison of CE with LC
is presented in Table 6.

In this section, we compare CE and LC methods with examples
of impurity profiling of drugs and CE has proven to be a better
option in many cases than the LC methods; however, in some
cases, LC is found to be better than CE. A comparison of CE and LC
with examples of drugs along with more accurate information
regarding the estimated cost of analysis is presented in Table 7
[56—68]. In these studies, the authors performed impurity
profiling of drugs using CE and LC methods and compared both the
methods.

Based on the above comparison, it is clear that the LC method
consumes more time and solvent than the CE method. In most of
the examples, CE could scan more impurities than LC in the
impurity profiling of the same drug; however, in some cases, the
LC method separated and detected more impurities. In the maize

Table 7
Comparison of LC and CE with examples of impurity profiling of drugs.
Name of drug ~ Mobile phase Wavelength (nm) Number of Run time (min) Refs.
impurities/related
substances identified
LC CE LC CE LC CE LC CE
Primaquine Aqueous trifluroacetic acid 50 M phosphoric acid, 1 M 265 254 2 1 34 5 [56]
and acetonitrile (75:25,V/V)  Tris solution, 0.2 pum
cellulose nitrate, buffer
Kanamycin 0.1 M disodium tetraborate 40 mM t-histidine, pH 6.35, 205 234 5 6 17 5 [57]
(pH 9.0 using dilute 0.6 mM CTAB
phosphoric acid)
Metformin Buffer and acetonitrile 35 mM Britton-Robinson 218 234 1 5 80 4 [58]
(94:06, V/V) with methanol buffer, 15 mM CM-B-CD
Zofenopril Aqueous ammonium 100 mM sodium 247 225 1 3 15 5 [59]
acetate buffer (20 mM) and  tetraborate decahydrate,
acetonitrile (50:50, V/V) pH 9.15,
1.0 M hydrochloric acid
Cinacalcet Aqueous ammonium 150 mM phosphate buffer, 247 220 5 4 15 5 [60]
acetate buffer (20 mM) and 3.1 mM HPyCyD, 2%
acetonitrile (50:50, V/V) methanol
Budesonide Ethanol—acetonitrile 65 mM CHOL and 10 mM 240 245 1 4 20 18 [61]
—phosphate buffer (pH 3.4; MAPS
25.6 mM) (2:30:68, V/V/V) 70 mM borate buffer at pH
8.8
Ertapenem Ammonium formate buffer 60 mM of NaH,PO4 and 225 214 27 9 10 10 [62]
(pH 8.0), water and 20 mM H3BO; buffer, pH 6,
acetonitrile (40:60:01, V/V/ 80 mM SDS
V),
and ammonium formate
buffer (pH 8.0), acetonitrile
and methanol (40:50:10, V/
V/V)
Gliclazide Acetonitrile and sodium 40 mM citrate (pH 6.7), 235 225 7 2 30 6 [63]
dihydrogen phosphate 10 mM NaH,PO4 buffer (pH
solution (0.02 M) 7.0—9.0), 10—50 mM SDS
Palonosetron Buffer solution: acetonitrile 30 mM SC, 30 mM sodium 210 214 3 4 40 20 [64]
(50:50, V/V) tetraborate buffer of pH
9.20
Zolmitriptan Phosphate buffer of pH 138 mM phosphate buffer 225 227 3 5 30 4.5 [65]
9.85: methanol: acetonitrile  (pH 2.74)
(70:20:10, V/V/V)
Zolmitriptan 0.02 M ammonium formate 138 mM phosphate buffer 225 227 2 5 60 4.5 [66]
containing 0.1% n- (pH 2.74)
propylamine and
acetonitrile (80:20, V/V)
Valacyclovir 0.1% ammonium acetate in 20 mM citric acid, 1 M Tris 254 254 3 3 10 5 [67]
water and acetonitrile solution (pH 2.75), 125 mM
(95:5, V/V) SDS
Valacyclovir Acetonitrile: methanol 20 M citric acid, 1 M Tris 254 254 2 3 40 5 [68]

(90:10, V/V) and buffer:
acetonitrile (50:50, V/V)

solution (pH 2.75), 125 mM
SDS
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protein characterization, both HPLC and CE methods were used,
and CE was the preferred method of choice owing to its small
scale, low sample and reagent consumption, and separation of
large molecules in less time [69]. CE proved to be a potential
alternative method for the analysis of antifungal drugs such as
nystatin, 5-fluorocytosine, and miconazole in many ways [70] as
it reduced the analysis time and solvent consumption, and the CE
instrument was easier to handle. In the case of decaffeinated
coffee, both separation techniques (CE and LC) were used and the
CE method was found to be better because of faster analysis, low
cost, and very low sample quantity. For the separation and
quantification of p-tagatose [71] in the presence of its related
impurities, CE showed better sensitivity and resolution than
HPLC and was the preferred method for impurity profiling. CE
and HPLC methods were developed and compared for the
determination of carvedilol enantiomers in the serum [72]. The
limits of quantitation were lower in HPLC. The CE assay offered
the advantage of a faster analysis time and lower consumption of
solvents. Stereochemical analysis of duloxetine was performed
using LC and CE methods [73]. In an achiral and chiral analysis of
duloxetine, CE was a viable alternative method because of its
high efficiency, short analysis time, and low sample and reagent
consumption. For the determination of diclofenac sodium in a
tablet dosage form, both CE and LC analyses were performed and
compared [74]. Regarding some aspects of linearity, recovery, and
specificity, CE provided faster analysis and better column effi-
ciency, whereas LC provided superior repeatability and sensi-
tivity. The determination of diazepam in the tablet dosage form
was performed and compared using both CE and LC analysis
methods [75]. The authors found both methods to be suitable
with similar performance in terms of the determination of the
compounds; however, with regard to linearity, recovery, and
specificity, CE provided faster analysis and column efficiency,
whereas RP-HPLC presented superior repeatability and sensi-
tivity. For quantitative determination of ketoconazole in drug
formulations, both CZE and HPLC methods were performed and
compared [76]. The authors found that the CZE method was more
selective, whereas the HPLC method was more sensitive (limit of
detection was 2.5 times less) and provided better precision
(relative standard deviation < 2%).

With all the examples discussed above, it is suggested that CE is
aversatile technique for not only the analysis, characterization, and
impurity profiling of drugs but also for the research and develop-
ment of new drugs and biopharmaceuticals as well as for phar-
maceutical quality control.

8. Summary and conclusion

Recently, impurity profiling of pharmaceutical products has
attracted significant attention because impurities can be detri-
mental to human health and can adversely affect the quality of
pharmaceuticals. Currently, various methods are available for
impurity profiling and other hyphenated techniques. The flexi-
bility of CE has greatly increased with the possibility of attaching
various types of detectors, and it can also be hyphenated with
other sophisticated techniques to increase its sensitivity for the
detection of various new chemical entities and different types of
compounds [77]. With the advent of highly automated multi-
capillary instruments and cost-effective kits, CE is being widely
accepted in clinical laboratories. It can be used for the analysis of
different APIs in various formulations. CE can also be efficiently
used for the analysis of food products, food colors, vitamins, and
natural products. CE has been effectively used for the determi-
nation of phenolic compounds, organic acids, toxins, and agri-
cultural residues in food materials. Currently, CE is becoming a
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highly popular method for the analysis of biologicals and bio-
pharmaceuticals and is also a preferred method for fast high-
resolution DNA sequencing. Advancements in CE, such as affin-
ity CE, high-throughput capability techniques, multi-capillary
arrays, and chip separations, hold a promising future and can
be used extensively to study food—drug interactions. With this
review, it is obvious that CE will continue to gain popularity and
serve as a valuable technique in the pharmaceutical sector for
drug development and quality control processes.
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