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 Abstract   
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             Capillary Electrophoresis (CE) has emerged as a powerful analytical technique 
for pharmaceutical analysis due to its high separation efficiency, rapid analysis time, 
and low sample and solvent consumption. This review explores the recent 
advancements and emerging trends in CE for pharmaceutical analysis, highlighting its 
potential impact on drug discovery, quality control, and bioanalysis. The review 
provides an overview of the principles of CE, discusses the latest developments in CE 
instrumentation, sample preparation techniques, and detection strategies, and examines 
applications of CE in various areas of pharmaceutical analysis. The aim is to shed light 
on the evolving role of CE in the pharmaceutical industry and its future prospects. 
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INTRODUCTION 
 

Capillary Electrophoresis (CE) has gained significant attention in pharmaceutical analysis due to its 
ability to separate complex mixtures with high resolution and sensitivity. This section introduces the concept of 
CE and its advantages over traditional separation techniques such as high-performance liquid chromatography 
(HPLC) and gas chromatography (GC).1 
 
CE Instrumentation 

This section discusses the recent advancements in CE instrumentation, including the development of 
miniaturized and chip-based CE systems. The integration of CE with mass spectrometry (MS) and other detection 
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techniques is also explored, highlighting the potential for simultaneous separation and identification of analytes 
in pharmaceutical samples. 
 
Sample Preparation Techniques 

Sample preparation plays a crucial role in CE analysis. This section presents the emerging trends in 
sample preparation techniques for CE, such as solid-phase microextraction (SPME), liquid-phase microextraction 
(LPME), and online sample enrichment methods. The integration of sample preparation and CE separation is 
discussed, focusing on reducing analysis time and improving sensitivity.2 

 
Detection Strategies 

The detection of analytes in CE is a critical aspect of pharmaceutical analysis. This section reviews the 
recent developments in detection strategies for CE, including laser-induced fluorescence (LIF), electrochemical 
detection (ECD), and mass spectrometry (MS). The utilization of nanoparticles and molecularly imprinted 
polymers (MIPs) as selective detection agents is also explored.2 

 
Applications of CE in Pharmaceutical Analysis 

This section highlights the diverse applications of CE in pharmaceutical analysis. It covers the analysis 
of drug substances, impurity profiling, chiral separations, stability studies, and pharmacokinetic studies. The 
potential of CE for on-site and point-of-care analysis is also discussed, showcasing its versatility in the 
pharmaceutical industry.3 

 
Challenges and Future Perspectives 

The review concludes by addressing the current challenges and future perspectives in the field of CE for 
pharmaceutical analysis. The integration of CE with other analytical techniques, advancements in microfluidic 
systems, and the exploration of new separation mechanisms are identified as areas for further research and 
development. 

Capillary electrophoresis (CE) is a powerful analytical technique widely used in the pharmaceutical 
industry for the separation, identification, and quantification of pharmaceutical compounds. In recent years, 
several emerging trends have been observed in the field of CE for pharmaceutical analysis. Here are some of the 
notable trends: 
 
Microchip Electrophoresis (ME)4 

Microchip electrophoresis, also known as chip-based electrophoresis, is an emerging trend in CE. ME 
involves miniaturizing the CE system onto a small chip, typically made of glass or polymer. This technology 
offers advantages such as reduced analysis time, lower sample and reagent consumption, and improved 
automation. It is particularly suitable for point-of-care testing and high-throughput analysis in pharmaceutical 
research and development. 
 
Capillary Electrophoresis-Mass Spectrometry (CE-MS)5 

The combination of CE with mass spectrometry (MS) has gained significant interest in recent years. CE-
MS allows for the separation and identification of pharmaceutical compounds with high sensitivity and selectivity. 
The coupling of CE with different MS techniques, such as electrospray ionization (ESI) or matrix-assisted laser 
desorption/ionization (MALDI), enables the analysis of a wide range of pharmaceutical compounds, including 
small molecules, peptides, and proteins. 
 
Chiral Capillary Electrophoresis 

Chiral CE is an important technique for the analysis of enantiomers, which are stereoisomers that exist 
as mirror images of each other. Many pharmaceutical compounds are chiral, and the separation of enantiomers is 
crucial in drug development and quality control. Chiral CE allows for the efficient separation of enantiomers using 
chiral selectors or chiral additives in the separation buffer. 
 
Capillary Electrophoresis in Quality Control 

CE has been increasingly employed in pharmaceutical quality control laboratories. It offers advantages 
such as high separation efficiency, short analysis time, and low solvent consumption, making it an attractive 
technique for routine analysis. CE methods have been developed for the analysis of impurities, degradation 
products, and related substances in pharmaceutical formulations, contributing to the assessment of drug quality 
and safety.6 
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Capillary Electrophoresis for Biomolecule Analysis 
CE has been widely applied in the analysis of biomolecules, including proteins, peptides, nucleic acids, 

and carbohydrates. The use of CE in the pharmaceutical industry has expanded to include the analysis of 
biopharmaceuticals, such as monoclonal antibodies and recombinant proteins. CE techniques, such as capillary 
zone electrophoresis (CZE) and capillary isoelectric focusing (CIEF), enable the separation, characterization, and 
purity assessment of biomolecules. 
 
On-Line Sample Preparation Techniques 

To enhance the sensitivity and selectivity of CE methods, on-line sample preparation techniques are 
being developed. These techniques involve integrating sample pretreatment steps, such as sample stacking, on-
line sample concentration, and sample cleanup, directly into the CE system. On-line sample preparation minimizes 
manual handling, reduces analysis time, and improves the detection limits of pharmaceutical compounds. 
These emerging trends in capillary electrophoresis for pharmaceutical analysis demonstrate the continuous 
advancements and the expanding applications of CE in the pharmaceutical industry. Researchers and analysts are 
continually exploring new strategies to improve CE performance, automation, and integration with other 
analytical techniques, further enhancing its capabilities for pharmaceutical analysis. 
 
Multidimensional Capillary Electrophoresis 

Multidimensional CE involves the combination of two or more CE techniques to achieve higher 
separation efficiency and peak capacity. By coupling different separation modes, such as CZE, CIEF, micellar 
electrokinetic chromatography (MEKC), or capillary electrochromatography (CEC), researchers can separate 
complex pharmaceutical samples more effectively. Multidimensional CE provides enhanced resolution and peak 
capacity, enabling the analysis of intricate samples with improved separation power. 
 
Miniaturization and Microfluidic CE7 

Miniaturization of CE systems and the use of microfluidic devices offer numerous benefits for 
pharmaceutical analysis. Miniaturized CE systems require smaller sample volumes, reduced reagent consumption, 
and faster analysis times. Microfluidic CE platforms integrate various functionalities, such as sample injection, 
separation, and detection, onto a single chip, enabling highly efficient and portable analysis. These advancements 
in miniaturization and microfluidics contribute to the development of point-of-care diagnostics and personalized 
medicine applications. 
 
High-Speed Capillary Electrophoresis 

High-speed CE techniques aim to minimize the analysis time while maintaining good separation 
efficiency. By utilizing various strategies such as high voltage gradients, optimized capillary dimensions, and 
advanced detection methods, high-speed CE enables rapid analysis of pharmaceutical compounds. This trend is 
particularly relevant in drug discovery and development, where quick and efficient analysis of large compound 
libraries is necessary. 
 
Capillary Electrophoresis for Biopharmaceutical Characterization 

Biopharmaceuticals, such as monoclonal antibodies and biosimilars, require thorough characterization 
to ensure their safety and efficacy. CE techniques, such as capillary isoelectric focusing (CIEF), capillary gel 
electrophoresis (CGE), and capillary immunosubtraction (CIS), play a vital role in the characterization of 
biopharmaceuticals. These methods enable the determination of charge heterogeneity, post-translational 
modifications, and aggregation states of protein-based drugs. 
 
Capillary Electrophoresis for Nanoparticle Analysis 

With the growing interest in nanomedicine and nanotechnology, CE has been applied to the analysis of 
nanoparticles. Capillary zone electrophoresis (CZE) and capillary isoelectric focusing (CIEF) can be utilized to 
characterize nanoparticle size, surface charge, and composition. CE techniques provide valuable insights into 
nanoparticle properties and their interactions with pharmaceutical compounds, facilitating the development of 
novel drug delivery systems. 
 
Automation and High-Throughput Capillary Electrophoresis 

Automation of CE systems is becoming increasingly important to improve workflow efficiency and 
reduce human error. Automated sample handling, injection, and data analysis streamline the pharmaceutical 
analysis process. Additionally, high-throughput CE methods, combined with robotic systems, allow for rapid and 
parallel analysis of multiple samples, enhancing productivity in pharmaceutical laboratories. 

These emerging trends highlight the ongoing advancements in capillary electrophoresis for 
pharmaceutical analysis. The combination of novel CE techniques, miniaturization, automation, and integration 
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with complementary analytical methods continue to expand the capabilities of CE, enabling more efficient and 
comprehensive analysis of pharmaceutical compounds. 
 
Capillary Electrophoresis Coupled with In-Line Sample Enrichment Techniques8 

In-line sample enrichment techniques, such as solid-phase extraction (SPE) or online sample stacking, 
can significantly enhance the sensitivity of CE methods. These techniques allow for the concentration and 
purification of analytes before injection, resulting in improved detection limits and increased analysis sensitivity. 
The combination of CE with in-line sample enrichment techniques is particularly beneficial for the analysis of 
low-abundance pharmaceutical compounds or complex samples. 
 
Capillary Electrophoresis for Continuous Monitoring 

Continuous monitoring using CE systems offers real-time analysis and provides insights into dynamic 
processes. This trend is particularly relevant in the study of drug release from formulations, drug metabolism, and 
enzymatic reactions. By continuously monitoring changes in analyte concentrations or reaction kinetics, 
researchers can obtain valuable information about drug behavior and mechanisms, aiding in formulation 
optimization and understanding drug action. 
 
Capillary Electrophoresis for Quality Control of Drug Delivery Systems 

CE plays a crucial role in the quality control of drug delivery systems, including liposomes, 
nanoparticles, and micelles. CE methods can assess critical parameters, such as particle size distribution, surface 
charge, and drug loading efficiency, contributing to the characterization and quality control of these systems. This 
trend is significant in the development of novel drug delivery platforms and their application in targeted therapies. 
 
Capillary Electrophoresis for Stability Studies 

Stability studies are essential for evaluating the shelf-life and degradation pathways of pharmaceutical 
compounds. CE techniques, such as capillary zone electrophoresis (CZE) or micellar electrokinetic 
chromatography (MEKC), can be employed to assess drug stability under various conditions, including 
temperature, pH, and light exposure. CE enables the separation and quantification of drug degradation products, 
providing insights into degradation pathways and supporting formulation optimization. 
 
Capillary Electrophoresis for Environmental Analysis 

CE has found applications in the environmental analysis of pharmaceutical compounds and their 
metabolites. CE methods can be utilized to determine the presence and concentration of pharmaceutical residues 
in water, soil, or other environmental matrices. The sensitivity, selectivity, and low sample volume requirements 
of CE make it a valuable tool for monitoring and assessing the environmental impact of pharmaceuticals. 
 
Integration of Capillary Electrophoresis with Data Analysis and Chemometrics 

The integration of CE with advanced data analysis techniques, such as chemometrics and multivariate 
data analysis, enables efficient data processing, pattern recognition, and data visualization. These tools assist in 
identifying complex relationships and trends within large data sets, aiding in the interpretation and understanding 
of CE results. The integration of CE with data analysis techniques facilitates the development of robust analytical 
methods and enhances decision-making in pharmaceutical analysis. 
These emerging trends in capillary electrophoresis for pharmaceutical analysis demonstrate the continued 
advancements in the field, expanding its capabilities and applications. The integration of CE with other analytical 
techniques, automation, and data analysis tools contribute to more comprehensive and efficient analysis of 
pharmaceutical compounds in various contexts. 
Capillary electrophoresis (CE) is a powerful analytical technique used in pharmaceutical analysis for the 
separation, identification, and quantification of various compounds. It has gained popularity in recent years due 
to its numerous advantages such as high separation efficiency, low sample and reagent consumption, short analysis 
time, and compatibility with a wide range of analytes. 
 
Several emerging trends have been observed in the field of capillary electrophoresis for pharmaceutical 
analysis. Here are a few notable trends9 

Microchip-based Capillary Electrophoresis 
Microchip-based CE has gained significant attention in recent years. These miniaturized devices offer 

several advantages such as reduced analysis time, low sample and reagent consumption, and improved separation 
efficiency. Microchip-based CE systems integrated with on-chip sample preconcentration, injection, and detection 
techniques have been developed for rapid and sensitive pharmaceutical analysis. 
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On-line Sample Preconcentration Techniques 
On-line sample preconcentration techniques such as solid-phase extraction (SPE), field-amplified sample 

stacking (FASS), and sweeping have been widely employed to enhance the sensitivity and detection limits of CE 
methods. These techniques enable the concentration of analytes in the sample before injection, leading to 
improved detection limits and reduced matrix effects. 
 
Hyphenation with Mass Spectrometry 

The coupling of CE with mass spectrometry (MS) has emerged as a powerful analytical tool in 
pharmaceutical analysis. CE-MS offers advantages such as high separation efficiency, excellent sensitivity, and 
the ability to analyze a wide range of analytes, including small molecules, peptides, and proteins. The hyphenation 
of CE with different mass spectrometry techniques, such as electrospray ionization (ESI) and matrix-assisted laser 
desorption/ionization (MALDI), has facilitated the analysis of complex pharmaceutical samples. 
 
Chiral Analysis 

CE has been extensively used for chiral separation in pharmaceutical analysis. Chiral drugs often exist 
as enantiomers with different pharmacological activities. CE techniques, including cyclodextrin-mediated and 
ligand-exchange methods, have been developed for efficient chiral separations. The use of chiral selectors and 
advanced detection techniques such as circular dichroism (CD) detection has enabled the enantiomeric analysis 
of pharmaceutical compounds. 
 
Capillary Electrophoresis-Mass Spectrometry Imaging (CE-MSI) 

CE-MSI combines the separation power of CE with the spatially resolved information provided by mass 
spectrometry imaging. This emerging technique allows for the analysis of complex pharmaceutical samples while 
providing detailed spatial distribution information. CE-MSI has been utilized for drug distribution studies in 
tissues, metabolite mapping, and characterization of drug delivery systems. 
 
Automation and Miniaturization 

Automation and miniaturization of CE systems have been a focus in recent years. Automated sample 
handling, injection, and detection processes help to reduce manual intervention, improve reproducibility, and 
increase sample throughput. Furthermore, miniaturized CE systems offer advantages such as reduced analysis 
time, lower sample and reagent consumption, and the potential for point-of-care applications. 
These emerging trends in capillary electrophoresis for pharmaceutical analysis are driving advancements in the 
field, improving analysis speed, sensitivity, and the scope of applications. Researchers and analysts are continually 
exploring new techniques and methods to address challenges and expand the capabilities of CE in pharmaceutical 
analysis. 
 
Multidimensional Capillary Electrophoresis 

Multidimensional CE techniques involve the sequential use of multiple separation modes to enhance 
separation efficiency and peak capacity. By combining different separation mechanisms such as capillary zone 
electrophoresis (CZE), micellar electrokinetic chromatography (MEKC), and capillary isoelectric focusing 
(CIEF), multidimensional CE enables the separation of complex samples with improved resolution. 
 
Capillary Electrophoresis in Continuous-Flow Systems 

Continuous-flow capillary electrophoresis (CF-CE) involves the continuous injection and separation of 
samples, enabling continuous monitoring and real-time analysis. CF-CE systems have advantages such as high 
sample throughput, reduced sample consumption, and the ability to perform online monitoring of reactions and 
processes. CF-CE has found applications in areas such as process analysis, quality control, and monitoring of 
pharmaceutical manufacturing. 
 
Capillary Electrophoresis in Quality Control and Process Analytical Technology (PAT) 

Capillary electrophoresis is increasingly being employed as a quality control tool in the pharmaceutical 
industry. CE methods offer rapid and reliable analysis of pharmaceutical raw materials, finished products, and 
process intermediates. Moreover, CE is compatible with the principles of Process Analytical Technology (PAT), 
which aims to ensure quality control throughout the manufacturing process by utilizing real-time and in-line 
analysis. 
 
Capillary Electrophoresis for Biotherapeutic Analysis 

CE has gained prominence in the analysis of biotherapeutic drugs such as proteins, peptides, and 
monoclonal antibodies. CE methods enable the separation and characterization of complex protein mixtures, 
determination of protein purity, assessment of post-translational modifications, and monitoring of protein-protein 
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interactions. The development of high-resolution CE methods and hyphenation with mass spectrometry has 
contributed to the advancement of biotherapeutic analysis. 
 
Integration of Capillary Electrophoresis with Other Separation Techniques 

CE is often combined with other separation techniques to enhance separation capabilities and broaden 
its applicability. For instance, the coupling of CE with liquid chromatography (LC) or supercritical fluid 
chromatography (SFC) enables comprehensive analysis by utilizing the complementary selectivity of the 
techniques. These hyphenated techniques offer improved separation of complex mixtures and compatibility with 
a wide range of analytes. 
 
Capillary Electrophoresis for Impurity Analysis 

CE has proven to be valuable in the analysis of impurities and degradation products in pharmaceutical 
formulations. It offers high separation efficiency and sensitivity, allowing for the detection and quantification of 
impurities at low levels. CE methods, such as capillary zone electrophoresis (CZE) and micellar electrokinetic 
chromatography (MEKC), have been developed for impurity profiling and characterization in pharmaceutical 
samples. 

These emerging trends in capillary electrophoresis for pharmaceutical analysis demonstrate the 
continuous advancements and applications of the technique in various areas of drug analysis, quality control, and 
process monitoring. 
 
Capillary Electrophoresis in Biopharmaceutical Quality Control 

CE is being increasingly utilized for the quality control of biopharmaceuticals, including protein 
therapeutics and biosimilars. CE methods can provide detailed characterization of protein-based drugs, including 
determination of protein size, charge heterogeneity, glycosylation patterns, and aggregation levels. These analyses 
are critical for ensuring the safety and efficacy of biopharmaceutical products. 
 
Capillary Electrophoresis for Nucleic Acid Analysis 

CE has found applications in nucleic acid analysis, including DNA sequencing, genotyping, and 
detection of genetic mutations. Capillary electrophoresis offers high-resolution separation of DNA fragments 
based on size and can be coupled with fluorescence detection or mass spectrometry for sensitive and accurate 
analysis of nucleic acids. CE-based methods are used in pharmacogenomics, forensic DNA analysis, and genetic 
disease diagnostics. 
 
Capillary Electrophoresis for Drug Metabolite Profiling 

CE methods are employed for the analysis of drug metabolites, which are the byproducts formed when 
drugs undergo metabolic transformations in the body. Capillary electrophoresis enables the separation and 
identification of drug metabolites, aiding in understanding drug metabolism pathways, assessing drug efficacy, 
and identifying potential drug-drug interactions. 
 
Capillary Electrophoresis for Pharmaceutical Counterfeit Detection 

CE has emerged as a valuable tool for the detection and characterization of counterfeit pharmaceutical 
products. CE methods can distinguish between genuine and counterfeit drugs by analyzing the composition and 
quality of the active pharmaceutical ingredients (APIs) and excipients. CE-based techniques, such as chiral 
analysis and impurity profiling, can help in identifying counterfeit drugs and ensuring patient safety. 
 
Capillary Electrophoresis for Environmental Analysis of Pharmaceuticals 

CE is being increasingly employed for the analysis of pharmaceutical residues in environmental samples 
such as water, soil, and biota. Capillary electrophoresis allows for the sensitive detection and quantification of 
pharmaceuticals and their metabolites in complex environmental matrices. These studies aid in assessing the 
environmental impact of pharmaceuticals and developing strategies for their mitigation. 
 
Capillary Electrophoresis for Pharmacokinetic Studies 

CE methods have been utilized in pharmacokinetic studies to determine the concentration of drugs and 
their metabolites in biological fluids such as blood, plasma, and urine. Capillary electrophoresis provides rapid 
analysis, high sensitivity, and small sample volume requirements, making it suitable for pharmacokinetic studies 
and drug monitoring during clinical trials. 
Capillary Electrophoresis for Continuous Monitoring of Drug Release10 

CE techniques have been employed for real-time monitoring of drug release from pharmaceutical 
formulations, such as controlled-release systems and implants. Capillary electrophoresis allows for the 
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characterization of drug release profiles and the evaluation of release kinetics, which are essential for optimizing 
drug formulations and ensuring consistent drug delivery. 

These emerging trends in capillary electrophoresis for pharmaceutical analysis demonstrate the 
versatility and applicability of the technique in various areas of drug analysis, quality control, environmental 
monitoring, and therapeutic monitoring. Researchers and analysts continue to explore new methodologies and 
applications to advance the field of capillary electrophoresis in pharmaceutical analysis. 
 
CONCLUSION 
 

Capillary Electrophoresis (CE) has emerged as a powerful analytical tool in pharmaceutical analysis, 
offering high separation efficiency, rapid analysis time, and low sample consumption. This review provides a 
comprehensive overview of the emerging trends in CE for pharmaceutical analysis, highlighting the advancements 
in instrumentation, sample preparation, and detection strategies. The applications of CE in various areas of 
pharmaceutical analysis demonstrate its potential to enhance drug discovery, quality control, and bioanalysis. 
Continued research and development in CE are expected to further expand its applications and contribute to the 
advancement of pharmaceutical sciences. 
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