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ABSTRACT:

Microchip electrophoresis (ME), a scaled-down version of traditional capillary electrophoresis (CE), has become a potent analytical tool for the separation and
measurement of several compounds with significant biological and pharmacological applications. These systems significantly reduce reagent and sample
consumption, shorten analysis times, and allow integration of sample preparation, separation, and detection on a single device by limiting electrophoretic
separations to microfabricated channels etched or molded into glass, quartz, silicon, or polymeric substrates [1, 3]The basic working principles of microchip
electrophoretic systems, the materials and fabrication techniques utilized to construct them, the frequently used injection and separation modes, and the detecting
technologies related to these devices are all summarized in this paper. Their use in nucleic acid analysis, immunoassays, protein and peptide characterization, and
pharmaceutical quality control is given special emphasis. The remaining difficulties and the prospects for clinical and industrial translation are also discussed .
Widespread use is nevertheless hampered by issues such restricted sample loading capacity, fabrication complexity, repeatability, surface adsorption, and
commercialization hurdles, despite its many benefits. It is expected that these limitations will be solved by ongoing research concentrating on better chip
fabrication, increased sensitivity, reliable surface modification techniques, and fully integrated portable analytical systems. All things considered, microchip
electrophoresis is a potent, effective, and economical separation platform with considerable potential to supplement or replace traditional analytical methods in
pharmaceutical and biological applications. It is projected that additional developments in microfabrication, materials science, automation, and detecting

technologies will solidify MCE's position as a crucial technology for upcoming analytical and diagnostic systems.

Keywords: Lab-on-a-chip, drug analysis, microfluidics, microchip electrophoresis, and clinical diagnostics

1. Introduction:-

Capillary electrophoresis is particularly valued for its excellent separation efficiency, minimal sample and solvent requirements, and compatibility
with a broad range of charged analytes, including small drug molecules and large macromolecules [3]. The field of microchip electrophoresis (ME),
sometimes known as microchip capillary electrophoresis (MCE), emerged as a result of researchers' efforts to transfer these electrophoretic separations
onto microfabricated chips since the early 1990s [1].

Miniaturization of electrophoretic separations is driven by the larger micro-total-analysis-system (micro-TAS) or lab-on-a-chip concept, which
aims to integrate sampling, sample pretreatment, chemical reaction, separation, and detection onto a single, portable platform [8]. In addition to
consuming less reagent and sample, reducing the separation channel's dimensions allows for faster heat dissipation, higher electric fields, and ultimately
faster and more effective separations than are normally possible in traditional capillary format [8].

Early research on integrated microchip devices showed that complex multistep analytical workflows could be condensed onto a single
microfabricated substrate by coupling on-chip electrophoretic channels with post-column chemical reactors [6]. The numerous applications covered by
were made feasible in this review. this proof of concept, which established microchip electrophoresis as a competitive substitute for slab-gel and
capillary-format separations for biomedical and pharmaceutical analysis [1,6].

The main application areas of DNA and genetic analysis, immunoassays, protein and peptide analysis, and pharmaceutical quality control are
examined after the technical underpinnings of microchip electrophoretic systems—fabrication materials, channel design, injection techniques, and
detection modes—are described. A discussion of the devices' present shortcomings and future potential for incorporation into standard clinical and
industrial practice rounds out the review.[1]
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Nomenclature:
. Microchip Electrophoresis, or MCE
e  Deoxyribonucleic Acid, or DNA
. Laser-Induced Fluorescence, or LIF

2.Principles of Microchip Electrophoresis:

The movement of charged analytes through microfabricated microchannels under the influence of a strong electric field is the basis of microchip
electrophoresis (MCE). Because analytes have varying electrophoretic mobilities based on their charge-to-size ratio, separation takes place [1, 2].

In MCE, the microchip is filled with a tiny possibility for the amount of sample (nanoliter to picoliter range). Analytes move in the direction of the
electrode with the opposite charge when a high voltage is applied across the separation channel. The buffer solution is simultaneously moved through
the microchannel by electroosmotic flow (EOF). Different molecules can be separated quickly and effectively thanks to the combined effects of
electrophoretic mobility and EOF [1, 3].

Analytes with higher electrophoretic mobility move faster than those with lower mobility, enabling high-resolution separation in a matter of seconds.
Compared to traditional capillary electrophoresis, the short separation distance and strong electric field enable quicker analysis, lower sample and
reagent consumption, and better analytical efficiency [2, 4].

Components of Microchip Electrophoresis Seperation System :
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3.Chip Fabrication and Material:

The chip material and manufacturing procedure has a big impact on microchip electrophoresis (MCE) performance. Glass, silicon, quartz, and polymers
(poly(dimethylsiloxane) (PDMS), polymethyl methacrylate (PMMA), and cyclic olefin copolymer (COC)) are common materials [1,2]. While polymer
materials are cheap, disposable, and appropriate for mass production, glass and quartz offer superior chemical resistance and stable electroosmotic flow
(2,3].
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Photolithography, wet or dry etching, laser micromachining, hot embossing, injection molding, and soft lithography are some of the methods used to
create microchips [1,3]. Among these, photolithography is frequently used for silicon chips and glass, whereas soft lithography is frequently used for
PDMS devices because of its affordability and ease of use [2,4].

MCE is appropriate for pharmaceutical analysis and biomedical diagnostics because the right materials and fabrication techniques enhance separation
efficiency, reproducibility, mechanical strength, and biocompatibility [2, 4].

3.1.Injection and Separation Design Considerations:

The quality of the separations obtained downstream is directly impacted by the injection intersection's design. Sample leakage into the separation
channel during the loading step can cause simple cross- and double-T geometries to widen the injected plug and lower resolution [10]. In order to
minimize sample leakage and deliver a more compact, higher-concentration sample plug into the separation channel, modified injector geometries, such
as angled or U-shaped injection channels combined with expansion chambers at the separation channel inlet, have been developed and demonstrated
through both experimental and numerical analysis [10].

The electrokinetic loading and dispensing voltage program itself can be customized to shape the sample plug in addition to the injector geometry. By
controlling the injected plug's volume and shape, discrete, time-based loading and dispensing schemes have improved detection resolution without
necessitating modifications to the channel's physical geometry [10]. These injector-design techniques demonstrate that obtaining the quick, high-
resolution separations that microchip electrophoresis is valued for in biomedical and pharmaceutical analysis requires careful engineering of both the
physical microchannel network and the applied voltage sequence [10].

3.2. Detection Strategies:

Sensitive detection is necessary to make up for the small amount of material available for analysis at the detection zone because microchip
electrophoresis channels have incredibly small internal volumes and correspondingly short optical path lengths. Microchip Electrophoresis apparatuses
have been effectively interfaced with a number of detection modalities, and the type of target analyte and the necessary limit of detection frequently
determine which detector to use [14].

3.3.0pfical and Fluorescence Detection:

Because of its exceptional sensitivity and selectivity, laser-induced fluorescence (LIF) is the most widely used optical detection method in microchip
electrophoresis, enabling the detection of fluorescently tagged proteins, peptides, DNA, and other biomolecules at incredibly low concentrations
[17,18]. Both naturally fluorescent and non-fluorescent compounds can be analyzed using LIF because it can function in both direct and indirect
detection modes [14]. It is frequently utilized in genetic testing to accurately separate and analyze PCR-amplified fluorescently labeled DNA fragments
[13].

Recent advancements in portable miniaturized LIF systems and LED-induced fluorescence have greatly decreased the size and cost of instruments
without sacrificing sensitivity. These developments have increased the application of microchip electrophoresis in pharmaceutical analysis, clinical
diagnostics, and point-of-care testing [13,17].

3.4.Electrochemical and Conductivity Detection:

Because it doesn't require analyte labeling and can be readily scaled down and incorporated into microchip electrophoresis systems, electrochemical
detection is a useful substitute for optical techniques [9]. With electrodes placed outside the separation channel to prevent direct contact with the buffer,
One of these techniques that is commonly employed for the sensitive detection of ionic analytes is capacitively coupled contactless conductivity
detection (C-D) [9]. Recent advancements have improved fabrication reproducibility by integrating C-D electrodes using printed-circuit-board (PCB)
technology [9]. Furthermore, automated sample preparation and analysis are made possible by combining solid-phase extraction (SPE) with microchip
electrophoresis and C-D, which makes it appropriate for trace-level detection in complex biological and food samples [8].

4.Mass Spectrometry Coupling:

For the characterization of biopharmaceuticals, such as therapeutic proteins and their post-translational modifications, including glycosylation patterns
important for biomarker discovery, band molecular-weight information in addition to separation [15]. The coupling strategy of capillary electrophoresis
coupled to mass spectrometry, which has been established as an important tool for the analysis of biomolecules more generally, has influenced the
design of microchip-based interfaces intended to maintain the resolving power of electrophoretic separation while adding the specificity of mass
spectrometric detection [16,17].
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5.Biomedical Applications :
5.1.DNA Sequencing and Genetic Analysis:

DNA sequencing and genetic analysis, It makes use of capillary gel electrophoresis to size-separate DNA fragments with high resolution in extremely
short analysis times, is one of the earliest and most popular applications of microchip electrophoresis [1]. The application of heteroduplex analysis
techniques to electrophoretic platforms based on microchips and Capillaries are now more useful for mutation screening. These methods identify minor
sequence changes like deletions, insertions, and substitutions by contrasting theelectrophoretic mobility of heteroduplex and homoduplex DNA [17].
The combination of microchip electrophoresis and fluorescence detection of polymerase-chain-reaction products has been proposed as a route toward
decentralized, point-of-care genetic diagnostics because it does not require heavy slab-gel electrophoresis equipment while retaining the ability to
resolve DNA fragments and their amplification primers [13]. It is believed that continuous reductions in the size and cost of the associated optical and
fluidic hardware are necessary to transform these devices from research labs into field-deployable genetic testing instruments [13].

5.2.Immunoassays :

Microchip electrophoresis has become an essential platform for immunoassays, which rely on the specific interaction between an antibody and its
corresponding antigen for the detection and quantification of target analytes [19]. After the antibody—antigen complex is separated from the free antigen
by electrophoresis in electrophoretic immunoassays, the concentration of the analyte is determined by measuring the relative amounts of the bound and
free forms, most commonly using laser-induced fluorescence (LIF) detection [18,19]. This technique provides rapid, highly sensitive, automated
analysis with great separation efficiency and uses very little sample volume.Additionally, electrophoretic immunoassays simplify the analytical
workflow and shorten analysis times by doing away with the washing steps necessary in many traditional immunoassay techniques. Microchip
electrophoresis is ideal for clinical diagnostics, biomarker detection, infectious disease testing, hormone analysis, and pharmaceutical research because
of these benefits [18,19].

5.3.Protein and Peptide Analysis:

Proteins and peptides are frequently analyzed using microchip electrophoresis in biochemical research and biopharmaceutical quality control [15].
Therapeutic proteins can be characterized according to their charge, size, and glycosylation patterns using methods like capillary isoelectric focusing
(CIEF), capillary gel electrophoresis (CGE), and capillary zone electrophoresis (CZE), which are often coupled with mass spectrometry (MS) or laser-
induced fluorescence (LIF) [15]. These methods are also used for protein glycan analysis, biomarker development, genotyping, and small-molecule
detection in clinical samples to improve illness diagnosis and monitoring [15]. Although microchip electrophoresis has shown a lot of promise for
point-of-care clinical diagnostics, problems with sample preparation, instrument robustness, and regulatory licensing still keep it from being widely
used on a regular basis [15].

5.4. Toxicological and Cell-Based Studies:

Microchip electrophoresis combined with laser-induced fluorescence or the application of electrochemical sensing biological and toxicological research
in addition to diagnostic applications. Examples of these applications include high-throughput single-cell gene expression profiling and the
simultaneous measurement of antioxidants and reactive oxygen and nitrogen species in biological fluids [20]. These uses support the role of microchip
electrophoresis in drug discovery and development pipelines by extending its use beyond basic analyte quantitation to mechanistic investigations of
drug-organ interactions, safety, and toxicity [20].

Marketing of microchip electrophoresis:-

Microchip Electrophoresis Market
Value (USD Billion) Analysis, 2025-2035
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The Microchip Electrophoresis Market is estimated to be valued at USD 2.9 billion in 2025 and is projected to reach USD 6.3 billion by 2035,
registering a compound annual growth rate (CAGR) of 7.8% over the forecast period.

6.Pharmaceutical Applications:
6.1.Drug Quality Control and Quantitation:

As a quick and affordable substitute for traditional methods such as (HPLC)high-performance liquid chromatography , microchip electrophoresis has
become a promising tool for anlaysis of pharmaceuticals and quality control [5]. It is appropriate for routine pharmaceutical testing because it offers
quick analysis times, low reagent consumption, and little sample preparation [5]. It is sufficient for many biotechnological and pharmaceutical
applications, despite having a slightly lower precision than HPLC [5]. Microchip electrophoresis has been effectively used to analyze antiepileptic
medications, such as vigabatrin, pregabalin, and gabapentin, using LED-induced fluorescence detection and to simultaneously determine several
nonsteroidal anti-inflammatory drugs (NSAIDs) using conductivity detection [2,5]. Microchip electrophoresis is a useful method for drug analysis,
quality assurance, and pharmaceutical research because of these benefits.

6.2.Chiral Separation and Complex Matrices:

Because enantiomers of a drug substance can differ significantly in their pharmacological activity and safety profile, chiral separation is particularly
important in pharmaceutical analysis. The potential of on-chip selective sample pretreatment in conjunction with electrophoretic separation for chiral it
has been shown that pharmacological analysis by the quick enantioseparation of amino acids like tyrosine in less than a minute using microchip
electrophoresis platforms embedding molecularly imprinted stationary phases [8].Microchip electrophoresis can be utilized for rapid, on-site analysis of
complex real-world samples, as demonstrated by the quantification of dyes and amino acids in complex food and cosmetic matrices using integrated
platforms; recovery values have been validated against traditional HPLC techniques [8].

6.3.Green Analytical Chemistry Considerations:

In the development of pharmaceutical and biological analytical techniques, sustainability and greenness are becoming increasingly significant.
Miniaturization, a reduction in analytical waste and energy consumption, and the use of less dangerous solvents and reagents are some of these trends
[2]. Because microchip electrophoresis only needs nanoliter-to-microliter amounts of sample and reagent by design, it strongly aligns with the
principles of green analytical chemistry. In contrast to traditional methodologies, several measures have been suggested to more impartially evaluate the

environmental performance of such miniature analytical techniques [2].

7.Advantages and Current Challenges :

Low sample and reagent consumption, quick analysis (seconds to minutes), high throughput, and the capacity to combine sample preparation,
separation, and detection on a single microchip are just a few benefits of microchip electrophoresis (MCE) for biomedical and pharmaceutical analysis
[3,5]. Because of these characteristics, MCE is ideal for point-of-care applications, pediatric testing, pharmaceutical quality control, and clinical
diagnostics where quick results an It is necessary to use modest sample volumes [3].

MCE still has certain drawbacks in spite of these benefits. Glass chips are more robust but costly to produce, whereas polymeric chips (like PDMS)
may show analyte adsorption and bubble formation, decreasing separation efficiency [4,12]. Furthermore, advanced detection systems like laser-
induced fluorescence raise instrument costs, and some MCE techniques are less reproducible than traditional HPLC [5,13]. Despite tremendous
advancements, MCE's routine clinical use is still restricted due to issues with device reliability, large-scale production, and regulatory approval [15,18].

8.Future Perspectives:

The size and cost of microchip electrophoresis instrumentation are anticipated to be further reduced by ongoing advancements in low-cost fabrication
materials and techniques, such as thermoplastic polymers, printed circuit board-integrated electrodes, and simplified LED-based fluorescence excitation
and photodiode detection, supporting wider translation into point-of-care and field-deployable diagnostic settings [9,13]. Solid-phase extraction and and
stationary phases with molecular imprints are examples of on-chip sample pretreatment steps that can be integrated with electrophoretic separation and
detection to further streamline analytical workflows and minimize manual handling, especially for complex biological and pharmaceutical matrices [8].
Further adoption of microchip electrophoresis is anticipated due to the growing emphasis on green analytical chemistry principles, as industrial and
regulatory stakeholders prioritize minimizing energy consumption, waste production, and solvent use in the development of analytical methods [2]. As
therapeutic protein products continue to gain clinical significance, combining microchip electrophoresis with mass spectrometric detection is likely to
continue to be a key area of development for the detailed structural characterization of biopharmaceuticals, including glycan and post-translational
modification analysis [15,16].
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9.Conclusion :

From early proof-of-concept devices, microchip electrophoretic separation systems have developed into adaptable analytical platforms that can handle a

wide range of biomedical and pharmaceutical analytical requirements, such as immunoassays, protein and peptide characterization, DNA and genetic

analysis, and pharmaceutical quality control [1,3]. The sensitivity, speed, and integration of these devices have gradually increased due to developments

in chip fabrication materials, injector design, and detection technologies, including contactless conductivity detection, laser- and LED-induced

fluorescence, and mass spectrometry coupling [9,13,15]. Microchip electrophoresis is expected to play an increasingly significant role in decentralized

clinical diagnostics and green, high-throughput pharmaceutical analysis in the years to come, despite ongoing challenges with precision, robustness,

and instrumentation cost [2,5,13]. This is due to ongoing innovation in materials, miniaturized detection hardware, and integrated sample-pretreatment

strategies.
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