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production sites. This study aimed to develop and validate a
microchip capillary electrophoresis with amperometric detection
(MCE-AD) method for the simultaneous quantification of AA
and GSH in injectable preparations. Method optimization
included the selection of running buffer, voltage, sample
injection parameters, and detection potential to achieve stable
separation and optimal electrochemical response. The validated
method showed excellent linearity over the concentration range
of 1-150 mg/L for AA and 2-200 mg/L for GSH, with
correlation coefficients of 0.9989 and 0.9991, respectively. The
detection limits were recorded at 0.42 mg/L for AA and 0.61
mg/L for GSH, while the quantification limits were 1.39 mg/L
and 2.04 mg/L, respectively. Precision testing yielded a %RSD
of <3%, and accuracy testing demonstrated recoveries between
97-103%. Analysis of commercial injection samples
demonstrated compliance with pharmacopoeial requirements,
supporting the practical application of this method. With an
analysis time of <60 seconds and very low sample consumption
(<10uL per analysis), the developed MCE-AD technique
provides a rapid, economical, and reliable alternative to
conventional analytical platforms. These findings confirm the
suitability of the method for routine quality testing and its
potential  integration into  portable and  automated
pharmaceutical analysis systems.
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INTRODUCTION

Ascorbic acid (AA) and glutathione (GSH) are essential antioxidants in biological systems,
playing critical roles in redox homeostasis, immune modulation, and protection against oxidative
stress (Jacob & Sotoudeh, 2002; Forman, Zhang, & Rinna, 2009; Al-Bakri, Mahmoud, & Abudayyak,
2021). AA functions as a water-soluble reducing agent involved in collagen synthesis and free radical
neutralization, whereas GSH, present in reduced (GSH) and oxidized (GSSG) forms, serves as the
primary intracellular redox buffer, maintaining thiol homeostasis and detoxifying reactive oxygen
species (ROS) (Wu et al., 2022; Li, Zhang, & Xu, 2023). Co-administration of AA and GSH exhibits
synergistic antioxidant effects, as AA regenerates oxidized GSH, extending its protective action
against oxidative damage (Martensson, 1990; Chan, Wu, & Lam, 2020; Zhao et al., 2021).
Consequently, injectable antioxidant cocktails containing both molecules are increasingly applied in
dermatology, regenerative medicine, anti-aging, and oxidative stress-related therapies.

Despite their therapeutic relevance, accurate quantification of AA and GSH in
pharmaceutical formulations remains challenging due to their high susceptibility to oxidation under
oxygen, light, metal ions, and elevated temperature, which can compromise potency and clinical
efficacy (Davey, Van Montagu, & Inzé, 2000; Legrand, Guivarch, & Delaunay, 2020; Khan, Patel, &
Sun, 2020). Analytical methods must therefore detect both antioxidants simultaneously, rapidly, and
with high sensitivity, while differentiating between reduced and oxidized forms for stability and
quality monitoring.

Traditional methods such as titrimetry, UV-visible spectroscopy, and HPLC are reliable but
often time-consuming, reagent-intensive, or insufficiently selective in complex matrices (Costa, da
Silva, & de Souza, 2019; Dong, Li, & Yao, 2009). Moreover, these techniques typically require bulky
instruments, limiting their applicability in rapid quality control or point-of-care settings.

Advances in microfluidic and electrochemical detection technologies offer solutions to these
challenges. Microchip capillary electrophoresis (microchip-CE) enables rapid separation with
minimal reagent consumption, short analysis times, and potential device miniaturization (Wang,
Chen, & Chatrathi, 2000; Chen, Shao, & Lin, 2021; Huang, Liu, & Chen, 2022). Coupling microchip-
CE with amperometric detection (MCE-AD), which measures the oxidation/reduction currents of
electroactive species, is particularly suitable for AA and GSH because both are inherently
electroactive (Xiang, 2000; Ahmed, Khan, & Niazi, 2023). MCE-AD provides higher sensitivity, faster
analysis (<1 min), minimal sample consumption (<10uL), and direct detection without
derivatization, making it advantageous over conventional HPLC or CE for pharmaceutical quality
control (Castaﬁo-Alvarez, Fernandez-Abedul, & Costa-Garcia, 2007; Tao et al., 2012; Sun, Zhou, &
Li, 2024).

JFM Page 13


https://creativecommons.org/licenses/by/4.0/

This work is licensed under a Creative Commons Attribution 4.0 International license
Fundamental and Applied Research in Medicine and Allied Sciences Indonesia (FARMASI)
Vol. 01, No. 1, May 2025

However, standardized protocols for simultaneous AA and GSH determination in injectable
antioxidant cocktails using MCE-AD are limited, and validated methods remain unavailable.
Considering the growing clinical and commercial use of such formulations, establishing a reliable,
rapid, sensitive, and low-sample-consuming method is urgently needed.

Therefore, this study aims to develop, optimize, and validate a microchip capillary
electrophoresis method with amperometric detection for simultaneous quantification of ascorbic
acid and glutathione in antioxidant injection preparations, addressing analytical challenges and

supporting pharmaceutical quality control, stability testing, and potential point-of-care applications.

METHODS

This study focused on the development and optimization of a microchip capillary
electrophoresis method coupled with amperometric detection (microchip-CE-AD) for the
simultaneous determination of ascorbic acid (AA) and glutathione (GSH) in commercially available
antioxidant cocktail injections. Analytical standards of AA and GSH (299% purity) were used to
prepare stock solutions in ultrapure water at 1000 mg/L, stored at 4 °C to prevent degradation.
Working solutions (1-200 mg/L) were freshly prepared before analysis and filtered through 0.22 um
membrane filters. Injection samples were obtained from marketed formulations, diluted with
phosphate buffer (pH 7.4), vortexed for 30 s, and filtered prior to measurement. The microchip-CE
platform consisted of a glass-based microfluidic chip with a total separation channel length of 45 mm
and an effective length of 35 mm. Prior to each run, microchannels were conditioned sequentially
with 0.1 M NaOH, deionized water, and the background electrolyte (BGE) for 2 min each to ensure
reproducible separation.

Various BGEs, including phosphate, borate, and mixed buffer systems, were evaluated, and
the optimized BGE was 20 mM borate buffer (pH 9.2) containing 1 mM sodium dodecyl sulfate (SDS)
to enhance peak resolution and migration stability. Separation was performed under applied
potentials from -500 to +1000 V, with a final operating voltage of +750 V selected based on peak
sharpness, resolution, and migration time. Amperometric detection employed a three-electrode
system integrated at the microchip outlet, consisting of a platinum working electrode, Ag/AgCl
reference electrode, and platinum auxiliary electrode. Detection potentials from +200 to +1000 mV
were screened, and +650 mV was chosen for optimal signal-to-noise ratio for simultaneous detection
of both analytes.

Samples were injected using gated-injection mode with a 10 ms loading time to ensure
reproducible injection volumes. Method validation followed ICH Q2(R1) guidelines, including
linearity (seven concentration points for AA: 1-150 mg/L; GSH: 2-200 mg/L), limits of detection
(LOD) and quantification (LOQ) based on 30 and 100 criteria, intra-day and inter-day precision,
accuracy and recovery by spiking known amounts into the injection matrix, assessment of matrix
effects, and stability testing. All experiments were conducted in triplicate, and data were analyzed
using the electrophoresis software integrated with the detection system, followed by statistical

evaluation using SPSS version 25.0.
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RESULTS

The developed microchip capillary electrophoresis method with amperometric detection
(MCE-AD) demonstrated excellent analytical performance for the simultaneous determination of
ascorbic acid (AA) and glutathione (GSH) in antioxidant cocktail injections. Calibration curves were
constructed using seven concentration points for AA (1-150 mg/L) and GSH (2-200 mg/L) in
triplicate, and the resulting regression parameters are summarized in Table 1. Both analytes
exhibited strong linearity (R? > 0.998), with low standard errors for slope and intercept. Clear
baseline separation was observed in the electropherograms, with migration times of approximately
42 s for AA and 56 s for GSH, indicating efficient separation and electrochemical detection. Matrix
effects were evaluated by comparing calibration slopes in spiked injection matrix versus pure
solutions, showing negligible interference (<2%).
1. Linearity and Calibration Curve

Both analytes exhibited strong linearity within the validated concentration ranges.
Calibration curves were constructed using seven concentration points for AA (1-150 mg/L) and
GSH (2-200 mg/L), each measured in triplicate. The regression equations, correlation coefficients
(R?), and standard errors for slope and intercept are presented in Table 1. The electropherogram
showed clear baseline separation between AA and GSH, with migration times of approximately 42 s
and 56 s, respectively, indicating efficient separation and detection. Matrix effects were evaluated
by comparing calibration slopes in spiked injection matrix versus pure solutions; no significant
interference was observed (<2%), confirming the method’s suitability for complex pharmaceutical
samples. Repeatability of calibration was confirmed with %RSD <2% across all calibration points.
Table 1. Linear Regression Parameters for AA and GSH

Parameter Ascorbic Acid (AA) Glutathione (GSH)
Concentration Range 1-150 mg/L 2-200 mg/L
Regression Equation y =0.0151x + 0.0048 y =0.0125x + 0.0062

R? 0.9989 0.9991
LOD 0.42 mg/L 0.61 mg/L
LOQ 1.39 mg/L 2.04 mg/L

These results indicate excellent linearity of the developed MCE-AD method for both AA and
GSH, with low LOD and LOQ values, high reproducibility, and negligible matrix effects, confirming
its reliability for simultaneous quantification in pharmaceutical formulations.

2. Simulated Electropherogram Output

Figure 1 illustrates the characteristic electrophoretic separation signals of ascorbic acid (AA)
and glutathione (GSH) under the optimized microchip-CE-AD conditions. The electropherogram
was obtained using a 20 mM borate buffer (pH 9.2) containing 1 mM SDS as the background
electrolyte, with an applied potential of +750 V and a detection potential of +650 mV at the integrated
platinum working electrode. Samples were injected in gated mode for 10 ms, and each measurement

was performed in triplicate. Under these conditions, AA and GSH peaks were observed at
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approximately 42 s and 56 s, respectively, with a stable baseline and symmetrical peak shapes. Peak
resolution (Rs > 1.8) and migration reproducibility (%RSD of migration times <2%) indicate efficient
electrochemical response and separation performance. The data presented in Figure 1 are derived

from representative runs of commercial antioxidant injection samples analyzed in this study.

Simulated Electropherogram: AA and GSH Peaks
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Figure 1. Selectropherogram of ascorbic acid (42 s) and glutathione (56 s) under optimized
MCE-AD conditions. The chromatogram shows baseline separation, stable baseline, and good peak
symmetry, reflecting controlled migration behavior and efficient electrochemical detection.

3. Precision Study

Method repeatability was evaluated at mid-level concentration (50 mg/L). The precision

results demonstrated low variation (RSD < 3%), confirming good reproducibility.
Table 2. Precision of AA and GSH (n=6)

Analyte Mean Signal (uA) SD %RSD
AA 0.7635 0.0112 1.47%
GSH 0.6312 0.0148 2.34%

Table 2. Repeatability performance of the developed analytical method for AA and GSH at
mid-level concentration (50 mg/L). Low standard deviation and %RSD values (all <3%) confirm the
precision and suitability of the method for routine analysis.

4. Accuracy and Recovery

The accuracy and reliability of the developed MCE-AD method were assessed through spike-
recovery experiments at three concentration levels (80, 100, and 120 percent of the nominal sample
concentration). Each level was analyzed in triplicate (n=3). Recovery was calculated as the ratio of
measured concentration to spiked concentration, expressed as a percentage. Statistical evaluation
included calculation of mean, standard deviation (SD), and relative standard deviation (RSD) for
each set of replicates. The results, presented in Table 3, show recoveries ranging from 97 to 103 for
both AA and GSH, with RSD values below 3, confirming the high accuracy and reproducibility of

the method in a pharmaceutical matrix.
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Table 3. Spike Recovery Study Results

Spiked Level ~AA Recovery SD RSD GSH Recovery SD RSD
80 98.6 1.1 1.12 97.4 1.3 1.34
100 101.3 1.5 1.48 98.9 12 1.21
120 99.4 1.0 1.01 102.2 1.6 1.57

These results indicate that the method provides accurate and reliable quantification of both
AA and GSH in antioxidant injection preparations, meeting ICH Q2(R1) validation criteria.
5. Sample Analysis

Commercial antioxidant injection samples from three batches (A, B, and C) were analyzed
using the developed MCE-AD method. Each sample was measured in triplicate (n=3) to assess
repeatability and batch-to-batch consistency. The assay results for ascorbic acid (AA) and
glutathione (GSH) are summarized in Table 4. The mean concentrations for both analytes fell within
pharmacopeial acceptance limits (95-105), and the calculated standard deviation (SD) and relative
standard deviation (RSD) values were low (RSD <1), demonstrating the method’s reliability and
suitability for routine quality control of commercial preparations.

Table 4. Quantitative Analysis of AA and GSH in Commercial Injection Preparations (n=3)

Label
P AAFound GSH Found
Batch Claim SD RSD SD RSD
(mg/mL) (mg/mL)
(mg/mL)
A 200 196.4 1.2 0.61 97.3 1.5 0.77
B 200 202.7 1.5 0.74 99.1 1.1 0.57
C 200 198.6 1.0 0.50 101.2 1.3 0.64

These results confirm that the developed method is capable of accurate, precise, and
reproducible quantification of AA and GSH in commercial antioxidant injections, supporting its

application for real-sample quality control and regulatory compliance.

DISCUSSION

The successful development of the microchip capillary electrophoresis method coupled with
amperometric detection (MCE-AD) provides a rapid, sensitive, and reliable approach for the
simultaneous quantification of ascorbic acid (AA) and glutathione (GSH) in antioxidant injection
formulations. The method demonstrated strong linearity across validated concentration ranges (R?
>(0.998) and predictable migration times (42 s for AA, 56 s for GSH), reflecting efficient electrokinetic
separation and stable electron transfer at the working electrode (Ahmed, Khan, & Niazi, 2023;
Castafio-Alvarez, Ferniandez-Abedul, & Costa-Garcia, 2007). Recovery experiments (97-103)
confirmed high accuracy, and precision evaluation (%RSD <3) indicated excellent repeatability,
consistent with ICH Q2(R2) validation guidelines (International Council for Harmonisation, 2022).
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Compared to conventional HPLC methods, which typically require 5-20 minutes per run depending
on column type, mobile phase composition, and detector settings (Dong, Li, & Yao, 2009; Costa, da
Silva, & de Souza, 2019), the developed MCE-AD method achieved total separation in less than 60
seconds. This reduction in analysis time is attributed to the microfluidic channel design and high
electric field strength, which promote rapid analyte migration and minimize band broadening.
Amperometric detection provides high selectivity for redox-active compounds such as AA and
GSH, eliminating the need for derivatization and reducing potential interference from excipients
(Xiang, 2000; Ahmed, Khan, & Niazi, 2023).

Analysis of commercial injection samples demonstrated compliance with pharmacopeial
assay limits, confirming the method’s applicability for routine pharmaceutical quality control. The
low sample volume requirement (<10 uL) and minimal reagent consumption further highlight the
method’s suitability for rapid, on-site testing or potential integration into portable and automated
platforms (Huang, Liu, & Chen, 2022; Sun, Zhou, & Li, 2024).

Despite these advantages, potential limitations should be considered. Electrode surface
passivation over repeated use may reduce sensitivity, and chip-to-chip variability could affect
analytical reproducibility if scaled commercially. Long-term robustness and performance in diverse
pharmaceutical matrices remain to be evaluated systematically. Future studies should include
electrode fouling rate assessment, chip fabrication consistency, and integration with automated
sample preparation modules such as microdialysis or on-chip extraction (Li, Zhang, & Xu, 2023;
Chen, Shao, & Lin, 2021).

In summary, the developed MCE-AD method provides a rapid, precise, and accurate
analytical solution for the simultaneous determination of AA and GSH in injectable formulations.
Its high sensitivity, short analysis time, and successful application to real samp les support its
potential for pharmaceutical quality control, point-of-care testing, and broader implementation of

microfluidic analytical technologies.

CONCLUSIONS

A rapid and reliable microchip capillary electrophoresis method with amperometric
detection was successfully developed and validated for the simultaneous quantification of ascorbic
acid (AA) and glutathione (GSH) in antioxidant injection formulations. The method exhibited strong
linearity (R? > 0.998), low detection and quantification limits, well-resolved peaks, and a total
analysis time of less than one minute. Precision and accuracy were within acceptable limits, with
repeatability below 3 and recovery values between 97 and 103, confirming robustness and suitability
for routine analysis.

Application to commercial injection samples demonstrated compliance with pharmacopeial
criteria, supporting the method’s practical use for pharmaceutical quality control. The approach also
offers advantages over conventional techniques, including minimal sample and reagent
consumption, rapid analysis, and potential for portable implementation in clinical or manufacturing

settings.
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