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Abstract

Metformin is widely used therapeutically and presents analytical challenges that make it an ideal candidate for applying
Analytical Quality by Design (AQbD) and Design of Experiments (DoE) approaches in pharmaceutical analysis. This review
focuses on reverse-phase high-performance liquid chromatography (RP-HPLC) and capillary electrophoresis (CE) methods for
metformin and its fixed-dose combinations, emphasizing optimization strategies using Box-Behnken Design (BBD) and Central
Composite Design (CCD). It evaluates method performance in terms of sensitivity, accuracy, and analysis time, comparing
seven validated procedures for analytical efficiency, regulatory compliance, and environmental sustainability through greenness
metrics like AGREE and Eco-Scale. The role of experimental design in controlling critical method parameters, risk assessment,
and defining the design space is highlighted, while limitations such as inconsistent lifecycle management and underutilization
of CEMS are discussed. This synthesis offers practical recommendations to enhance analytical robustness, sustainability, and
regulatory adherence, supporting the broader application of AQbD in pharmaceutical quality control.

Keywords: Metformin, Design of Experiments (DoE), Analytical Quality by Design (AQbD), HPLC, Capillary
Electrophoresis, Green Analytical Chemistry, Risk Assessment, Method Validation, Bioanalysis.

1. INTRODUCTION

Type 2 Diabetes Mellitus (T2ZDM) is a long-lasting and gradually worsening metabolic disorder characterized by
the body's resistance to insulin and a decline in insulin secretion, leading to persistently elevated blood sugar
levels [1]. Type 2 Diabetes Mellitus (T2DM) has emerged as a leading non-communicable disease globally, driven
largely by shifts in lifestyle habits, increased urbanization, genetic predispositions, and the growing proportion
of aging populations [2]. In India, over 101 million people currently live with diabetes, and this number is
expected to rise further due to rapid urban migration, shifts in diet, and increasingly sedentary lifestyles. The
significant socioeconomic burden posed by this disease underscores the urgent need for effective treatments and
stringent pharmaceutical quality control measures to ensure that medications are both safe and effective [3; 4].
Metformin is the primary treatment for type 2 diabetes mellitus (T2ZDM) due to its effectiveness in reducing liver
glucose production, enhancing insulin sensitivity, minimizing risk of low blood sugar and weight gain, and its
additional benefits for heart health and metabolic complications [5]. As part of the biguanide class, metformin
helps lower blood sugar primarily by reducing glucose production in the liver, improving the body's uptake of
glucose in tissues, and decreasing how much glucose is absorbed from the intestine [6; 7]. It is commonly
prescribed either alone as initial therapy or combined in fixed-dose formulations with other antidiabetic agents
such as sulfonylureas, DPP-4 inhibitors, and SGLT2 inhibitors [8]. Beyond diabetic management, new data
indicates metformin's therapeutic advantages in oncology, cardiovascular health, aging, and polycystic ovarian
syndrome, hence broadening its clinical applicability [9]. As metformin’s therapeutic importance grows, so does
the need for rigorous, dependable, and reproducible analytical techniquesto ensure the quality, purity, and
stability of metformin-containing formulations [10]. High-performance liquid chromatography (HPLC),
particularly reverse-phase HPLC (RP-HPLC), has established itself as the preeminent analytical method owing to
its exceptional resolution, precision, and sensitivity in pharmaceutical analysis [11; 12]. Likewise, sophisticated
techniques such as capillary electrophoresis (CE) have arisen as supplementary procedures that provide high
efficiency and minimal solvent usage [13; 14]. These procedures are essential not only for standard quality control
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and batch release but also for bioanalytical applications, including pharmacokinetic research and therapeutic
medication monitoring.

The traditional development methodology frequently experiences difficult, time-consuming trial-and-error
methods that are susceptible to variation. The pharmaceutical sector has progressively adopted the Quality by
Design (QbD) framework, which offers a scientific and systematic methodology for method development [15;
16]. In this context, Design of Experiments (DoE) is essential for optimizing analytical parameters, facilitating
the concurrent assessment of several variables, comprehending their interactions, and assuring resilience to tiny
fluctuations [17]. The application of DoE approaches, including Box-Behnken Design (BBD), Central
Composite Design (CCD), and Response Surface Methodology (RSM), enables the establishment of analytical
design spaces, hence promoting method optimization within specified parameters [18; 19]. These tactics not only
diminish the number of experimental runs necessary but also enhance method performance by focusing on
Critical Method Parameters (CMPs) and Critical Quality Attributes (CQAs) [20; 21]. The amalgamation of DoE
with risk-based instruments such as Analytical Failure Mode and Effect Analysis (AFMEA) enhances
methodological reliability and adherence to regulatory standards, including ICH Q8(R2), Q9, and ISO/IEC
17025 [22]. Despite the growing application of DoE in analytical research, there is still a necessity for thorough
studies that integrate these methodologies specifically for the analysis of metformin, encompassing both its
individual and combination dose forms, as shown in Fig 1 [23]. Current research frequently emphasizes singular
method development initiatives, neglecting comparative assessments, critical evaluations, or forward-looking
insights. This review seeks to address the gap by offering a comprehensive overview of DoE-based analytical
methods for metformin, emphasizing chromatographic, electrophoretic, and bioanalytical approaches, while
examining their comparative advantages, limits, and regulatory compliance [24; 25]. The paper develops
information from both landmark and recent studies to record developments in the application of DoE for
metformin analysis, while also providing essential insights into methodological efficiency, method validation
methods, and practical problems as listed in Table 1. This review comprehensively integrates and critically
assesses DoE-based analytical methodologies for metformin and its fixed-dose combinations. It addressed the
shortcomings in current literature by analysing principal forms of Design of Experiments (e.g., Box-Behnken
Design, Central Composite Design), evaluating proven chromatographic and electrophoretic techniques, and
scrutinizing their sensitivity, sustainability, and compliance with regulations.

It examines the function of risk assessment instruments such as Ishikawa diagrams and AFMCEA, while
emphasizing new prospects in green chemistry, CE-MS integration, and Al-driven technique optimization. The
review's findings may inform future AQbD implementation by highlighting design-specific strengths,
sustainability metrics, and integration strategies across chromatographic and electrophoretic methods.
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Fig 1. Overview of Analytical Workflow for Metformin
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2. FUNDAMENTALS OF DOE AND AQBD IN ANALYTICAL METHOD DEVELOPMENT

The integration of DoE into the Analytical Quality by Design (AQbD) framework signifies a transformative
change in pharmaceutical method development, highlighting systematic, science-based, and risk-oriented
strategies that promote analytical robustness, regulatory adherence, and efficiency [26]. In contrast to traditional
one-factor-at-a-time (OFAT) methodologies DoE facilitates the concurrent assessment of multiple variables and
their interactions, markedly improving the reliabilityand reproducibility of analytical techniques [27]. Within
the framework of AQbD, DoE functions as a fundamental instrument for defining a Design Space (DS), a
multidimensional area where method parameters can fluctuate without adversely affecting CQAs [28]. The ICH
QB8(R2) rule asserts that activities within the design space are not deemed alterations and hence do not necessitate
post-approval regulatory reports. This regulatory flexibility is significantly beneficial in the management of
analytical method lifecycles [29; 30].

Table 1. Additional Analytical Studies on Metformin

Analytical Technique = Matrix Key Features Application Citation
HPLC Bulk and Simultaneous determination of Quality control of [31]
Pharmaceutical metformin and gliclazide; validated ~ combination
Dosage Forms method antidiabetic
formulations
HPLC, HPTLC, Pharmaceutical Comprehensive review of various Method selection [32]
Spectrophotometry, Formulations and  analytical methods for metformin guidance for
Electrochemical, Biological Matrices estimation researchers and
Capillary analysts
Electrophoresis, LC-MS
Various Techniques Pure Forms, Review on determination methods ~ Analytical method [33]
Pharmaceutical for metformin and glimepiride in development and
Formulations, different matrices validation
Biological Samples
HPLC, UV Pharmaceutical Review of analytical methods for Reference for method [34]
Spectrophotometry, Formulations and ~ metformin estimation development and
HPTLC, LC-MS Biological Matrices validation
UV Spectrophotometry, Tablet Dosage Development and validation of Routine analysis and  [35]
HPTLC, RP-HPLC Forms and Plasma methods for simultaneous bioanalytical studies
estimation of metformin and
alogliptin
UV Spectrophotometry, Pharmaceutical Review on analytical methods for Quality control and ~ [36]
TLC, HPTLC, HPLC Dosage Forms estimation of empagliflozin, formulation analysis
linagliptin, and metformin
Conductometry Pharmaceutical Green chemistry approach for Environmentally [37]
Formulations conductometric determination of friendly quality
metformin control method
HILIC-MS/MS Herbal Optimization of solid-phase Detection of [38]
Supplements extraction and hydrophilic adulteration in herbal
interaction liquid chromatography ~ products
for metformin detection
HILIC-MS/MS Wastewater Development and validation of Environmental [39]
method for quantifying metformin ~ monitoring of
and other pharmaceuticals pharmaceutical
contaminants
RP-HPLC Active Simultaneous assay of benfotiamine Quality control of [40]
Pharmaceutical and metformin; validated method combination
Ingredients (API) formulations
and Tablets
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RP-HPLC (Central Tablet Dosage Quality by Design (QbD) approach ~ Precision-focused [41]
Composite Design) Forms for method development and quality control
validation; high sensitivity

2.1. Comparative Assessment of BBD and CCD in AQbD

BBD mitigates extreme conditions reduces solvent consumption and upholds GAC principles. CCD enhances
model precision via central and axial points, hence augmenting technique robustness. Table 2 delineates the
performance of both designs regarding sensitivity, limit of detection (LOD), and runtime[42]. Numerous
experimental designs are encompassed under the framework DoE, each customized for distinct phases of
analytical technique development. Full Factorial Design is a thorough methodology that assesses all potential
combinations of chosen components and is optimal for exhaustive screening when resources permit [43].
Fractional Factorial Design minimizes the number of experimental runs while effectively capturing essential
interactions, rendering it appropriate for preliminary studies.

The Box-Behnken Design (BBD) is a three-level design that omits extreme values, making it particularly suitable
for method optimization and response surface modeling in chromatographic analysis [19; 30; 44]. Central
Composite Design (CCD), which enhances factorial design by integrating center and axial points, is optimal for
constructing resilient quadratic models in optimization [30; 29; 45]]. The Plackett-Burman Design is effective for
screening numerous factors; nevertheless, it fails to account for interaction effects.These designs facilitate the
modeling of both primary effects and interactions among variables and are extensively employed for optimizing
chromatographic and electrophoretic techniques. Randive et al., (2024) utilized BBD to adjust essential
parameters, including flow rate, mobile phase composition, and detection wavelength in an HPLC technique
for metformin, resulting in enhanced sensitivity and diminished variability, as shown in Fig 2 [46].

A further work by Krishnan and Mishra (2020) employed CCD in technique development for the concurrent
quantification of sitagliptin and metformin, resulting in improved accuracy, precision, and resilience of the
method [41]. Their utilization of Design-Expert® software for optimization highlights the significance of
statistical techniques in contemporary analytical development [47]. the comprehensive implementation of AQbD
through Method 5 (Krishnan and Mishra), encompassing the development of the Analytical Target Profile (ATP),
risk assessment via the Ishikawa diagram, design space exploration utilizing CCD, and the establishment of
control strategies based on ANOVA results and robustness data [41].

Table 2. DoE Designs and Their Applications in Analytical Method Development

DoE Design Application Advantages Typical Use Case References

Full Factorial Examines all factor Comprehensive, Best for preliminary

Design combinations but resource- screening [43]
intensive

Box-Behnken Efficient 3-level design without Reduces number Method optimization

Design (BBD) extreme combinations of runs [44]

Central Composite  Includes center and axial points ~ Builds robust Response surface

Design (CCD) quadratic models modelling [45]

Plackett-Burman Identify significant factors with Ignores Factor screening [32; 52]

Design minimal runs interactions

The efficacy of AQbD is augmented by risk assessment instruments like Ishikawa fishbone diagrams and Failure
Mode and Effect Analysis (FMEA), which facilitate the identification of CMPs and their correlation with CQAs
[53]. Prajapati et al. (2022) applied Analytical-Failure Modes and Critical Effect Analysis (AFMCEA) combined
with Design of Experiments (DoE) to develop a versatile RP-HPLC method for metformin fixed-dose
combination products [54]. This hybrid methodology established a systematic framework to control variability,
mitigate risks, and enforce adherence to ICH Q9 risk management standards. CE techniques also benefit from
DoE-based AQbD methodologies. Chiarentin et al. (2024) illustrated the utilization of BBD to optimize a CE
approach for metformin and its contaminants employing carboxymethyl-B-cyclodextrin (CM-B-CD) as a modifier
[28]. Their research developed a reliable methodology with reduced runtime, confirmed in compliance with ICH
requirements.
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Additionally, in bioanalytical settings, Patel et al. (2021) utilized a BBD methodology to enhance protein
precipitation characteristics in plasma samples for the measurement of metformin and alogliptin [52]. Their
approach exhibited elevated extraction recoveries and sensitivity, confirming the interdisciplinary use of Design
of Experiments in pharmacological and therapeutic contexts.

3D Surface 3D Surface 30D Surface

“s B as & 45 25

Fig 2. Box-Behnken Design Matrix for RP-HPLC Optimization for Metformin, Response surface models
illustrating the effects of SDS concentration, acetonitrile percentage, and mobile phase pH on the resolution

between MFH and RGE (A-C), and between RGE and IS (D-F). Courtesy [55]

3. CHROMATOGRAPHIC METHODS FOR METFORMIN ANALYSIS

Chromatographic methods, especially HPLC, are the benchmark in the pharmaceutical analysis of metformin
owing to their exceptional sensitivity, specificity, precision, and reliability, as listed in Table 3. The incorporation
of DoE into the AQbD framework has markedly enhanced method development procedures, improving method
performance, diminishing variability, and conforming to regulatory standards, as shown in Fig 3 [26; 56]. The
BBD and RSM are the most employed DoE techniques for optimizing essential method parameters, including
mobile phase composition, flow rate, pH, and detection wavelength. These instruments have facilitated the
identification of CMPs and CQAs in metformin assays.

Table 3. Comparative Summary of DoE-Based Chromatographic Methods for Metformin

Retention Time LOD Accuracy

Technique (min) (ng/mL) %) DoE Design Column Used Remarks Study
RP-HPLC 2.96 0.05 99.80 BBD C18,250 mm Fast, costeffective  [44]
RP-HPLC 3.5 0.02 100.10 CCD }C’Ifg"hth“ Highest sensitivity ~ [41]
RP-HPLC 2.1 0.06 99.50 BBD + AFMCEA Shim-Pack C18 Eco-riendly [54]
RP-HPLC 3.0 0.1 98.70 CCD C18 Good reproducibility [57]
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Suryawanshi and Palled (2022) enhanced an RP-HPLC method for metformin by applying Box-Behnken Design
(BBD) and Analytical Quality by Design (AQbD) principles [44]. The authors focused on fine-tuning key factors
like flow rate, the composition of the mobile phase, and detection wavelength. They assessed the method’s
performance in terms of linearity, accuracy, and precision, achieving high sensitivity with a retention time of
2.96 minutes. The study highlighted how using Design of Experiments (DoE) effectively reduces the number of
experimental trials needed while optimizing crucial chromatographic conditions. Sundhani et al. (2020)
developed an HPLC method using Box-Behnken Design and Response Surface Methodology (BBD-RSM) for
simultaneously measuring metformin and glimepiride in spiked plasma samples [58]. The study optimized factors
such as pH, flow rate, and buffer composition to improve separation efficiency. Using a phenyl C18 column, the
method showed outstanding precision, accuracy, and resolution. Its successful application in plasma highlights
both its importance in bioanalysis and its potential clinical relevance.

Material Instrumental parameters Analyst
Injection volume
Purity Flow rate
Grade — Oven temperature. “inghing
Solubility; ==\ Detection\parameters | == Sonjcation =
Storage Instrument precision;
Sampling —— Run time : - HPLC o
Bl eucing | method
Filtration —> Type
Ratio of solvent 7 Length
Organic modifier —> Diameter,
Buffer type, concentration and pH Particle sizé
Conditioning time
Mobile phase Column characteristics
and preparation

Fig 3. Ishikawa (Fishbone) Diagram of Analytical Method Risk Factors for metformin. Courtesy [59]

Khan et al. (2023) showcased a thorough application of Quality by Design (QbD) principles by developing an
HPLC method for metformin hydrochloride tablets using a Central Composite Design (CCD) approach [60].
The optimization process focused on crucial variables such as the composition of the mobile phase—specifically,
the balance of acetate buffer and methanol—as well as pH and the amount of organic modifier. This method
showed outstanding reproducibility and satisfied all system suitability standards. To strengthen the method’s
reliability, a risk assessment was carried out using an Ishikawa fishbone diagram, which allowed for the
identification and mitigation of factors that could introduce analytical variability, ultimately enhancing overall
robustness.

Prajapati et al. (2022) further developed Analytical Quality by Design (AQbD) principles by pioneering a new
approach that combines Analytical Failure Modes and Critical Effect Analysis (AFMCEA) with Box-Behnken
Design (BBD) [54]. Their study focused on developing an RP-HPLC method tailored for different fixed-dose
combination (FDC) formulations containing metformin, using Shim-Pack C18 columns and a mobile phase
composed of acetonitrile and triethylamine, which was adjusted with perchloric acid. That approach highlighted
traceability and accuracy, rendering it particularly suitable for multi-analyte pharmaceutical formulations.
Statistical techniques such as ANOVA and response surface plots were used to examine how different factors
interact and to confirm the reliability of the approach.

In a significant study, Krishnan and Mishra (2020) utilized a Central Composite Design (CCD) to refine an
isocratic RP-HPLC method for simultaneously quantifying metformin and sitagliptin in both bulk substances
and tablet forms [41]. The method utilized a monolithic C18 column, achieving excellent precision along with
low limits of detection (LOD) and quantification (LOQ), and maintained an optimal retention time. This study
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demonstrated the effectiveness of Central Composite Design (CCD) in fine-tuning analytical parameters and
minimizing variability, thereby meeting the ICH Q2B validation standards. Collectively, these studies highlight
a transition from traditional empirical method development to more systematic, reproducible approaches using
Design of Experiments (DoE). The benefits include reduced experimental workload, improved predictability of
methods, and stronger compliance with regulatory requirements. Moreover, the integration of risk-based tools
and software platforms such as Design-Expert® facilitates real-time data analysis and decision-making in method
development [47].

Furthermore, the application of QbD-based chromatographic techniques is congruent with the ICH's focus on
method lifecycle management, thereby enabling post-approval change control and ongoing enhancement.
Methods developed using DoE inherently exhibit superior comprehension, facilitating improved control over
variability and increased robustness in routine quality control. While RP-HPLC prevails in metformin analysis,
other chromatographic advancements such green chromatography, micro-HPLC, and ultra-performance liquid
chromatography (UPLC) present opportunities for future investigation. These strategies, when integrated with
Design of Experiments frameworks, could further diminish solvent consumption, limit operational duration,
and enhance sustainability in analytical laboratories.

4. ELECTROPHORETIC AND BIOANALYTICAL APPROACHES

Although chromatographic methods like HPLC have historically prevailed in pharmaceutical analysis,
electrophoretic and bioanalytical techniques have garnered increasing recognition for their superior resolution,
less sample consumption, and compatibility with intricate biological matrices, as listed in Table 4. CE and
bioanalytical RP-HPLC have been substantially improved via the incorporation of DoE and QbD approaches.
Orlandini et al. (2014) exemplified a complete application of DoE in electrophoretic techniques by developing
a cyclodextrin-modified CE method for the concurrent investigation of metformin hydrochloride and its
associated impurities [61]. Their methodology employed CM-B-CD in Britton-Robinson buffer and implemented
a BBD to optimize essential parameters including capillary length, injection duration, and pH. This technique
achieved highly efficient separation in 9 minutes, validated according to ICH norms. The study highlighted
capillary electrophoresis (CE) as an effective tool for impurity profiling and recognized it as a greener, more
environmentally friendly alternative to conventional chromatography methods.

Table 4. Comparative Evaluation of Analytical Techniques

Technique Sensitivity  Precision Cost Solvent Use  Notes Application
RP-HPLC High High Moderate  Low Widely accepted ~ Routine QC

CE Moderate ~ Moderate Very Low  High Eco-friendly Impurity profiling
UV Spectrophotometry Low Low High Moderate Limited precision Initial screening
LC-MS/MS Very High  High Low Very Low High sensitivity Bioanalysis
Conductometry Moderate ~ Moderate Very High  High Green method Simple QC

The use of capillary electrophoresis (CE) has been strengthened by applying Quality by Design (QbD) risk
assessment tools such as Plackett-Burman and Doehlert designs, which have enhanced the robustness of
analytical methods [62]. Orlandini’s study demonstrated how Monte Carlo simulations combined with Response
Surface Methodology (RSM) effectively define the design space, helping to reduce method variability and meet
regulatory standards [61]. Patel et al. (2021) developed a dependable method for simultaneously measuring
metformin hydrochloride and alogliptin benzoate in plasma, using protein precipitation (PP) as the extraction
technique [52]. Their study used a Box-Behnken Design (BBD) to optimize plasma preparation parameters such
as centrifugation speed, time, and plasma volume. This approach achieved a recovery rate exceeding 93% and
demonstrated strong linearity, making it suitable for pharmacokinetic studies. The method was validated
following USFDA bioanalytical validation guidelines.

Patel et al.'s method showcased the effectiveness of combining gradient RP-HPLC with Box-Behnken Design
(BBD) to develop a sensitive and selective bioanalytical technique. By using 1-octane sulfonic acid, phosphate
buffer, and acetonitrile in the mobile phase, the method achieved efficient separation along with low limits of
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detection (LOD) and quantification (LOQ) [52; 53]. Additionally, statistical methods like Bartlett’s test were
used to evaluate data variance, thereby enhancing the reliability of the method for clinical use. These studies
show that Design of Experiments (DoE)-based electrophoretic and bioanalytical techniques are not only cost-
effective and eco-friendly but also highly adaptable to meet regulatory standards [63]. Their ability to handle
complex sample matrices and multiple analytes with high sensitivity makes them indispensable tools in
pharmacokinetic studies and routine quality control.

5. COMPARATIVE ANALYSIS OF REVIEWED METHODS

A comparative evaluation of Design of Experiments (DoE)-based analytical methods for metformin provides
valuable understanding of their practical use, effectiveness, and compliance with regulatory requirements.
Among the reviewed studies, seven key approaches stand out: five chromatographic techniques, one
electrophoretic method, and one bioanalytical procedure, each optimized using DoE within Quality by Design
(QbD) frameworks [56; 28]. This section compares various methodologies regarding sensitivity, accuracy,
robustness, regulatory compliance, and operational practicality.

5.1. Chromatographic Methods (HPLC/RP-HPLC)

Among chromatographic techniques, Method 1, devised by Suryawanshi and Palled (2022), utilized a Box-
Behnken Design to optimize a reverse-phase high-performance liquid chromatography (RP-HPLC) approach for
metformin. It attained a rapid retention time (2.96 min), significant linearity, and little tailing, accompanied by
outstanding system appropriateness metrics. The primary strength was the resilience of the technique,
underpinned by statistical modelling of essential factors including flow rate and detecting wavelength.
Nevertheless, the moderate retention duration of this approach renders it somewhat less appropriate for ultra-
high-throughput settings [44].

Method 2, developed by Kalpana et al. (2025), concentrated on the concurrent measurement of metformin and
glimepiride in spiking plasma utiliziing RSM and BBD. Despite exhibiting superior linearity and technique
precision, its retention time (~ 5.5 minutes) and elevated limits of quantification renders it less efficient than
alternative methods. However, it retains significance in bioanalytical applications necessitating dual-analyte
measurement [64].

Method 3, as described by Chiarentin et al. (2024), utilized a CCD for the AQbD-based development of a
metformin assay in tablet formulations. Notwithstanding its commendable reproducibility and incorporation of
risk assessment (e.g., Ishikawa diagram), it exhibited significantly elevated LOD/LOQ values, constraining its
utility in ultra-trace detection. Its efficacy is rooted in cost-effectiveness and reproducibility within standard
quality control settings [28].

The evaluated research employed BBD and CCD according to their experimental requirements. BBD was
preferred in situations emphasizing optimization efficiency, especially where fewer iterations and the absence of
extreme values were required. Conversely, CCD facilitated extensive examination of variable interactions,
enhancing resilience in high-precision scenarios. The comparative efficacy of various designs, as indicated by
sensitivity, run duration, and environmental impact, is summarized in Table 5.

Table 5. Overall Comparison and Method Selection

Method Strengths Limitations Best Use Case
Method 1 Balan;ed performa.n.ce, rapid Slightly less sensitive than Routine QC and batch release
analysis, good precision Method 5
Dual-anal ification i High ion ti
Method 2 ual-analyte quantification in ig retentlor} Fl@e, Bioanalytical studies
plasma moderate sensitivity
Method 3  Cost-effective, reproducible High LOD/LOQ Generic drug testing
Fastest run time, eco-friendly, multi- L .
Method 4 Lower sensitivity High-throughput labs

analyte
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Highest accuracy, robust, low . o Reference method in
Method 5 LOD/LOQ Slightly longer analysis time validation
Method 6  Green, efficient, impurity profiling Moderate precision Sustainability-focused labs
Method 7 ngb recovery, suitable for PK Long retention time, lowest Clinical bioanalysis
studies accuracy

Method 4, developed by Prajapati et al. (2022), incorporated Analytical-Failure Mode and Effect Analysis
(AFMCEA) into the DoE for the development of metformin-based fixed-dose combination (FDC) products using
reverse-phase high-performance liquid chromatography (RP-HPLC). This approach was both expeditious (little
retention time) and environmentally sustainable. Still, its reduced theoretical plates and sensitivity compared to
Method 1 render it somewhat less suitable for formulations necessitating high resolution. Nonetheless, its
relevance to various APIs and focus on risk-based method validation render it a thorough, GMP-compliant
strategy [54].

Method 5, established by Krishnan and Mishra (2020), is distinguished as the most accurate among the evaluated
approaches. It attained the utmost accuracy (100.18%) and the minimal LOD/LOQ values. Although exhibiting
a moderate retention duration, the implementation of monolithic columns and CCD tuning yielded elevated
sensitivity and robustness. It met ICH validation criteria, rendering it optimal for high-precision quality
assurance settings [41].

5.2. Electrophoretic Method (Capillary Electrophoresis)

Method 6, as delineated by Orlandini et al. (2014), employed a BBD-QbD strategy to construct a cyclodextrin-
modified CE technique for metformin and its impurities. This technique exhibited excellent separation
efficiency, brief duration (<9 min), and minimal solvent usage. The primary restriction was a little decrease in
precision relative to HPLC-based approaches [61]. Nonetheless, its benefits in green chemistry and impurity
profiling render it a significant alternative, especially for laboratories pursuing sustainable practices.

5.3. Bioanalytical Method (RP-HPLC for Plasma Samples)

Method 7, as described by Patel et al. (2021), concentrated on enhancing a protein precipitation (PP)-based RP-
HPLC bioanalytical technique for metformin and alogliptin utilizing BBD. The study attained a recovery rate of
93.35%, exhibiting strong sensitivity and commendable linearity [52]. Nonetheless, it exhibited the greatest
retention duration among all approaches, accompanied by marginally reduced precision. Its efficacy is rooted in
clinical pharmacokinetic applications and conforms to USFDA bioanalytical method validation requirements,
rendering it essential for in vivo studies.

Comparative studies indicate that Method 5 (Krishnan & Mishra) and Method 1 (Suryawanshi & Palled) are
the most effective analytical procedures for metformin estimation. Method 5 delivers superior precision, but
Method 1 presents a cost-effective and efficient alternative. Method 4 provides a feasible solution for high-
throughput situations, whereas Methods 6 and 7 cater to particular requirements in impurity profiling and
bioanalysis, respectively. Finally, the choice of approach must correspond with the analytical objective, regulatory
framework, and resource accessibility.

6. FUTURE PERSPECTIVES AND RESEARCH GAPS

Future AQbD strategies should incorporate AMLM principles to support post-approval change management and
real-time method monitoring. The integration of DoE with AQbD has markedly enhanced the analytical
framework for metformin and its FDCs; nonetheless, various developing domains present additional prospects
for innovation, optimization, and wider use. These future strategies emphasize the prospective enhancements of
existing procedures and significant deficiencies that necessitate attention to conform to advancing
pharmaceutical quality requirements. Few studies apply AQbD across full lifecycle stages. This review encourages
future research in AI-DoE hybrids and AMLM-compliant validations.

A significant domain for future advancement is the broader implementation of green analytical chemistry (GAC)
concepts. Current DoE-optimized HPLC methodologies, although efficient, frequently necessitate the utilization
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of organic solvents such as methanol and acetonitrile, which present environmental and health hazards.
Although integration of green solvents in DoE-based methods has been limited, it is increasingly recognized as
essential for sustainable analytical practices. Future research should emphasize scalable, eco-conscious method
development aligned with AQbD principles. Prajapati et al. (2022) and Orlandini et al. (2014) underscored the
necessity for continued exploration of approaches integrating green chemistry, particularly in the pursuit of
scalable and sustainable solutions [54; 61].

A further underexamined domain is the utilization of DoE in electrophoretic and hybrid methodologies, such
Capillary Electrophoresis-Mass Spectrometry (CE-MS) or Liquid Chromatography-Mass Spectrometry (LC-MS).
Although CE is excellent for impurity profiling and low-volume sample analysis, its scalability and regulatory
acceptance are constrained. The research conducted by Orlandini et al. (2014) established the viability of DoE
in CE; nevertheless, limited subsequent investigations have applied similar methodologies to mass spectrometry
platforms, which are essential for trace-level and metabolomic analyses [61]. This indicates a deficiency in
converting refined CE procedures to high-sensitivity hybrid instruments necessary for modern pharmaceutical
applications.

Moreover, there exists the possibility to amalgamate machine learning (ML) and artificial intelligence (AI) with
DoE to improve predictive modeling of chromatographic reactions. While tools such as Design-Expert® and
MODDE are utilized for modeling under specified experimental parameters, machine learning algorithms have
the potential to evaluate extensive historical information to create dynamic, self-optimizing models. Al-
augmented methodologies have been suggested in recent pharmaceutical technology literature but remain
predominantly unexamined in metformin analytic workflows.

From a regulatory perspective, another essential domain for future advancement is analytical method lifecycle
management (AMLM) [65]. Contemporary research frequently emphasizes technique creation and validation
stages while overlooking ongoing performance assessment and post-approval adjustments. The lifetime approach,
as recommended in ICH Q14 and Q12 standards, must be integrated into the AQbD framework to facilitate
ongoing method enhancement while ensuring compliance [66].

Ultimately, a notable deficiency exists in the restricted practical implementation of these improved techniques
inside regulatory submissions and commercial quality control laboratories. Although fully DoE-optimized
approaches demonstrate stability and efficiency. in academic contexts, their adoption in industry is inconsistent.
Addressing this gap necessitates cooperative endeavors among academic researchers, industry partners, and
regulatory authorities to facilitate technology transfer, standardize validation processes, and educate personnel.

CONCLUSION

This review highlights the role of Design of Experiments (DoE) within Analytical Quality by Design (AQbD) in
optimizing methods for evaluating metformin. Of the seven evaluated methods, RP-HPLC procedures utilizing
Box-Behnken and Central Composite Designs exhibited superior sensitivity, accuracy, and adherence to
regulatory standards. Electrophoretic and bioanalytical techniques provided environmentally sustainable and
clinically pertinent alternatives, respectively. The analysis highlights the efficacy of DoE in improving technique
robustness, minimizing variability, and adhering to ICH recommendations. This analysis highlights prospective
potential for merging green chemistry, CE-MS platforms, and Al-assisted modeling, alongside the
implementation of lifecycle management strategies to conform to changing regulatory requirements. This work
provides a comparative assessment and identifies methodological deficiencies, serving as a valuable resource for
academics, analysts, and regulatory experts seeking to establish dependable, efficient, and sustainable analytical
techniques for metformin and its formulations..
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