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Abstract:

Monoclonal antibodies (mAbs) are structurally complex biotherapeutics requiring robust analytical methods
to ensure product quality, safety, and efficacy. This work describes the development, optimization, and
qualification of multiple analytical techniques—including Size Exclusion Chromatography (SEC-UPLC),
Cation Exchange Chromatography (CEX-UPLC), Isoelectric Focusing (IEF), SDS-PAGE, and UV-based
protein quantification—to support upstream and downstream development activities. Analytical feedback was
provided to process teams to guide purification optimization, monitor product heterogeneity, and ensure
method suitability for routine characterization. The integration of chromatographic and electrophoretic
methods enabled comprehensive assessment of aggregation, charge variants, isoform distribution, purity, and
protein concentration. Troubleshooting of UPLC systems ensured consistent performance and minimized
analytical downtime. These methods collectively form a robust analytical control strategy aligned with
regulatory expectations for mAb development. [1-4,7-8,12]

Keywords: Biopharmaceutical characterization, Electrophoretic techniques, Isoelectric focusing (IEF),
SDS-PAGE, Protein heterogeneity, Stability-indicating methods, Regulatory analytical strategies, Biologics
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1. INTRODUCTION

Monoclonal antibodies (mAbs) represent one of the most significant classes of therapeutic biologics, widely
used in oncology, immunology, and chronic disease management. Their structural complexity—driven by
glycosylation, charge heterogeneity, aggregation, fragmentation, and post-translational modifications—
necessitates a diverse analytical toolkit to ensure product consistency throughout development and
manufacturing. [3,7,14]

Regulatory agencies, including the FDA and EMA, emphasize the need for orthogonal analytical methods to
characterize critical quality attributes (CQAs). Chromatographic and electrophoretic techniques are central to
this analytical framework. Size Exclusion Chromatography (SEC) is essential for detecting aggregates and
fragments, while Cation Exchange Chromatography (CEX) resolves charge variants arising from
deamidation, glycation, C-terminal lysine clipping, and other modifications. Complementary methods such
as Isoelectric Focusing (IEF) and SDS-PAGE provide orthogonal confirmation of isoform distribution and
molecular integrity. UV absorbance at 280 nm remains a fundamental technique for protein quantification.
[1-2,6-8,11]
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Figure 1 — Structural complexity of mAbs and analytical characterization needs [3,7,14]
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This article presents a comprehensive overview of analytical method development and qualification activities
performed to support mAb development programs, including method optimization, documentation,
qualification studies, and troubleshooting strategies to ensure reliable and reproducible analytical
performance. [1,2,12]

2. MATERIALS AND METHODS

2.1 Size Exclusion Chromatography (SEC-UPLC)

SEC was performed using UPLC systems equipped with sub-2 um particle size columns. Mobile phases
consisted of isocratic phosphate or citrate buffers optimized to minimize secondary interactions. System
suitability included resolution between monomer and high-molecular-weight species, %RSD of replicate
injections, and retention time stability. [8,11]

Figure 2 — SEC-UPLC chromatogram [8,11]
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2.2 Cation Exchange Chromatography (CEX-UPLC)

CEX methods utilized pH or salt gradients to resolve acidic, main, and basic charge variants. Column selection
focused on strong cation exchange chemistries with high binding capacity, and gradient optimization was
performed to maximize separation of closely eluting isoforms. [6,15]

2.3 Isoelectric Focusing (IEF)
IEF was conducted using ampholyte-based gels covering pH ranges appropriate for the mAb isoelectric point.

Samples were prepared under non-denaturing conditions to preserve native charge distribution. [7]

Figure 3 — IEF isoform pattern [7]
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2.4 SDS-PAGE

Reducing and non-reducing SDS-PAGE was used to assess molecular weight integrity, fragmentation, and
purity. Gels were stained with Coomassie or silver stain depending on sensitivity requirements. [5]

2.5 UV Absorbance Protein Quantification

Protein concentration was measured at 280 nm using extinction coefficients calculated from amino acid
composition. Linearity and instrument performance were verified prior to analysis. [2,7,16]

2.6 Documentation and Qualification

Analytical method protocols, SOPs, method development reports, and qualification documents were prepared
in accordance with ICH Q2 guidelines. Qualification parameters included specificity, precision, linearity,
range, robustness, and system suitability. [1,2]
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Table: 1 Summary of Method Qualification (qualified in accordance with ICH Q2(R1) and FDA analytical
validation guidance). [1,2]

Analvtical Qualification
y Intended Purpose Parameters Summary of Qualification Outcome
Procedure
Assessed
Method demonstrated adequate resolution
Detection and Specificity, between monomer and
Size Exclusion relative precision, high-molecular-weight species and
Chromatography  quantification of  linearity, range, consistent system suitability performance.
(SEC-UPLC) aggregates and  robustness, system  The method was deemed suitable for
fragments suitability monitoring aggregation during
development.
Soecificit Method reliably resolved acidic, main,
Cation Exchange Separation and pecttietty, and basic variants. The procedure was
o precision, e
Chromatography monitoring of shown to be stability-indicating and
; robustness, system . .
(CEX-UPLC) charge variants o suitable for assessing charge
suitability .
heterogeneity.
. . Orthogonal o Method provided reproducible isoform
Isoelectric Focusing  assessment of Specificity, .
(IEF) charge precision profiles and confirmed charge variant
. distributions observed by CEX.
heterogeneity
SDS-PAGE Assessment of e Method confirmed expected molecular
. molecular Specificity, .
(Reducing and . . . .. weight profiles and absence of
3 Integrity, purity, precision
Non-reducing) ; unexpected fragments.
and fragmentation
UV Absorbance Determma.‘uon of Linearity, Method demo-nstrated-hnea-r and
(A280) protein precision, range reproduglble protein quantlﬁcatlon across
concentration ’ the intended concentration range.

3. Method Development Strategy

3.1 SEC-UPLC Method Development

SEC development focused on minimizing non-specific interactions that can distort aggregate quantification.
Column screening identified chemistries with optimal inertness, while mobile phase ionic strength and pH
were adjusted to reduce hydrophobic interactions. Flow rate and injection volume were optimized to prevent
shear-induced aggregation. [8,11]

3.2 CEX-UPLC Method Development

CEX development required careful control of buffer composition, gradient slope, and column temperature.
Charge variant separation was highly sensitive to pH; therefore, buffer systems were screened to identify
conditions that maximized resolution while balancing run time and separation efficiency. [6,15]

3.3 Electrophoretic Method Development

IEF conditions were optimized to prevent protein precipitation and streaking, with ampholyte selection
ensuring adequate resolution of isoforms. SDS-PAGE development included optimization of gel percentage,
sample loading, and reducing conditions to ensure clear separation of heavy and light chains. [5,7]

3.4 UV Quantification Method Development

UV absorbance methods were validated for linearity, precision, and accuracy, with dilution schemes optimized
to maintain absorbance within the linear detector range. [1,2]
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4. RESULTS AND DISCUSSION

4.1 SEC-UPLC Performance

The optimized SEC method demonstrated excellent resolution between monomer and aggregate species,
consistently meeting system suitability acceptance criteria with %RSD values below 2%. Analytical feedback
enabled optimization of purification steps that reduced aggregate levels. [8,11]

4.2 CEX-UPLC Charge Variant Analysis

CEX methods successfully resolved acidic, main, and basic variants. Charge heterogeneity patterns correlated
with upstream culture conditions and downstream purification parameters, and the method proved
stability-indicating during forced degradation studies. [6,7]

4.3 IEF Isoform Distribution

IEF provided orthogonal confirmation of charge variant patterns observed in CEX, enabling semi-quantitative
assessment of isoform distribution and detection of subtle modifications not fully resolved by
chromatographic methods. [7]

4.4 SDS-PAGE Protein Integrity

SDS-PAGE confirmed molecular weight integrity and absence of unexpected fragments. Reducing gels
resolved heavy and light chains, while non-reducing gels confirmed intact antibody structure. [5]

4.5 UV Absorbance Quantification

UV quantification demonstrated high reproducibility and linearity across the expected concentration range,
with cross-validation against SEC peak area normalization confirming accuracy. [2,7]

4.6 UPLC Troubleshooting

Routine troubleshooting addressed pressure fluctuations, peak tailing, retention time drift, and carryover
through column regeneration, system flushing, leak checks, and injection parameter optimization, minimizing
downtime and ensuring consistent analytical performance. [10,17]

5. CONCLUSION

The combined use of SEC-UPLC, CEX-UPLC, IEF, SDS-PAGE, and UV absorbance methods provided a
comprehensive analytical platform for monoclonal antibody characterization. These methods supported
upstream and downstream development, enabled robust monitoring of CQAs, and aligned with regulatory
expectations for analytical method qualification. The integration of chromatographic and electrophoretic
techniques allowed detailed assessment of aggregation, charge heterogeneity, isoform distribution, purity, and
protein concentration, forming a strong analytical foundation for mAb development programs. [1-4,7-8,11—
12]

REFERENCES:

1. ICH Q2(R1). Validation of Analytical Procedures: Text and Methodology.

2. FDA Guidance for Industry: Analytical Procedures and Methods Validation for Drugs and Biologics.

3. Beck A, et al. Strategies and challenges for the next generation of therapeutic antibodies. Nat Rev
Immunol. 2013.

4. Shukla AA, et al. Downstream processing of monoclonal antibodies - Application of platform
approaches. J Chromatogr B. 2007.

5. Shapiro AL, et al. Molecular weight estimation of polypeptide chains by electrophoresis in SDS-
PAGE. BiochemBiophys Res Commun. 1967.

6. Fekete S, et al. Cation exchange chromatography for the characterization of biopharmaceuticals. J
Pharm BiomedAnal. 2015.

7. Berkowitz SA, et al. Analytical tools for characterizing biopharmaceuticals and the implications for
biosimilars. NatRev Drug Discov. 2012.

8. Hong P, et al. Size-exclusion chromatography for the analysis of protein biotherapeutics and their
aggregates. J LigChromatogr Relat Technol. 2012.

9. Ghosh R. Protein Bioseparation Using Ultrafiltration: Theory, Applications and New Developments.
World Scientific.2003.

10. Rathore AS, et al. Process analytical technology for biopharmaceutical products. Anal Bioanal Chem.
2010.

IJIRMPS2602233042 Website: www.ijirmps.org Email: editor@ijirmps.org 5



https://www.ijirmps.org/

Volume 14 Issue 2 @ Mar-Apr 2026 IJIRMPS | ISSN: 2349-7300

11. Fekete S, Beck A, Veuthey JL, Guillarme D. Theory and practice of size exclusion chromatography
for the analysisof protein aggregates. J Pharm Biomed Anal. 2014.

12. European Medicines Agency. Guideline on similar biological medicinal products. 2014.

13. Liu H, Gaza-Bulseco G, Chumsae C. Analysis of reduced monoclonal antibodies using size exclusion
chromatography coupled with mass spectrometry. Anal Biochem. 2009.

14. Rudd PM, et al. Glycosylation and the immune system. Science. 2001.

15. Hearn MTW. Ion-exchange chromatography. Methods Enzymol. 2009.

16. Gill SC, von Hippel PH. Calculation of protein extinction coefficients from amino acid sequence data.
Anal Biochem. 1989;182(2):319-326.

17. Swartz ME, Krull IS. Analytical method development and validation. CRC Press; 2012.
(Sections 2.6 and 4.6)

IJIRMPS2602233042 Website: www.ijirmps.org Email: editor@ijirmps.org 6



https://www.ijirmps.org/

