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Abstract 

Monoclonal antibodies represent the rapidly expanding class of 

biotherapeutics having applications in the treatment of cancer, 

autoimmune disorders, metabolic disorders, and infectious 

diseases. One of the major challenges in mAb-based therapeutics 

development lies in the significant issue of aggregation which in 

turn has an impact on the quality, safety, and efficacy of the 

antibody drug. The presence of aggregates in the drug substance or 

final drug product potentially affects its biological activity thereby 

making it a critical quality attribute to be assessed. State-of-the-art 

analytical techniques are required for quality control and detailed 

characterization. This review provides insight into monoclonal 

antibody aggregation and the analytical techniques used to detect 

and quantify these aggregates. 
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Introduction  

Monoclonal antibody (mAb) based therapeutics are assuming a 

progressively crucial role in the treatment of several ailments such 

as cancer, autoimmune disorders, and infectious diseases.  

However, the development of mAbs into well-defined antibody 

therapeutics that conform to regulatory expectations presents 

significant challenges due to the complexities of multi-domain 

mAbs in terms of their physiochemical attributes, including 

aggregation, fragmentation, charge variations, identity, 

carbohydrate composition, and higher-order structure (Laptoš & 

Omersel, 2018). 

The aforementioned attributes are tested at various stages of in-

process sampling, lot release, stability testing, and analytical 

comparability assessment in research and development and 

manufacturing divisions of biopharmaceutical enterprises to gain 

insights into their structural, conformational, and stability features. 

This characterization is indispensable for ensuring the quality, 

safety, and effectiveness of mAbs, particularly in the context of 

pharmaceutical development and manufacturing (Kaur, 2021).  

A spectrum of analytical methods is developed to evaluate the 

physicochemical attributes of the monoclonal antibody drug to 

thoroughly investigate the identity, heterogeneity, impurity, and 

activity of each new batch of monoclonal antibodies (mAbs). This 

is achieved by techniques such as Size-exclusion chromatography 

(SEC), Dynamic Light Scattering (DLS), and Analytical 

Ultracentrifugation (AUC) to determine the molecular weight and 

size distribution of the mAb, primary structure can be evaluated 

using advanced methodologies like mass spectrometry and peptide 

mapping. Additionally, the higher-order structure of the mAb 

demands scrutiny, encompassing the analysis of secondary, 

tertiary, and quaternary structures to ensure correct folding and 

assembly. To achieve this, techniques such as circular dichroism, 

Fourier-transform infrared spectroscopy, and nuclear magnetic 

resonance are applied. Furthermore, the identification and 

quantification of diverse charge variants arising from post-

translational modifications, including deamidation, oxidation, and 

glycosylation are pivotal, requiring the use of capillary 

electrophoresis and ion-exchange chromatography. The 

glycosylation pattern attached to the mAb's Fc region is examined 

in detail through techniques like LC (liquid chromatography) 

coupled with mass spectrometry (LC-MS). Evaluating the mAb's 

stability under varying temperature conditions is crucial for which 

techniques like differential scanning calorimetry and thermal 

denaturation studies are employed. Furthermore, the impact of 

osmolality and pH on mAb stability and aggregation propensity is 

evaluated. Binding affinity, a key parameter, is measured through 

techniques like surface plasmon resonance or enzyme-linked 

immunosorbent assays (Le Basle et al., 2020). Spectroscopic 

methods, including UV-visible spectroscopy and fluorescence 

spectroscopy, are harnessed to explore the mAb's absorbance, 

emission, and fluorescence properties. Furthermore, the detection 

and characterization of sub-visible particles in the mAb solution is 

performed using techniques such as light obscuration, microscopy, 

and flow imaging. Also, the solubility profile and aggregation 

kinetics of mAbs are rigorously evaluated under various conditions 

to comprehensively understand their physicochemical properties 

thereby aiding researchers and manufacturers to ensure the quality, 

stability, and efficacy of mAbs throughout their development, 

production, and shelf life (Maiti et al., 2023). 
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This review primarily focuses on mAb aggregation and various 

methods for characterizing aggregates, a key aspect of physical 

instability.  

Aggregation Insights 

mAb aggregation transforms native proteins from folded states into 

multimers which are high molecular weight species, irrespective of 

their size or the nature of bonds connecting them. Soluble or 

soluble aggregates may arise solely from weak nonspecific 

interactions or involve covalent bonds like disulfide bonds. In most 

cases, irreversible Aggregation may occur, especially at advanced 

stages, and frequently involves proteins adopting non-native 

conformations. The process begins with a conformational change 

which is reversible to a higher free energy transition state, which 

may revert to the native state or form more aggregation-prone 

intermediates due to decreased free energy after each new 

aggregate is formed as shown in Figure 1. Protein unfolding 

exposes hydrophobic residues, that are typically concealed in the 

native conformation, reducing solubility in hydrophilic buffers and 

promoting self-association and subsequent aggregation (van der 

Kant et al., 2017).

 

 

a) 

 

b) 

Figure 1. Protein folding process and aggregation (Li et al., 2016) 

Aggregation is associated with heightened immunogenicity of 

protein therapeutics in patients, potentially triggering immune 

responses. The degree of immunogenicity appears to increase with 

aggregate size but is also influenced by glycosylation, product 

origin, and the presence of contaminants. Immunogenicity can lead 

to the neutralization of the mAb, resulting in diminished efficacy, 

or cross-reactions with endogenous counterparts, leading to IgE-

mediated immediate hypersensitivity and anaphylaxis. 

Under certain conditions, aggregates may precipitate, forming 

insoluble particles, consisting of proteins or being heterogeneous 

with excipients and contaminants. Injectable drug solutions, 

including mAbs, should be free of visible particles, with 

established limits for sub-visible particles exceeding 10 μm and 25 

μm. Enhancing the intrinsic properties of antibodies may result in 

improved manufacturability, attrition rates, safety, formulation, 

titers, immunogenicity, and solubility. 

Analyzing protein aggregation is challenging due to its wide size 

range spanning from a few nanometers to a few millimeters. 

Therefore, a combination of different techniques is used to detect 

these aggregates (São Pedro et al., 2022). To reduce the likelihood 

of protein therapeutic aggregates, it is essential to use 

complementary techniques to analyze aggregates, as outlined in the 

United States Pharmacopeia (USP) chapter <1787>. Various 

characterization techniques, such as SEC, UV, DLS, and AUC are 
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explored to predict and mitigate the propensity for monoclonal 

antibody aggregation (Ilochonwu et al., 2020). 

Analytical Techniques for Aggregate Detection 

SEC (Size Exclusion Chromatography) 

High-performance size-exclusion chromatography (SEC) is the 

most commonly used technique to estimate the molecular mass of 

biomolecules thus making it particularly useful for analyzing mAb 

aggregates in diverse bioprocess stages (São Pedro et al., 2022).  

Its ease of use, ability to measure low levels of aggregates with 

minimal sample, short and well-defined separation times are some 

of the positive attributes that make SEC the method of choice for 

researchers (Wang et al., 2024). 

During the upstream process of mAb production, various 

components are released by cells into the culture media such as cell 

debris, host cell proteins, etc. To study mAb aggregates, Affinity 

chromatography is often used before SEC to selectively purify 

mAbs and remove these interfering components (Saldanha et al., 

2023). 

However, there is a caveat when using this two-step approach. The 

purification step itself can sometimes lead to the formation of 

aggregates causing misrepresentation of the aggregate content 

present in the cell culture. To address this concern, a protocol has 

been developed by Paul et al. for aggregate quantification using 

SEC without the need for a pre-purification step providing a more 

direct and accurate assessment of the actual aggregate content in 

the cell culture (Paul et al., 2017). 

Furthermore, the choice of the SEC column is crucial in this 

process. Traditional SEC columns like TSKgel G3000SWXL may 

not provide sufficient separation of mAb monomers from other 

signals in the supernatant thereby complicating the aggregate 

detection. This is particularly important because accurate 

quantification of aggregates relies on distinguishing them from 

other components in the sample. Specialized columns such as 

MAbPac SEC-1, specifically designed for mAb analysis, offer 

higher separation efficiencies, and improved separation facilitating 

accurate quantification of aggregates (Sadighi et al., 2024).  

In summary, SEC in combination with appropriate sample 

preparation techniques and specialized columns is a valuable 

approach to assessing mAb aggregates, contributing to the 

development of high-quality and safe biopharmaceutical products. 

Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (DLS) works by measuring the 

Brownian motion of particles suspended in a liquid medium to 

determine their hydrodynamic radius. This motion is influenced by 

the size of the particles (Sharma et al., 2023). Some of the crucial 

advantages offered by DLS that make it an attractive choice for 

researchers and scientists are minimal sample preparation, quick 

and straightforward measurements, and suitability for high-

throughput analysis.  

Despite its advantages, DLS has some limitations in detecting low 

levels of aggregates and in analyzing highly concentrated 

solutions. In such cases, the technique may struggle to provide 

accurate measurements due to the weaker scattering signals from 

small or diluted particles (Bansal et al., 2019). A noteworthy 

feature of DLS is that its sensitivity increases with particle size. 

Larger particles scatter light more intensely, making it particularly 

effective in detecting even trace amounts of larger aggregate 

molecules as shown in Figure 2. DLS outperforms other 

techniques in terms of sensitivity when dealing with samples 

containing larger aggregates (Sats et al., 2020). 

Jun et al. (2020) demonstrated DLS detecting small traces of 

aggregates in IgG samples obtained from different stages of a 

production process without any extensive sample preparation, 

highlighting its convenience for rapid analysis. Furthermore, they 

compared DLS with size-exclusion chromatography (SEC) 

coupled with online light scattering (LS) detection. While SEC-LS 

using UV signals could only monitor one aggregate peak, DLS 

offered the advantage of separating and distinguishing different 

types of aggregates in the sample (Sats et al., 2024).  

 

a) 

 

b) 

Figure 2. DLS detects very rare aggregates in a sample (Sats 

et al., 2020). 

 

Nobbmann et al. (2007) emphasized the versatility of DLS in 

assessing the integrity and stability of molecules. They 

demonstrated that DLS could be used in conjunction with other 

complementary techniques, such as analytical ultracentrifugation, 

size-exclusion chromatography, and melting temperature studies 
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thereby offering advantages such as rapid results, minimal sample 

requirement, compatibility with native buffers, and being user-

friendly. These attributes make DLS a valuable tool for gaining 

insights into the properties and behavior of molecules and particles 

in various research and industrial applications (Harding, 2022). 

UV-Visible and Fluorescence Spectroscopy 

Ultraviolet (UV) spectroscopy is a fundamental analytical 

technique for mAb characterization that precisely measures how 

molecules interact with light within the UV and visible regions of 

the electromagnetic spectrum. This technique offers several 

advantages making it an invaluable tool. It is non-destructive, 

requires a small sample volume and the sample integrity remains 

intact throughout the analysis. Moreover, the workflow is quick 

with minimal sample preparation steps. UV spectroscopy detects 

protein aggregates (with a hydrodynamic radius higher than 

200nm) by altering the UV spectra. Aggregated mAbs may exhibit 

increased absorbance at wavelengths above 320nm where the 

native proteins do not absorb and the signal produced is solely 

attributed to large protein aggregates present in the sample. 

Padmanaban et al. demonstrated that the changes in the UV 

absorption spectrum provide valuable insights into the presence 

and characteristics of protein aggregates in mAb samples. In 

conclusion, UV spectroscopy plays a pivotal role in the early 

screening and detection of protein aggregates in monoclonal 

antibodies (Ranadive et al., 2023).  

Fluorescence spectroscopy is an alternative to UV-visible 

spectroscopy (Xu et al., 2024). Following excitation at 280nm, the 

fluorescence emission signals are measured at 280nm and 340nm. 

The ratio of intensities at 280nm and 340nm (I280/I340) is known 

as the Aggregation Index (AI) and is concentration-independent. It 

is solely related to the degree of sample aggregation. An AI close 

to zero indicates an aggregate free sample while a ratio of greater 

than 1 indicates substantial aggregation (Loa et al., 2023). 

Analytical Ultracentrifugation (AUC) 

AUC is an orthogonal technique to SEC widely employed for 

aggregate characterization as shown in Figure 3. It is often used to 

study protein higher-order structure and assembly mechanism. 

Despite several advantages, SEC is not feasible when a direct 

analysis of the sample is required in its native buffer since SEC is 

conducted in a mobile phase which is significantly different from 

the sample matrix. In addition to this, the initial sample 

concentration is greatly reduced during injection. In such cases, 

AUC is the preferable method for aggregate analysis or it can be 

used as a confirmatory technique along with SEC (Chaturvedi et 

al., 2020). AUC experiments can be done in two ways: 

Sedimentation equilibrium (SE-AUC) quantifies the equilibrium 

concentration distribution of macromolecules, while 

Sedimentation velocity (SV-AUC) monitors real-time 

sedimentation of macromolecules. SV-AUC is the preferred 

method to study aggregation since it works well in different types 

of solutions including in the matrix of drug substance and drug 

product without any matrix interaction. However, there are a few 

limitations to this technique such as low throughput, the need for 

experienced analysts, potential gradient formation with certain 

excipients, and a restricted dynamic detection range (Bou-Assaf et 

al., 2022). The most commonly used method to assess protein 

aggregation by SV-AUC is sedimentation coefficient distribution 

analysis using SEDFIT software. This method estimates the range 

of sedimentation coefficients in a mixture of proteins, buffers, and 

excipients alongside providing an insight into the mass of 

aggregates in a protein product (Healey et al., 2017). 

 
Figure 3. Alignment of the centrifuge cells in the rotor is 

critical to accurate aggregate quantitation (Bou-Assaf et al., 

2022). 

 

Conclusion 

In summary, detailed monoclonal antibody characterization, 

including identity, heterogeneity, impurities, and stability, is 

essential for the drug development and manufacturing process. A 

broad range of analytical techniques are employed to characterize 

mAbs at different stages of its development and manufacturing. 

Adherence to ICH and other applicable regulatory guidelines is 

crucial for releasing biopharmaceutical drugs in the market.  

This review has specifically focused on the critical aspect of mAb 

aggregation, which leads to the transformation of native proteins 

into higher molecular weight species. Aggregate detection is 

crucial as it results in increased immunogenicity, potentially 

leading to adverse reactions in patients. Various analytical 

techniques such as SEC, AUC, UV-visible, Fluorescence 

spectroscopy, and DLS have been studied extensively to detect 

aggregation. Each technique has its advantages and limitations; 

therefore, a combination of techniques is recommended for a more 

comprehensive understanding. The insights gained from these 

techniques contribute to the development of safe and high-quality 

biopharmaceutical drugs. As the next-generation technologies 

emerge, mAb characterization will continue to advance, becoming 

a vast area to explore within the realms of biopharmaceutical and 

biologics division. 
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