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Since 1913, when Paul Ehrlich introduced the concept of “selective toxicity”, new strategies to obtain quality
control, quantification of the drug were mandatory. For this reason, the introduction of antibody drug conjugates
(ADC) has shown many critical points, being these systems made of small- and high-molecular weight com-
pounds. Being ADCs a novelty for showing therapeutic action, they were subjected to a grow up in studies. There
are in literature several approaches to follow ADCs for in vivo and in vitro studies because type of conjugation,
release of the drug, and body-distribution are characteristic for each of them, resulting in many critical steps.

Liquid chromatography (LC) and capillary electrophoresis (CE) are the most common analytical technique
used in order to obtain the aim. For the characterization of ADCs, there are several chromatographic techniques.
HPLC finds application in both small and large molecules, related to the availability of various modes of sepa-
ration (reversed-phase, size exclusion, ion exchange, mixed-mode etc.). Capillary electrophoresis (CE) finds its
main application in large molecule therapeutics, where its electrophoretic separation mechanism offers a
distinct, and often superior, separation of macromolecules compared to classic chromatographic techniques.
Several modes of CE, including capillary electrophoresis sodium dodecyl sulphate (CE-SDS), capillary zone
electrophoresis (CZE), and capillary isoelectric focusing (CIEF) or imaged capillary isoelectric focusing (iCIEF)
are commonly utilized in characterization of the critical quality attributes (CQAs) of monoclonal antibody drugs
such as charge variants, size variants, and positional isomers/purity etc.

In this review, analytical methods for physicochemical characterization of ADCs will be reported and analysed
in order to highlight as the chromatographic procedures allow obtaining a complete ADCs evaluation and
characterization.

1. Introduction employing cytotoxic agents to eliminate malignant cells or inhibit their

proliferation. However, due to its non-selective nature, chemotherapy

According to the contemporary definitions, cancer is defined as a
pathological condition marked by the unregulated proliferation of
transformed cells that are subject to evolutionary pressures through
natural selection. Furthermore, it is now well-established that genetic
mutations serve as pivotal initiating factors in oncogenesis [1]. Recent
data indicate that more than 19.3 million new cancer cases were diag-
nosed, leading to around 10 million deaths in 2020 [2]. Chemotherapy
remains one of the most prevalent treatment modalities for cancer,
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often adversely affects other rapidly dividing healthy cells, such as those
of the hair follicles, gastrointestinal tract, and bone marrow [3]. In order
to limit these side effects and gain the maximum efficiency of action, it is
essential to develop new strategies while avoiding healthy cells. This
concept can be summarised in the expression of “magic bullet” intro-
duced by Paul Ehrlich, the founder of chemotherapy [4].

Inspired by the "magic bullet" paradigm, molecular targeted therapy
also referred to as “Personalized Medicine” has emerged as a pivotal
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approach in oncology. This strategy involves the use of pharmacological
agents or other bioactive substances specifically designed to interact
with defined molecular targets implicated in tumour development and
progression. These targets are typically molecules that are differentially
expressed or functionally dysregulated in cancer cells compared to
normal tissues. Molecularly targeted therapeutic agents exhibit a broad
spectrum of mechanisms of action and pharmacodynamic profiles [5-7].
Molecular targeted therapies achieve anticancer effects through various
mechanisms, such as inhibition of cell proliferation, metastasis, and
angiogenesis, induction of apoptosis, and reversal of multidrug resis-
tance [8,9].

One of most innovative approach for oncology therapy is the use of
Antibody Drug Conjugates (ADCs), which pivotal aim is matching the
selectivity of monoclonal antibodies with cytotoxic drugs, small mole-
cules useless alone for their high toxicity [10]. ADCs consist of three
primary components: a monoclonal antibody, a cytotoxic payload, and a
linker that connects the two (Fig. 1). Different conjugation chemistries
are employed; the most common methods involve linking through lysine
residues (e-amine group, -NH; in its deprotonated form) or cysteine
residues (sulfhydryl group, -SH). The antibody is chosen based on its
ability to specifically recognize a molecular target, prioritizing those
with the highest affinity and selectivity. Ideally, the antibody should
bind exclusively to a target that is overexpressed on tumour cells to
minimize off-target delivery of the therapeutic payload to healthy tis-
sues. The target antigen on the cancer cell should be abundantly
expressed (greater than 10° copies per cell) and must be bound by the
antibody with a strong affinity (Kq < 10 nM) to ensure efficient inter-
nalization into the target cell [11].

In the first generation of ADCs, murine antibodies were often
recognized as foreign by the human immune system, provoking a robust
immune response and the production of anti-mouse antibodies, which
compromised their therapeutic efficacy. This limitation was partially
overcome in second-generation ADCs through genetic engineering that
produced chimeric antibodies combining murine and human compo-
nents. Although these chimeric ADCs showed promising results in can-
cer therapy, challenges such as diminished effectiveness and the
induction of human anti-chimeric antibodies sometimes persisted. To
further improve immunocompatibility, significant efforts have been
made to develop humanized monoclonal antibodies, which retain only
the murine complementarity-determining regions (CDRs) within a
human variable region framework, or fully human antibodies [12]. One
of the fundamental points of conjugation chemistry is the precise control
of the Drug-to-Antibody Ratio (DAR). Chosen antibodies and their cor-
responding ADCs can target antigens that either trigger or do not trigger
internalization via receptor-mediated endocytosis (RME). Based on this
characteristicc ADCs are categorized as either internalizing or
non-internalizing [10].

In internalizing ADCs, the antibody performs a fundamental role as it
favours the internalization of the target antigen receptor. Internalizing
ADCs enter target cells via receptor-mediated endocytosis, a process
driven by the antibody’s role in receptor internalization. After uptake,
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Fig. 1. ADC general composition.
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ADCs travel through endocytic pathways, primarily clathrin-mediated
endocytosis, where they are processed in acidic endo-lysosomal com-
partments. This environment triggers ADC degradation and drug
release, allowing the payload to reach the cytosol and kill cancer cells
through specific mechanisms [13]. Non-internalizing ADCs also rely on
extracellular drug release within the tumour environment, where the
cytotoxic payload diffuses into and kills target and nearby tumour cells,
amplifying the therapeutic effect through a bystander mechanism.
Bystander effect is that property of some ADCs, which exhibit their
cytotoxic activity against cancer cells near the ligand target. It is based
on linker and payload, and bystander effect was studied to improve
activity for heterogeneous tumors [14]. Many studies have reported that
to improve bystander effects some characteristics as cleavable linker and
hydrophobic payload are almost necessary [15-17].

ADCs rely on either cleavable or non-cleavable linkers to connect the
drug to the antibody. Cleavable linkers enable payload release in either
the tumour environment or inside cells, making them suitable for both
internalizing and non-internalizing ADCs [18]. Non-cleavable linkers
require internalization and intracellular degradation to release the drug,
limiting their bystander effect potential. Linker choice is essential for
drug stability in circulation and effective, targeted payload delivery. The
most used non-cleavable linkers are alkylic and polymeric while among
cleavable linker there are: disulphide linkers, cathepsin B-sensitive
linker, hydrazone linker and Glycosidase-sensitive Linkers. Some in vivo
bio- reaction are summarized in Fig. 2 based on chemical structure of
linkers. About chemical cleavable linker, there are two main class,
hydrazone- and disulphide bond. In the first one, the C- terminus of the
hydrazone linker is conjugated to cysteine of mAb though an acetylbu-
tyrryl group and hydrazine is conjugated to the payload. Instead, one (or
more) sulphur atom is obtained by disulfide bridge of the cysteine (mAb)
and the other from the thiol group of the payload. About enzumatic
cleavable linker, mainly conjugation are based on Val- Cit and Val- Ala
peptide liker, where NHj, is conjugated with cysteine residues and COOH
to cytotoxic agent [19].

Currently, most ADCs are designed using two main classes of highly
toxic compounds that target either microtubules or DNA. The first class
includes auristatins and maytansines, which act as tubulin inhibitors
and have been extensively utilized in ADC development. The second
class comprises DNA-damaging agents such as calicheamicins and pyr-
rolobenzodiazepines (PBDs), which induce apoptosis in all cells,
including cancer stem cells (CSCs). Ideal ADC payloads must possess
several key characteristics: (a) good aqueous solubility to facilitate
conjugation and maintain ADC stability under physiological conditions;
(b) extremely high cytotoxic potency, with IC50 values typically be-
tween 0.01 and 0.1 nM, surpassing that of standard chemotherapeutics;
(c) the ability to induce cancer cell death primarily through apoptosis;
and (d) appropriate functional groups to enable effective attachment to
the antibody [20]. In Table 1 are reported the ADCs actually approved
and available on commerce.

Currently, more than 20 drug conjugates are approved worldwide, of
which 15 are ADCs. Research on ADCs dates back to 1980; however, the
Food and Drug Administration (FDA) approved the ADCs for acute
treatment only in 2000. The first-generation ADCs were derived from
mice, resulting in an immune response and production of human anti-
mouse antibodies. The ADC gemtuzumab ozogamicin, also known
with the commercial name of Mylotarg produced by Pfizer Inc., was the
first ADC approved twenty years ago by the U.S. Food and Drug
Administration (FDA). Compared to first-generation ADCs, second-
generation ADCs using a more toxic payload while increasing water
solubility and coupling efficiency allows more payload molecules to be
loaded onto each monoclonal antibody without inducing antibody ag-
gregation. Third generation of ADCs came into being, which employ
site-specific binding of small molecule drugs to monoclonal antibodies,
achieving a DAR of 2 or 4 Stability and pharmacokinetic problems were
greatly improved with high drug activity even at low antigen levels [10].

This review wants to summarize recent development in
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Fig. 2. chemical structure of some linkers commonly used. A: disulphide linkers, B: cathepsin B- sensible linker; C: glycosidase- sensitive linker; D: hydrazone linker.
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Table 1
ADCs approved until now and some characteristics.
Time Name Target mAb Linker Payload DAR
I | Mylotarg CD33 18G4 Cleavable Calicheamicin 2.5
20005 Adcetris CD30 IgG1 Cleavable MMAE 4
2010s Kadcyla HER2 1gG1 Non- cleavable DM1 3.5
Besponsa CD22 18G4 Cleavable N-acetyl-y-calicheamicin 6
Lumoxiti CD22 1gG1 - PE38 -
Polivy CD79 IgG1 Cleavable MMAE 3.5
Padcev Nectin- 4 IgG1 Cleavable MMAE 3.8
Enhertu HER2 1gG1 Cleavable Dxd 7.8
| 20208 Trodelvy TROP2 1gG1 Cleavable SN- 38 7.6
Blenrep BCMA 1gG1 Non- cleavable MMAF 4
Akalux EGFR IgG1 Non- cleavable IRDye 700DX 1.3-38
Zynlonta CD19 1gG1 Non- cleavable SG3199 2.3
Aidixi HER2 1gG1 Cleavable MMAE 4
Tivdak TF 1gG1 Cleavable MMAE 4
- — Elahere FRa 1gG1 Cleavable DM4 3-4

characterization and analysis of novel ADCs, with a special focus on
capillary electrophoresis and liquid chromatography. Review on story of
ADCs, biological characteristics and how ADCs work are common
available on literature [21-23]. This is the reason why we want to focus
more on analytical chemistry part.

2. Analytical methods for antibody drug conjugates
characterization

Liquid chromatography (LC) and capillary electrophoresis (CE) are
the most common analytical techniques used for physicochemical
characterization of ADCs. The structural and physicochemical charac-
terization of biopharmaceutical products requires a thorough analysis of
several critical attributes. These include the full amino acids sequence,
sequencing of both the N-terminal and C-terminal regions, peptide
mapping, identification of free sulthydryl groups and disulphide bonds,
as well as evaluation of carbohydrate content, glycosylation profiles,
glycan structures, and post-translational modifications such as oxidation
and deamidation. Monoclonal antibodies (mAbs) typically possess a
single N-glycosylation site on each heavy chain, located within the Fc
region. Verifying the presence or absence of these glycosylation sites is a
key step in mADb characterization. Furthermore, the secondary, tertiary,
and quaternary structures collectively known as higher-order structures
(HOS) define the three-dimensional conformation and proper folding of
the biopharmaceutical molecule [24]. Any deviation from the native 3D
structure may compromise protein function, potentially impairing an-
tigen binding, increasing the exposure of immunogenic epitopes, or
promoting aggregation. The biological activity and pharmacokinetics of
mAbs are intrinsically linked to their ability to bind target antigens.
Therefore, monitoring and characterizing this binding interaction is
crucial [25]. Characterization of big molecular weight structure as ADC
is a big challenge for analytical chemists.

3. Antibody drug conjugates characterization by capillary
electrophoresis

CE applications for the analysis of various attributes of mAb-based
therapeutic products will be examined. Capillary electrophoresis (CE)
finds its main application in large molecule therapeutics analysis, where
its electrophoretic separation mechanism offers a distinct and often
superior separation of macromolecules compared to classic chromato-
graphic techniques. Several modes of CE, including capillary electro-
phoresis sodium dodecyl sulphate (CE-SDS), capillary zone
electrophoresis (CZE), and capillary isoelectric focusing (CIEF)/imaged
capillary isoelectric focusing (icIEF) are commonly utilized in charac-
terization of the critical quality attributes (CQAs) of monoclonal

antibody drugs [26]. Charge heterogeneity refers to the presence of
product-related variants within a biopharmaceutical that differ from the
main molecule in their net charge and their presence may negatively
impact the product’s efficacy and pharmacokinetic profile [27]. Various
capillary electrophoresis (CE) separation modes have proven effective in
identifying charge variants, with capillary isoelectric focusing (cIEF)
and imaged cIEF (icIEF) using ultraviolet (UV) detection being
commonly implemented in quality control (QC) laboratories [28].

Zhang et al. developed an imaged capillary isoelectric focusing mass
spectrometry (icl[EF-MS) workflow for the characterization of cysteine-
linked antibody drug conjugates (ADCs) under native conditions. Two
ADCs were examined: polatuzumab vedotin, a next-generation cysteine-
linked ADC, and brentuximab vedotin, the first cysteine-linked ADC
approved by the FDA. This approach leverages a newly developed, MS-
compatible icIEF system that enables direct coupling with a high-
sensitivity mass spectrometer. Findings reveal that icIEF separation is
influenced by both the drug payload and post-translational modifica-
tions (PTMs), which are subsequently identified via MS. Overall, this
native icl[EF-MS workflow offers valuable insights into the critical
quality attributes (CQAs) necessary for ensuring the safety and efficacy
of ADCs [29].

Cai et al. describes the optimization of a microchip-based electro-
phoresis test for analysing monoclonal antibody (mAb) product quality.
This optimized method has proven suitable for platform use, as it de-
livers comparable performance across most mAbs in development
without requiring any modifications to the procedure [30].

Belov et al employed a combined approach using middle-down and
intact CZE-MS analyses to characterize a biotherapeutic monoclonal
antibody (mAb) featuring a range of post-translational modifications
(PTMs) and glycosylation patterns [31]. Capillary zone electro-
phoresis—mass spectrometry (CZE-MS) has been shown to be a viable
alternative to traditional liquid chromatography mass spectrometry
(LC-MS) techniques for mAb analysis [31]. Being a big challenge,
various methods were validated for separation of profiling mAbs. For
example, to ensure and analyze heterogeneity profile of MAbs one
optimal chose could be CZE as promising platform [32,33].

In this study, Carillo et al. employed the ZipChip microfluidic CE-ESI-
MS platform to analyse the drug products rituximab, trastuzumab, and
bevacizumab. This technology enabled confident identification of pro-
teoforms with an average mass accuracy of less than 15 ppm. Overall,
the CE-ESI-MS platform demonstrated speed and robustness in profiling
charge variants of therapeutic proteins and allowed for efficient inte-
gration with native mass spectrometry, generating highly informative
characterization data [34].

Francois et al. present the application of an off-line CZE-UV/ESI-MS
approach for the middle-up characterization of the Fc/2 variant of
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cetuximab [35]. The results obtained from various experiments high-
light the significance of this analytical method, which was specifically
developed to enable a comprehensive middle-up analysis of monoclonal
antibodies. One of the key advantages of this workflow lies in the
implementation of an electrophoretic separation step prior to mass
spectrometry. The high separation efficiency offered by capillary zone
electrophoresis (CZE) proved instrumental in fully resolving different
types of dimers [35]. Notably, this technique also demonstrated the
ability to preserve the integrity of these dimers during analysis, further
underlining its value for detailed structural characterization [35].

In this study, Giorgetti et al. developed a rapid and efficient CZE-ESI-
MS method and applied it for the intact-level characterization of the
commercial monoclonal antibodies trastuzumab, rituximab, and pal-
ivizumab under denaturing conditions. This approach enabled the high-
resolution separation and analysis of the antibodies, providing detailed
insights into their structural features and showcasing the potential of
CZE-ESI-MS as a powerful tool for the comprehensive assessment of
therapeutic [36]. In this study, Giorgetti et al. analyzed seven mono-
clonal antibodies approved by health authorities worldwide to investi-
gate their charge heterogeneity, identify post-translational
modifications (PTMs), determine their specific sites, and perform rela-
tive quantitation. The coupling of capillary electrophoresis with elec-
trospray ionization mass spectrometry (CE-ESI-MS) proved particularly
effective in detecting low-mass PTMs, providing a deeper level of
structural information. The strong agreement across the analytical re-
sults highlights the reliability and efficiency of the CE-ESI-MS platform
for the comprehensive characterization of monoclonal antibodies [36].
A heart-cut CZE-CZE-MS method was developed and validated by Joof
et al. for the in-depth mass spectrometric characterization of monoclonal
antibody (mAb) charge variants, using a generic e-aminocaproic acid
(EACA)-based background electrolyte.

The proposed CZE-CZE-MS setup demonstrated strong potential as a
powerful and versatile analytical tool for the detailed profiling of mAb
charge heterogeneity, offering high resolution and enhanced structural
insight [37]. In this study, has been described a very promising method
dedicated to therapeutic mAbs analysis by CZE-native MS. This
approach has been applied to the analysis of different therapeutic mAbs
showing a great versatility [38]. Chen et al. developed a novel approach
combining microfluidic capillary electrophoresis and mass spectrometry
(LCE-MS) for the characterization of intact monoclonal antibodies
(mAbs) and the simultaneous quantification of their variants [39]. To
validate the quantitative results from mass spectrometry, a
well-established capillary electrophoresis system with laser-induced
fluorescence detection (CE-LIF) was employed for N-glycan profiling
[40]. This study employed various capillary gel electrophoresis tech-
niques including SDS-SGE, cIEF, and CGE-LIF to characterize a glyco-
engineered and a bispecific monoclonal antibody at the intact protein,
subunit, and released glycan [40].

Smith et al. developed a comprehensive platform method for
assessing the purity of monoclonal antibodies (mAbs) using capillary gel
electrophoresis (CGE). To ensure robustness and reliability, the analyt-
ical design space was carefully defined. This included identifying critical
parameters, their acceptable ranges, and optimal instrument settings.
The method development process relied on a structured experimental
approach, combining sequential testing with Design of Experiments
(DOE) and multivariate statistical analysis to understand the influence
of different variables and to optimize performance [41]. In this work, a
detailed analysis was carried out to characterize the ionic and physi-
cochemical properties of 23 monoclonal antibodies (mAbs) approved by
the FDA and EMA, including representatives from the IgG1, IgG2, and
IgG4 subclasses. Among these were four immuno-oncology anti-
bodies—ipilimumab, nivolumab, pembrolizumab, and atezolizumab.
The isoelectric points (pIs) of all antibodies were experimentally
determined using imaged capillary isoelectric focusing (icIEF). The ob-
tained pI values showed a high level of consistency with theoretical
values predicted by bioinformatic tools such as Vector NTI and
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MassLynx, supporting the reliability of the experimental measurements
[42]. A capillary isoelectric focusing (cIEF) method was developed and
thoroughly validated for the identification testing of monoclonal anti-
body drug products with isoelectric points ranging from 7.0 to 9.0. The
method demonstrated a high degree of reproducibility and exhibited
strong specificity, not only in distinguishing between different protein
therapeutics within the targeted pI range but also in detecting charge
heterogeneity resulting from C-terminal lysine clipping. These features
highlight the suitability of the method for both identity confirmation
and detailed characterization of monoclonal antibodies [43].

An automated CIEF-MS was validated in order to separate mAb
charge variants comparing with iCIEF-UV profiles. To ensure sensitivity
and resolution various parameters were optimized as sheath liquid,
which was one of the main impacting patterns. Additionally, glycerol
was chosen as catholyte, instead the addition of Pharmalyte 3- 10 was
selected as best ampholytes, reducing interferences for both CIEF and
MS [44]. Dai and colleagues validated an CIEF- MS method for online
MS characterization of mAb, comparing results obtained from MS with
CIEF- UV analysis. The validated method was positively applied to on
market available mAbs, obtaining good correlation through the two
methods used. The charge variant separation was obtained using an
electrokinetically pumped sheath liquid nanospray CE-MS, avoiding the
ESI technology [44]. This technique has become one of the major used
for characterization of mAbs and ADCs, especially for their advantages
in separation of charge profile, naked mAbs and ADC, differently than
other technique as ionic chromatography, due to strong interaction
between stationary phase and ADC, because of their lipophilicity [45].
MS detection is the gold standard for protein identification, but its use
with iCIEF is almost recent. For its approach, MS detector has overcome
various problems in peak identification, adding structural information
to data. The main problem is linked to type of anolyte and catholyte
chosen, cause of there is the necessity to use volatile compounds (most
common are ammonium hydroxide and formic acid). Glycerol is the
most common coating used [46].

Hosken et al. validated a free- flow isoelectric focusing (FFE) method
to isolate acidic and basic variants, previously observed through cIEF.
Various individual peaks were identified from charge profile of the mAb
for further identification, focusing on post- translational modification.
FFE was demonstrated to be more suitable for isolating charge variants
than cIEF method, obtaining excellent recovery fraction of mAb [47].
The possibility of use a gradient pH going from to 10 have permitted to
separate rhumAbs with different pl. The fractionated part of the Ab was
later extracted through solid phase extraction cartridge, with a recovery
of more than 75 % [47]. iCIEF was used to confirm/ ensure through
rapid analysis of the pI for each mAb and proteins, also in case of little
difference of potential. The method was used to confirm the absence of
change from the starting material after using a new chromatographic
method as ion chromatography (explained in the LC part of the manu-
script) [48].

Cause of the characterization of charge variants is a fundamental part
of the workflow in mAbs, Wang and colleagues have performed a free-
flow isoelectric focusing (FF-IEF), due to the impossibility of CEX
approach. The most interesting approach was due to sample infusion
flow, highly lower than normal cIEF method. This was due to the pres-
ence of hydroxymethyl cellulose in medium, and to avoid precipitation
of the samples [49]. Before this newest manuscript, they have identified
the structural origins of a complex charge heterogeneity of ACE2Fc, an
antibody obtained through fusion between angiotensin-converting
enzyme 2 (ACE2) and immunoglobulin G1 (igGl). Being heteroge-
neous, analysis of its charge is a challenge for analytical chemists. After
optimization using hydroxypropyl methylcellulose and glycerol in
water, they have separated 19 charge variant of the analyte in question
[50].

Electrophoresis could be an optimal solution to characterize ADCs
focusing on size variants coupled with SDS, for charge variants and pl
profiling. The main advantages are directed in low sample volume and
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fast methos, for major resolution mass spectrometer is suggested.

4. Antibody drug conjugates characterization by liquid
chromatography

4.1. Evaluation of purity of the compound

Being these compounds useful for intravenous administration, high
safety is required, especially during synthesis. First, the purity of the
sample/preparation must be ensured, because preparation of an ADC
require several analytical steps, with consequently many problems/
disadvantages [51]. Aggregates, fragments, particles or, more general,
unwanted/undesirable parts, which could decrease the efficiency of
ADC or increase toxic effects [51,52]. For example, de Mel and col-
leagues reported a polyphenyl RP method, with which they were able to
separate the ADC by the free drug spinking the sample. They proposed
three methods to quantify free drug, underling the possibility to inject
direct sample without other sample preparation [53]. Jiang et al. pro-
posed an interesting approach to identify and remove aggregates by an
ADC: they used a size exclusion chromatography coupled with multi-
angle light scattering (SEC-MALS) and, to control the level of aggregates
ensuring the safe level of them, they characterized them by TEM [54].
Other common approaches are dynamic light scattering (DLS), which
provides only presence of aggregates or pureness of the ADC, sedimen-
tation velocity analytical ultracentrifugation (SV-AUC) or sodium
dodecyl sulphate analysis (SDS), widely used in ADC’s preparation to
ensure batch [55].

Another common approach is using size exclusion chromatography
(SECQ) to purify the ADC previously synthesized. However, the main aim
for SEC in this field is to quantify protein aggregates [56]. For example,
Behrens et al. prepared the linker, the conjugation linker-payload and
prepared the ADC using trastuzumab as Ab [57]. They used SEC to
ensure the conjugation and the minimal intermolecular cross-linking of
different antibody [57]. Nevertheless, SEC is not a high-resolution
method, and it depends on differences of molecular weight of com-
pounds. In Table 2 are summarized some methods used for purity of
ADCs.

Different was the approach used by Khawli and colleagues, because
they have chosen to use the cation exchange chromatography to sepa-
rate charge variants in mAbs, later scaled- up to bigger quantities. The
group have separated three different charge variants, confirming pre-
vious studies [58]. In order to separate aggregates from the pure mAb,
they have chosen the SEC approach, finding major presence of aggre-
gates in the basic region, maybe due to higher affinity for
cation-exchangers [58].

Due to immunogenic response after administration of an ADC, a big
challenge for analytical chemist could be the subvisible particle, regu-
lated by USA and European Pharmacopeia. For example, Ebrahimi and
colleagues have evaluated pureness of their ADC using a YMC-pack diol-
200 with an aqueous mobile phase, pooling peaks before the monomer
peak to quantify aggregate percentage (high molecular weight) and
peaks eluted after the major peak were used to quantify fragment per-
centage (low molecular weight species). A similar protocol was used to

Table 2
LC method used for ensuring pureness of ADCs.

Method Analyte(s) Stationary phase Aggregates Ref.
(%)

SEC- Gemtuzumab Superdex 200 PG resin 78- 44 [54]
MALS Ozogamicin size-exclusion
* chromatography

CE-SDS- 26 mAb - 5<x< 80 [55]
uv 2 ADCs 8

SEC-MS 2 mAb BEH200 SEC 1.7 mM, 46  0.3-0.5 [57]

4 ADCs x 150 mm 0.8-3

" SEC- MALS: Size Exclusion Chromatography- MultiAngle Light Scattering.
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avoid high- and low molecular weight species from the mAb using a
TSKgel Super SW3000, 4.6 x300mm column. Their conclusion has sug-
gested that ADC with many hydrophobic payloads conjugated can cause
the presence of subvisible particles [59].

As previously reported, many scientists have used SEC to separate
lower and higher particles/ protein aggregates by the main product
(both Ab and ADC), understanding the size by retention time. But to
ensure and quantify this value approach as analytical ultracentrifuga-
tion can be used, choosing speed of rotation based on size [60]. For these
reasons, Petoskey and colleagues have used light obscuration and micro-
flow imaging or the counting and morphological characterization of
subvisible particles, which were then analysed with SEC to understand
the impact and quantities of aggregates [61]. These type of approach for
analytical characterization of aggregates are reported in various works
[62-64].

4.2. Drug antibody ratio

Drug Antibody Ratio (DAR) is one of the most important chemical
characteristics of an ADC, it is linked to the efficacy and safety and
represents the number of drug’s molecules (payload) conjugated to the
antibody. Thus, control of DAR is an important challenge for analytical
chemists, because this point can result in changes in pharmacokinetics
and toxicity effects [65,66]. Previously, ADCs were generated through
non-specific conjugation to amino acid residues such as lysines or cys-
teines, resulting in heterogeneous DAR. Although antibodies have
around 80 lysine residues, typically fewer than 10 are accessible for
chemical conjugation due to structural and functional limitations. In the
case of cysteines, the common approach involves reducing the four
interchain disulphide bonds to enable drug attachment. As a result,
traditional conjugation methods generally produce ADCs with between
0 and 8 drug molecules attached per antibody [65,67]. When DAR has
not a well-established and repeatable value, many problems could verify
aggregation, rapid clearance, drug release etc [10,68]. The conjugation
of the payloads lead to become the ADC more hydrophobic, making
separation a big challenge [69]. Thus, various approaches were be used
to overcome these problems. In Table 3 there is a summary of the most
used method for DAR quantification. Interesting was the approach used
by Yolder and colleagues, which used a previous validated method
LC-MS to compare two different types of conjugation, site- specific, as
cysteine conjugation could be, and the lysine- linked, which is more
heterogeneous conjugation. The possibility of using a site- specific
conjugation gives more control in composition, analysis, and activity
[70]. Despite the heterogeneous synthesis using a lysine conjugation, it
represents the easiest method to obtain an ADC, thank to the high
presence in Ab, surface exposure, and nucleophilicity. For example,
IgG1 Ab has more than 40 modifiable lysine residues. Instead, cysteine
modification is obtained through a 1- 4 conjugation to N- substituted
maleimides [71].

Table 3
LC method for DAR quantification.
Method Stationary phase DAR  Ref.
HIC-MS Tosoh TSKgel Butyl-NPR, 4.6 mm x 10 cm column, 2.5 >1 [571]
pm particle size
SEC-MS Zenix-C SEC-300 column (4.6 x 300 mm, 3 pm particle ~ >1 [57]
size, 300 A pore size)
HIC-MS Homemade SP - [771
HIC MabPac-Hic-Butyl column 2 [78]
RP-UV - 2
SEC- Acquity Premier Protein SEC, 250 A 1.7 pm, 4.6 x 150 3-8 [86]
MALS mm column
RP-UV RP mAb Polyphenyl, 450 A, 2.7 ym, 2.1 x 150 mm 3-8
RP-MS column 3-8
HIC-UV BioCore HIC-Phenyl, 5 pm, 4.6 x 100 mm 3-8
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4.2.1. UV-Visible

The simplest analytical instrument for sure is UV-Vis, which could be
used to calculate DAR following some criteria, for example drug must be
visible and it must have a different maximum absorbance than Ab.
However, many scientists prefer to avoid this method for the possibility
of interference about absorbance, for overlapping absorbance and
overestimation of DAR [72,73].

4.2.2. Hydrophobic interaction chromatography

As its name suggests, Hydrophobic Interaction Chromatography
(HIC) use hydrophobicity to separate compounds without losing their
protein conformations. The process starts with sample injection into a
high-salt mobile phase, which facilitates the binding of proteins to the
surface of a moderately hydrophobic stationary phase. Often a gradient
elution is used, in order to reduce salt concentration (inverse salt
gradient) [74]. Usually, mobile phase A is made by 1.5-2 M of ammo-
nium sulphate or ammonium acetate plus 0.1 M of phosphate buffer,
which also represents mobile phases B. pH needs to be the most possible
near to isoelectric point of the protein, instead temperature of the col-
umn must be under 30°C [75]. Ammonium sulphate is the most common
buffer used for HIC, because other types (e.g., sodium chloride) can be
used, but gradient needs to be arranged, stretching out retention time
and total chromatographic course. Instead, buffer as ammonium acetate,
maybe, needs higher molar concentration than ammonium sulphate
taking other conditions equal [76]. HIC is often used prior to other
analysis approach, to ensure DAR and the actual conjugation, but also in
pharmaceutical industries HIC is the gold standard for quality assess-
ment [76].

It represents the gold standard for DAR quantification, and it is
important to underline that conditions used for HIC are mild and non-
denaturing, preserving the native state of Ab. HIC is often used for its
accuracy and rapidity to quantify ratio and DAR. However, the big
amount of salt does not match with high resolution detector as mass
spectrometer (MS), for this reason Chen and colleagues validated an HIC
method coupled with MS using volatile salt as ammonium acetate [77].
For example, Giansanti et al. used HIC to ensure DAR, using a linear
gradient with ammonium sulphate, sodium phosphate and isopropanol
as mobile phase A and sodium phosphate and 20 % of isopropanol as
mobile phase B [78]. The only problem with 20 % of organic solvent
with high concentration of salt is the precipitation of themselves, so it is
required to wash all the instrument prior and after the analysis, but,
however, lower percentage of organic solvents could be better [77]. For
this reason, Lovato and colleagues validated an HIC method to ensure
DAR value without using organic solvent, because mobile phases were
constituted by only ammonium sulphate and phosphate buffer, and with
a linear gradient they were able to separate naked Ab and ADC with one
and two payloads conjugated [79].

4.3. Reversed phase liquid chromatography

The most common and used type of liquid chromatography is the
reversed phase, but differently than with HIC, Reversed Phase Liquid
Chromatography (RPLC) strongly needs conditions to characterize an
ADG, as reported in Table 3. Analysis of big molecular weight molecules
like ADC can result in problems associated with strongly adsorption into
stationary phase, denaturation or low sensitivity [80]. Additionally,
pore size and particle diameter are variable which could influence re-
sults [81,82]. To avoid these problems some scientists decided to use
very high temperatures or shorter chain stationary phases, as for
example C4, or add strong acid as trifluoroacetic acid (TFA) [83].

One of the widely used approach for RPLC is proteolytic digestion or
reduction by adding dithiothreitol (DTT). In this way, through various
calculations based on the quantitative analysis of the drug, you can trace
the calculation of the DAR [84,85]. This is what Giansanti and col-
leagues have done to ensure their DAR 2, using both C18 and HIC. About
C18, they used 60 M excess of Tris(2-carboxyethyl) phosphine (TCEP)
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and analyzed drugs using a gradient method containing TFA, as previ-
ously mentioned [78].

5. Pharmacokinetics of antibody drug conjugates

Due to all of the previously mentioned characteristics of an ADC,
adsorption, distribution, metabolism and elimination (ADME) have
positive effects as slow clearance, long half- life, but they can have also
undesirable effects if conjugation is not well carried out. For these rea-
sons, it is mandatory to normalize pharmacokinetics (PK) profile
[87-89]. There are two mainly approaches used, quantification of
analytes and analysis of ADC, using high-resolution mass spectrometer.

For example, Liu and colleagues used immune- capture to take ADC
from complex matrix and with cathepsin B separate the drug from the
rest of the ADC and they injected into LC-MS/MS diluting sample in
Acetonitrile (ACN), as best dilution solvent. This study was performed
on monkeys, highlighting how changes in DAR value can affect on PK
profile [90].

Yin and others validated a rapid LC-MS/MS for quantification of a
free drug of their ADC, to understand PK profile, after validation of
ELISA for following the entire ADC in rat and monkey plasma [66] and
hybrid immunoaffinity in human plasma [67]. They used a solid liquid
extraction to extract the drug working in reversed phase with MS de-
tector through multiple reaction monitoring [68].

Lovato and colleagues validated an isocratic method for quantifica-
tion of the payload and its main metabolite using HPLC-DAD. They
validated the method in plasma matrix ensuring absence of interference
and highlighting the possibility of using an easy and common instru-
mentation, as HPLC-DAD could be, to follow free drug. Quantifying both
drug and metabolite is a pivotal aim in this type of analysis for future
possibility of understanding PK profile [91-94]. For this reason, some
times later, Lovato et al. have tried to apply their validated method to
quantify the drug and its main metabolite in tissue through a liquid
liquid extraction with small organic solvent volume. The performance of
the method was tested on real mice samples, comparing analysis in
HPLC with ELISA test, finding complementary results following two
different aspect of an ADC, all the “macromolecule” with the second and
the payload with the liquid chromatography [79]. The biggest goal of
this research was the possibility of quantifying both drugs (main drug
and its first metabolite) using a common instrumentation as HPLC- DAD,
accordingly with Green Chemistry Principles.

On the contrary, Jin et al. validated a method in LC-MS following the
intact ADC, extracting it through immunoaffinity from rat plasma
comparing diverse DAR of the same ADC, DARO, 2 and 8. They evaluated
the presence of metabolites, based on peak percentage and retention
time of them, without using standard of reference. An interesting
approach that permits them to propose structural formula of metabolites
[95].

There are some researches focusing on possibility of conjugated two
different payloads (or more based on type of Ab) to increase cytotoxicity
effects, for this reason Mak and colleagues validated a method using LC-
MS to quantify six different drugs useful for ADC. They used mouse
serum fortified with analyte and the extraction procedure was almost
easy, because they used a liquid-liquid extraction technique with
methanol and ethanol 50: 50 v: v for the recovery. After validation, PK
parameters were obtained through collection from tail vein at different
timepoints, from Oh to 8 days [96].

6. Post translational modifications (PTM)

In order to increase knowledge on site information, peptide mapping
is the most used approach. PTM is a routinely analysis for whose have
MS, especially in ADC’s field, to characterize modifications for mAbs
and proteins, more in general [97]. For example, Wang et al. analyzed
their ADC (HuN901-DM1) obtained through randomly modification of
Ab, which is cross- linked to the drug in a second part. Being present six
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molecules of drugs conjugated to the Ab but also naked Ab, the PTM
analysis was used to identify 40 different modifications, obtaining that
only 47 % of the sites are conjugated with the drug [98]. Huang and
colleagues have performed a MS method with the aim of following PTM
in vivo. They have focused their attention on a deamidation, quantifying
both deamidated and non- form. This study has the big aim of showing
what and how can happens into body after administration of an ADC,
evaluating possible changes in critical quality attributes [99]. Instead,
Yang and others have characterized their ADC, confirming previous
results. They have employed tryptic digestion with an HPLC coupled
with high resolution mass spectrometer, finding also low concentration
products bio transformed and giving structural notices [100].

7. Conclusion

Due to the highly common issue of cancer and its related chemo-
resistance of traditional therapies, one of the pivotal aims of recent years
is to overcome these problems using targeted therapies. The interesting
into ADCs approach is growing up and with it also challenges for
analytical scientists to characterize, identify, and quantify this high
molecular weight molecules. Someone has preferred to follow the
payload (drug conjugated to Ab) other all the entire ADC. There is
continuous research on this topic, trying to overcome problems related
to the high molecular weight or to PK distribution. This review wanted
to focus mainly on recent analytical approaches for characterization and
quantification of this newest “magic bullet”. For sure, there are many
challenges, but various issues have already been exceeded. However,
additionally, the use of green solvents and the low amount of samples
represent another point to pass, trying the possibility of using more
common and easier instrumentation.

CRediT authorship contribution statement

Erika Maria Ricci: Writing — review & editing, Writing — original
draft, Supervision, Conceptualization. Enrico Dainese: Writing — re-
view & editing, Writing — original draft, Supervision, Conceptualization.
Vincenzo De Laurenzi: Writing — review & editing, Writing — original
draft, Supervision, Conceptualization. Giulio Lovato: Writing — review
& editing, Writing — original draft, Supervision, Conceptualization.
Gianluca Sala: Writing — review & editing, Writing — original draft,
Supervision, Conceptualization. Marcello Locatelli: Writing — review &
editing, Writing — original draft, Supervision, Conceptualization. Mir-
yam Perrucci: Writing — review & editing, Writing — original draft,
Supervision, Conceptualization.

Declaration of competing interest

Authors declare no conflict of interests.

Acknowledgements

All Authors thanks their Institution for the support during literature
overview.

Data availability

No data was used for the research described in the article.

References

[1] J.S. Brown, S.R. Amend, R.H. Austin, R.A. Gatenby, E.U. Hammarlund, K.
J. Pienta, Updating the definition of cancer, Mol. Cancer Res. 21 (2023)
1142-1147, 0.1158/1541-7786.MCR-23-0411.

[2] B.S. Chhikara, K. Parang, Global cancer statistics 2022: the trends projection
analysis, Chem. Biol. Lett. 10 (2023), 451-451urn:nbn:sciencein.cbl.2023.
v10.451.

[3]

[4

[5]

[6]

[71

[8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Journal of Chromatography Open 8 (2025) 100260

M. Labrie, J.S. Brugge, G.B. Mills, LK. Zervantonakis, Therapy resistance:
opportunities created by adaptive responses to targeted therapies in cancer, Nat.
Rev. Cancer 22 (2022) 323-339, https://doi.org/10.1038/541568-022-00454-5.
K. Strebhardt, A. Ullrich, Paul Ehrlich’s magic bullet concept: 100 years of
progress, Nat. Rev. Cancer 8 (2008) 473-480, https://doi.org/10.1038/nrc2394.
W.D. Joo, L. Visintin, G. Mor, Targeted cancer therapy-are the days of systemic
chemotherapy numbered? Maturitas 76 (2013) 308-314, https://doi.org/
10.1016/j.maturitas.2013.09.008.

E. Capone, S. Iacobelli, G. Sala, Role of galectin 3 binding protein in cancer
progression: a potential novel therapeutic target, J. Transl. Med. 19 (2021) 1-18,
https://doi.org/10.1186/512967-021-03085-w.

Y.T. Lee, Y.J. Tan, C.E. Oon, Molecular targeted therapy: Treating cancer with
specificity, Eur. J. Pharmacol. 834 (2018) 188-196, https://doi.org/10.1016/j.
ejphar.2018.07.034.

X. Ke, L. Shen, Molecular targeted therapy of cancer: The progress and future
prospect. Front, Lab. Med. 1 (2017) 69-75, https://doi.org/10.1016/j.
flm.2017.06.001.

R. Roskoski Jr, Classification of small molecule protein kinase inhibitors based
upon the structures of their drug-enzyme complexes, Pharmacol. Res. 103 (2016)
26-48, https://doi.org/10.1016/j.phrs.2015.10.021.

S. Ponziani, G. Di Vittorio, G. Pitari, A.M. Cimini, M. Ardini, R. Gentile,

S. Iacobelli, G. Sala, E. Capone, D.J. Flavell, R. Ippoliti, F. Giansanti, Antibody-
drug conjugates: the new frontier of chemotherapy, Int. J. Mol. Sci. 21 (2020)
1-26, https://doi.org/10.3390/ijms21155510.

L. Gauzy-Lazo, I. Sassoon, M.P. Brun, Advances in antibody-drug conjugate
design: current clinical landscape and future innovations, SLAS Discov. 25 (2020)
843-868, https://doi.org/10.1177/2472555220912955.

M. Briiggemann, M.J. Osborn, B. Ma, J. Hayre, S. Avis, B. Lundstrom, R. Buelow,
Human antibody production in transgenic animals, Arch. Immunol. Ther. Exp. 63
(2015) 101-108, https://doi.org/10.1007/s00005-014-0322-x.

E. Capone, A. Lamolinara, D. D’Agostino, C. Rossi, V. De Laurenzi, M. Iezzi,

S. Iacobelli, G. Sala, EV20-mediated delivery of cytotoxic auristatin MMAF
exhibits potent therapeutic efficacy in cutaneous melanoma, J. Control. Release
277 (2018) 48-56, https://doi.org/10.1016/j.jconrel.2018.03.016.

F. Giugliano, C. Corti, P. Tarantino, F. Michelini, G. Curigliano, Bystander effect
of antibody-drug conjugates: fact or fiction? Curr. Oncol. Rep. 24 (2022)
809-817, https://doi.org/10.1007/5s11912-022-01266-4.

M. Grairi, M.Le Borgne, Antibody-drug conjugates: prospects for the next
generation, Drug Discov. Today 29 (2024) 1-11, https://doi.org/10.1016/j.
drudis.2024.104241.

A H. Staudacher, M.P. Brown, Antibody drug conjugates and bystander killing: is
antigen-dependent internalisation required? Br. J. Cancer 117 (2017)
1736-1742, https://doi.org/10.1038/bjc.2017.367.

P. Tarantino, B. Ricciuti, S.M. Pradhan, S.M. Tolaney, Optimizing the safety of
antibody—drug conjugates for patients with solid tumours, Nat. Rev. Clin. Oncol.
20 (2023) 558-576, https://doi.org/10.1038/s41571-023-00783-w.

M. Dorywalska, P. Strop, J.A. Melton-Witt, A. Hasa-Moreno, S.E. Farias,

M. Galindo Casas, K. Delaria, V. Lui, K. Poulsen, C. Loo, S. Krimm, G. Bolton,
L. Moine, R. Dushin, T.T. Tran, S.H. Liu, M. Rickert, D. Foletti, D.L. Shelton,

J. Pons, A. Rajpal, Effect of attachment site on stability of cleavable antibody drug
conjugates, Bioconjug. Chem. 26 (2015) 650-659, https://doi.org/10.1021/
bc5005747.

R. Wang, B. Hu, Z. Pan, C. Mo, X. Zhao, G. Liu, P. Hou, Q. Cui, Z. Xu, W. Wang,
Z.Yu, L. Zhao, M. He, Y. Wang, C. Fu, M. Wei, L. Yu, Antibody-Drug Conjugates
(ADCs): current and future biopharmaceuticals, J. Hematol. Oncol. 18 (2025)
1-44, https://doi.org/10.1186/s13045-025-01704-3.

R. Sheyi, B.G. de la Torre, F. Albericio, Linkers: an assurance for controlled
delivery of antibody-drug conjugate, Pharmaceutics 14 (2022) 1-27, https://doi.
org/10.3390/pharmaceutics14020396.

A. Beck, L. Goetsch, C. Dumontet, N. Corvaia, Strategies and challenges for the
next generation of antibody-drug conjugates, Nat. Rev. Drug Discov. 16 (2017)
315-337, https://doi.org/10.1038/nrd.2016.268.

P. Khongorzul, C.J. Ling, F.U. Khan, A.U. Ihssan, J. Zhang, Antibody- drug
conjugates: a comprehensive review, Mol. Cancer Res. 188 (2020) 3-19, https://
doi.org/10.1158/1541-7786.MCR-19-0582.

C.H. Chau, P.S. Steeg, W.D. Figg, Antibody- drug conjugates for cancer, Lancet
394 (2019) 793-804, https://doi.org/10.1016/50140-6736(19)31774-X.

J. Qiu, T. Qiu, Y. Huang, Z. Cao, Identifying the epitope regions of therapeutic
antibodies based on structure descriptors, Int. J. Mol. Sci. 18 (2017) 1-12,
https://doi.org/10.3390/1jms18122457.

L. Heinrich, N. Tissot, D.J. Hartmann, R. Cohen, Comparison of the results
obtained by ELISA and surface plasmon resonance for the determination of
antibody affinity, J. Immunol. Methods 352 (2010) 13-22, https://doi.org/
10.1016/j.jim.2009.10.002.

H.A. Alhazmi, M. Albratty, Analytical techniques for the characterization and
quantification of monoclonal antibodies, Pharmaceuticals 16 (2023) 1-30,
https://doi.org/10.3390/ph16020291.

S. Chung, J. Tian, Z. Tan, J. Chen, J. Lee, M. Borys, Z.J. Li, Industrial
bioprocessing perspectives on managing therapeutic protein charge variant
profiles, Biotechnol. Bioeng. 115 (2018) 1646-1665, https://doi.org/10.1002/
bit.26587.

J.S. Torano, R. Ramautar, G. de Jong, Advances in capillary electrophoresis for
the life sciences, J. Chromatogr. B 1118 (2019) 116-136, https://doi.org/
10.1016/j.jchromb.2019.04.020.

X. Zhang, G. Wu, M. Du, T. Bo, T. Chen, T. Huang, Imaged Capillary Isoelectric
Focusing Coupled to High-Resolution Mass Spectrometry (iclEF-MS) for Cysteine-


http://refhub.elsevier.com/S2772-3917(25)00058-1/sbref0001
http://refhub.elsevier.com/S2772-3917(25)00058-1/sbref0001
http://refhub.elsevier.com/S2772-3917(25)00058-1/sbref0001
http://refhub.elsevier.com/S2772-3917(25)00058-1/sbref0002
http://refhub.elsevier.com/S2772-3917(25)00058-1/sbref0002
http://refhub.elsevier.com/S2772-3917(25)00058-1/sbref0002
https://doi.org/10.1038/s41568-022-00454-5
https://doi.org/10.1038/nrc2394
https://doi.org/10.1016/j.maturitas.2013.09.008
https://doi.org/10.1016/j.maturitas.2013.09.008
https://doi.org/10.1186/s12967-021-03085-w
https://doi.org/10.1016/j.ejphar.2018.07.034
https://doi.org/10.1016/j.ejphar.2018.07.034
https://doi.org/10.1016/j.flm.2017.06.001
https://doi.org/10.1016/j.flm.2017.06.001
https://doi.org/10.1016/j.phrs.2015.10.021
https://doi.org/10.3390/ijms21155510
https://doi.org/10.1177/2472555220912955
https://doi.org/10.1007/s00005-014-0322-x
https://doi.org/10.1016/j.jconrel.2018.03.016
https://doi.org/10.1007/s11912-022-01266-4
https://doi.org/10.1016/j.drudis.2024.104241
https://doi.org/10.1016/j.drudis.2024.104241
https://doi.org/10.1038/bjc.2017.367
https://doi.org/10.1038/s41571-023-00783-w
https://doi.org/10.1021/bc5005747
https://doi.org/10.1021/bc5005747
https://doi.org/10.1186/s13045-025-01704-3
https://doi.org/10.3390/pharmaceutics14020396
https://doi.org/10.3390/pharmaceutics14020396
https://doi.org/10.1038/nrd.2016.268
https://doi.org/10.1158/1541-7786.MCR-19-0582
https://doi.org/10.1158/1541-7786.MCR-19-0582
https://doi.org/10.1016/S0140-6736(19)31774-X
https://doi.org/10.3390/ijms18122457
https://doi.org/10.1016/j.jim.2009.10.002
https://doi.org/10.1016/j.jim.2009.10.002
https://doi.org/10.3390/ph16020291
https://doi.org/10.1002/bit.26587
https://doi.org/10.1002/bit.26587
https://doi.org/10.1016/j.jchromb.2019.04.020
https://doi.org/10.1016/j.jchromb.2019.04.020

E.M. Ricci et al.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Linked Antibody-Drug Conjugate (ADC) heterogeneity characterization under
native condition, Electrophoresis 45 (2024) 1915-1926, https://doi.org/
10.1002/elps.202400083.

H. Cai, Y. Song, J. Zhang, T. Shi, Y. Fu, R. Li, N. Mussa, Z.J. Li, Optimization of
microchip-based electrophoresis for monoclonal antibody product quality
analysis revealed needs for extra surfactants during denaturation, J. Pharm.
Biomed. Anal. 120 (2016) 46-56, https://doi.org/10.1016/j.jpba.2015.10.041.
AM. Belov, L. Zang, R. Sebastiano, M.R. Santos, D.R. Bush, B.L. Karger, A.

R. Ivanov, Complementary middle-down and intact monoclonal antibody
proteoform characterization by capillary zone electrophoresis-mass
spectrometry, Electrophoresis 39 (2018) 2069-2082, https://doi.org/10.1002/
elps.201800067.

B. Moritz, V. Schnaible, S. Kiessig, A. Heyne, M. Wild, C. Finkler, S. Christians,
K. Mueller, L. Zhang, K. Furuya, M. Hassel, M. Hamm, R. Rustandi, Y. He, O.

S. Solano, C. Whitmore, S.A. Park, D. Hansen, M. Santos, M. Lies, Evaluation of
capillary zone electrophoresis for charge heterogeneity testing of monoclonal
antibodies, J. Chrom. B 938 (2015) 101-110, https://doi.org/10.1016/j.
jchromb.2014.12.024.

R. Kumar, A. Guttman, A.S. Rathore, Applications of capillary electrophoresis for
biopharmaceutical product characterization, Electrophoresis 43 (2021) 143-166,
https://doi.org/10.1002/elps.202100182.

S. Carillo, C. Jakes, J. Bones, In-depth analysis of monoclonal antibodies using
microfluidic capillary electrophoresis and native mass spectrometry, J. Pharm.
Biomed. Anal. 185 (2020) 1-7, https://doi.org/10.1016/j.jpba.2020.113218.
Y.N. Francois, M. Biacchi, N. Said, C. Renard, A. Beck, R. Gahoual, E. Leize-
Wagner, Characterization of cetuximab Fc/2 dimers by off-line CZE-MS, Anal.
Chim. Acta 908 (2016) 168-176, https://doi.org/10.1016/j.aca.2015.12.033.

J. Giorgetti, A. Lechner, E. Del Nero, A. Beck, Y.N. Francois, E. Leize-Wagner,
Intact monoclonal antibodies separation and analysis by sheathless capillary
electrophoresis-mass spectrometry, Eur. J. Mass Spectrom. 25 (2019) 324-332,
https://doi.org/10.1177/1469066718807798.

K. JooB, J. Hiihner, S. Kiessig, B. Moritz, C. Neusii, Two-dimensional capillary
zone electrophoresis-mass spectrometry for the characterization of intact
monoclonal antibody charge variants, including deamidation products, Anal.
Bioanal. Chem. 409 (2017) 6057-6067, https://doi.org/10.1007/500216-017-
0542-0.

V. Le-Minh, N.T. Tran, A. Makky, V. Rosilio, M. Taverna, C. Smadja, Capillary
zone electrophoresis-native mass spectrometry for the quality control of intact
therapeutic monoclonal antibodies, J. Chromatogr. A 1601 (2019) 375-384,
https://doi.org/10.1016/j.chroma.2019.05.050.

C.H. Chen, H. Feng, R. Guo, P. Li, AK.C. Laserna, Y. Ji, B. Hui Ng, S.F.Y. Li, S.
H. Khan, A. Paulus, S.M. Chen, A.E. Karger, M. Wenz, D. Lopez Ferrer, A.

F. Huhmer, A. Krupke, Intact NIST monoclonal antibody
characterization—Proteoforms, glycoforms—Using CE-MS and CE-LIF, Cogent.
Chem. 4 (2018) 1-13, https://doi.org/10.1080/23312009.2018.1480455.

C. Filep, M. Szigeti, R. Farsang, M. Haberger, D. Reusch, A. Guttman, Multilevel
capillary gel electrophoresis characterization of new antibody modalities, Anal.
Chim. Acta 1166 (2021) 1-9, https://doi.org/10.1016/j.aca.2021.338492.

M.T. Smith, S. Zhang, T. Adams, B. DiPaolo, J. Dally, Establishment and
validation of a microfluidic capillary gel electrophoresis platform method for
purity analysis of therapeutic monoclonal antibodies, Electrophoresis 38 (2017)
1353-1365, https://doi.org/10.1002/elps.201600519.

A. Goyon, M. Excoffier, M.C. Janin-Bussat, B. Bobaly, S. Fekete, D. Guillarme,
A. Beck, Determination of isoelectric points and relative charge variants of 23
therapeutic monoclonal antibodies, J. Chromatogr. B 1065 (2017) 119-128,
https://doi.org/10.1016/j.jchromb.2017.09.033.

D. Suba, Z. Urbanyi, A. Salgo, Capillary isoelectric focusing method development
and validation for investigation of recombinant therapeutic monoclonal antibody,
J. Pharm. Biomed. Anal. 114 (2015) 53-61, https://doi.org/10.1016/j.
jpba.2015.04.037.

J. Dai, J. Lamp, Q. Xia, Y. Zhang, Capillary Isoelectric focusing-mass spectrometry
method for the separation and online characterization of intact monoclonal
antibody charge variants, Anal. Chem. 90 (2018) 2246-2254, https://doi.org/
10.1021/acs.analchem.7b04608.

J. Wu, W. McElroy, J. Pawliszyn, C.D. Heger, Imaged capillary isoelectric
focusing: Applications in the pharmaceutical industry and recent innovations of
the technology, TrAC Trends Anal. Chem. 150 (2022) 1-8, https://doi.org/
10.1016/j.trac.2022.116567.

F. Krebs, H. Zagst, M. Stein, R. Ratih, R. Minkner, M. Olabi, S. Hartung,

C. Scheller, B.H. Lapizco-Encinas, C. Séanger-van de Griend, C.D. Garcia,

H. Watzig, Strategies for capillary electrophoresis: method development and
validation for pharmaceutical and biological applications—Updated and
completely revised edition, Electrophoresis 44 (2023) 1279-1341, https://doi.
org/10.1002/elps.202300158.

B.D. Hosken, C. Li, B. Mullappally, C. Co, B. Zhang, Isolation and characterization
of monoclonal antibody charge variants by free flow isoelectric focusing, Anal.
Chem. 88 (2016) 5662-5669, https://doi.org/10.1021/acs.analchem.5b03946.
L.A. Khawli, S. Goswami, R. Hutchinson, Z.W. Kwong, J. Yang, X. Wang, Z. Yao,
A. Sreedhara, T. Cano, D.B. Tesar, I. Nijem, D.E. Allison, P.Y. Wong, Y.-H. Kao,
C. Quan, A. Joshi, R.J. Harris, P. Motchnik. Charge var. IgG1. mAbs 2 (2010)
1-12, https://doi.org/10.4161/mabs.2.6.13333.

L. Wang, Y. Zeng, W. Gao, P. Shen, P. Han, Z. Zhang, Interrogation of
structure-activity relationships in charge variants of therapeutic IgG2s enabled
by free-flow isoelectric focusing fractionation, BioDrugs 39 (2025) 621-633,
https://doi.org/10.1007/540259-025-00718-0.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Journal of Chromatography Open 8 (2025) 100260

L. Wang, H. Wu, T. Cao, H. Li, P. Shen, L. Lu, Z. Zhang, Identification of structural
origins of complex charge heterogeneity in therapeutic ACE2Fc fusion protein
facilitated by free-flow isoelectric focusing, Eur. J. Pharm. Biopharm. 198 (2024)
1-10, https://doi.org/10.1016/j.ejpb.2024.114248.

F. Riccardi, M. Dal Bo, P. Macor, G. Toffoli, A comprehensive overview on
antibody-drug conjugates: from the conceptualization to cancer therapy, Front.
Pharmacol. 14 (2023) 1-21, https://doi.org/10.3389/fphar.2023.1274088.

R. Ghemrawi, L. Abuamer, S. Kremesh, G. Hussien, R. Ahmed, W. Mousa,

G. Khoder, M. Khair, Revolutionizing cancer treatment: recent advances in
immunotherapy, Biomed 12 (2024) 1-26, https://doi.org/10.3390/
biomedicines12092158.

N. de Mel, S.H.R. Mulagapati, M. Cao, D. Liu, A method to directly analyze free-
drug-related species in antibody-drug conjugates without sample preparation,
J. Chromatogr. B 1116 (2019) 51-59, https://doi.org/10.1016/j.
jchromb.2019.04.012.

Q. Jiang, B. Patel, X. Jin, D. Di Grandi, E. Bortell, B. Czapkowski, T.F. Lerch,

D. Meyer, S. Patel, J. Pegg, A. Arbuckle, J. Lagliva, V. Srikanda, L. Letendre, H. Li,
E. Thomas, D. Nadkarni, Structural characterization of the aggregates of
gemtuzumab ozogamicin, ACS Omega 4 (2019) 6468-6475, https://doi.org/
10.1021/acsomega.8b03627.

E. Wagner, O. Colas, S. Chenu, A. Goyon, A. Murisier, S. Cianferani, Y. Francois,
S. Fekete, D. Guillarme, V. D’Atri, A. Beck, Determination of size variants by CE-
SDS for approved therapeutic antibodies: key implications of subclasses and light
chain specificities, J. Pharm. Biomed. Anal. 184 (2020) 1-9, https://doi.org/
10.1016/j.jpba.2020.113166.

A. Goyon, A. Beck, O. Colas, K. Sandra, D. Guillarme, S. Fekete, Evaluation of size
exclusion chromatography columns packed with sub-3 pm particles for the
analysis of biopharmaceutical proteins, J. Chromatogr. A 1498 (2017) 80-89,
https://doi.org/10.1016/j.chroma.2016.11.056.

C.R. Behrens, E.H. Ha, L.L. Chinn, S. Bowers, G. Probst, M. Fitch-Bruhns,

J. Monteon, A. Valdiosera, A. Bermudez, S. Liao- Chan, T. Wong, J. Melnick, J.
W. Theunissen, M.R. Flory, D. Houser, K. Venstrom, Z. Levashova, P. Sauer, T.
S. Migone, E.H. van der Horst, R.L. Halcomb, D.Y. Jackson, Antibody-drug
conjugates (ADCs) derived from interchain cysteine cross-linking demonstrate
improved homogeneity and other pharmacological properties over conventional
heterogeneous ADCs, Mol. Pharm. 12 (2015) 3986-3998, https://doi.org/
10.1021/acs.molpharmaceut.5b00432.

L.A. Khawli, S. Goswami, R. Hutchinson, Z.W. Kwong, J. Yang, X. Wang, Z. Yao,
A. Sreedhara, T. Cano, D.B. Tesar, I. Nijem, D.E. Allison, P.Y. Wong, Y.-H. Kao,
C. Quan, A. Joshi, R.J. Harris, P. Motchnik. Charge var. IgG1. mAbs. 2 (2010)
1-12, https://doi.org/10.4161/mabs.2.6.13333.

S.B. Ebrahimi, X. Hong, J. Ludlow, D. Doucet, R. Thirumangalathu, Studying
intermolecular interactions in an antibody-drug conjugate through chemical
screening and computational modeling, J. Pharm. Sci. 112 (2023) 2621-2628,
https://doi.org/10.1016/j.xphs.2023.08.002.

A. Roesch, S. Zolls, D. Stadler, C. Helbig, K. Wuchner, G. Kersten, A. Hawe,

W. Jiskoot, T. Menzen, Particles in biopharmaceutical formulations, Part 2: an
update on analytical techniques and applications for therapeutic proteins, viruses,
vaccines and cells, J. Pharm. Sci. 111 (2022) 933-950, https://doi.org/10.1016/
j.xphs.2021.12.011.

F. Petoskey, S.C. Kwok, W. Jackson, S. Jiang, Overcoming challenges of
implementing closed system transfer device clinical in-use compatibility testing
for drug development of antibody drug conjugates, J. Pharm. Sci. 109 (2020)
761-768, https://doi.org/10.1016/j.xphs.2019.07.021.

R. Bansal, S. Gupta, A.S. Rathore, Analytical platform for monitoring aggregation
of monoclonal antibody therapeutics, Pharm. Res. 36 (2019) 1-11, https://doi.
org/10.1007/511095-019-2690-8.

S. Sreenivasan, C. Schoneich, A.S. Rathore, Aggregation of therapeutic
monoclonal antibodies due to thermal and air/liquid interfacial agitation stress:
Occurrence, stability assessment strategies, aggregation mechanism, influencing
factors, and ways to enhance stability, Int. J. Pharm. 666 (2024) 1-19, https://
doi.org/10.1016/j.ijpharm.2024.124735.

R. Walchli, P.J. Vermeire, J. Massant, P. Arosio, Accelerated aggregation studies
of monoclonal antibodies: considerations for storage stability, J. Pharm. Sci. 109
(2020) 595-602, https://doi.org/10.1016/j.xphs.2019.10.048.

W. Dong, W. Wang, C. Cao, The evolution of antibody-drug conjugates: toward
accurate DAR and multi-specificity, ChemMedChem 19 (2024) 1-13, https://doi.
org/10.1002/cmdc.202400109.

S. Parit, A. Manchare, A.D. Gholap, P. Mundhe, N. Hatvate, S. Rojekar,

V. Patravale, Antibody-drug conjugates: a promising breakthrough in cancer
therapy, Int. J. Pharm. 659 (2024) 1-25, https://doi.org/10.1016/j.
ijpharm.2024.124211.

K. Tsuchikama, Z. An, Antibody-drug conjugates: recent advances in conjugation
and linker chemistries, Protein Cell 9 (2018) 33-46, https://doi.org/10.1007/
513238-016-0323-0.

S.K. Singh, D.L. Luisi, R.H. Pak, Antibody-drug conjugates: design, formulation
and physicochemical stability, Pharm. Res. 32 (2015) 3541-3571, https://doi.
org/10.1007/5s11095-015-1704-4.

O. Hernandez-Alba, S. Houel, S. Hessmann, S. Erb, D. Rabuka, R. Huguet,

J. Josephs, A. Beck, P.M. Drake, S. Cianférani, A case study to identify the drug
conjugation site of a site-specific antibody-drug-conjugate using middle-down
mass spectrometry, JAMS 30 (2019) 2419-2429, https://doi.org/10.1007/
513361-019-02296-2.

N.C. Yoder, C. Bai, D. Tavares, W.C. Widdison, K.R. Whiteman, A. Wilhelm, S.
D. Wilhelm, M.A. McShea, E.K. Maloney, O. Ab, L. Wang, S. Jin, H.K. Erickson, T.
A. Keating, J.M. Lambert, A Case Study comparing heterogeneous lysine- and site-


https://doi.org/10.1002/elps.202400083
https://doi.org/10.1002/elps.202400083
https://doi.org/10.1016/j.jpba.2015.10.041
https://doi.org/10.1002/elps.201800067
https://doi.org/10.1002/elps.201800067
https://doi.org/10.1016/j.jchromb.2014.12.024
https://doi.org/10.1016/j.jchromb.2014.12.024
https://doi.org/10.1002/elps.202100182
https://doi.org/10.1016/j.jpba.2020.113218
https://doi.org/10.1016/j.aca.2015.12.033
https://doi.org/10.1177/1469066718807798
https://doi.org/10.1007/s00216-017-0542-0
https://doi.org/10.1007/s00216-017-0542-0
https://doi.org/10.1016/j.chroma.2019.05.050
https://doi.org/10.1080/23312009.2018.1480455
https://doi.org/10.1016/j.aca.2021.338492
https://doi.org/10.1002/elps.201600519
https://doi.org/10.1016/j.jchromb.2017.09.033
https://doi.org/10.1016/j.jpba.2015.04.037
https://doi.org/10.1016/j.jpba.2015.04.037
https://doi.org/10.1021/acs.analchem.7b04608
https://doi.org/10.1021/acs.analchem.7b04608
https://doi.org/10.1016/j.trac.2022.116567
https://doi.org/10.1016/j.trac.2022.116567
https://doi.org/10.1002/elps.202300158
https://doi.org/10.1002/elps.202300158
https://doi.org/10.1021/acs.analchem.5b03946
https://doi.org/10.4161/mabs.2.6.13333
https://doi.org/10.1007/s40259-025-00718-0
https://doi.org/10.1016/j.ejpb.2024.114248
https://doi.org/10.3389/fphar.2023.1274088
https://doi.org/10.3390/biomedicines12092158
https://doi.org/10.3390/biomedicines12092158
https://doi.org/10.1016/j.jchromb.2019.04.012
https://doi.org/10.1016/j.jchromb.2019.04.012
https://doi.org/10.1021/acsomega.8b03627
https://doi.org/10.1021/acsomega.8b03627
https://doi.org/10.1016/j.jpba.2020.113166
https://doi.org/10.1016/j.jpba.2020.113166
https://doi.org/10.1016/j.chroma.2016.11.056
https://doi.org/10.1021/acs.molpharmaceut.5b00432
https://doi.org/10.1021/acs.molpharmaceut.5b00432
https://doi.org/10.4161/mabs.2.6.13333
https://doi.org/10.1016/j.xphs.2023.08.002
https://doi.org/10.1016/j.xphs.2021.12.011
https://doi.org/10.1016/j.xphs.2021.12.011
https://doi.org/10.1016/j.xphs.2019.07.021
https://doi.org/10.1007/s11095-019-2690-8
https://doi.org/10.1007/s11095-019-2690-8
https://doi.org/10.1016/j.ijpharm.2024.124735
https://doi.org/10.1016/j.ijpharm.2024.124735
https://doi.org/10.1016/j.xphs.2019.10.048
https://doi.org/10.1002/cmdc.202400109
https://doi.org/10.1002/cmdc.202400109
https://doi.org/10.1016/j.ijpharm.2024.124211
https://doi.org/10.1016/j.ijpharm.2024.124211
https://doi.org/10.1007/s13238-016-0323-0
https://doi.org/10.1007/s13238-016-0323-0
https://doi.org/10.1007/s11095-015-1704-4
https://doi.org/10.1007/s11095-015-1704-4
https://doi.org/10.1007/s13361-019-02296-2
https://doi.org/10.1007/s13361-019-02296-2

E.M. Ricci et al.

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

specific cysteine-conjugated maytansinoid antibody-drug conjugates (ADCs)
illustrates the benefits of lysine conjugation, Mol. Pharm. 16 (2019) 3926-3937,
https://doi.org/10.1021/acs.molpharmaceut.9b00529.

S.J. Walsh, J.D. Bargh, F.M. Dannheim, A.R. Hanby, H. Seki, A.J. Counsell, X. Ou,
E. Fowler, N. Ashman, Y. Takada, A. Isidro- Llobet, J.S. Parker, J.S. Carroll, D.
R. Spring, Site-selective modification strategies in antibody-drug conjugates,
Chem. Soc. Rev. 50 (2021) 1305-1353, https://doi.org/10.1039/D0CS00310G.
Y. Chen. Drug-to-antibody ratio (DAR) by UV/Vis spectroscopy. In Antibody-Drug
Conjugates. Totowa, NJ: Humana Press. 267-273. 10.1007/978-1-62703-541-5_1
6.

R. Wang, B. Hu, Z. Pan, C. Mo, X. Zhao, G. Liu, P. Hou, Q. Cui, Z. Xu, W. Wang,
Z.Yu, L. Zhao, M. He, Y. Wang, C. Fu, M. Wei, L. Yu, Antibody-Drug Conjugates
(ADCs): current and future biopharmaceuticals, J. Hematol. Oncol. 18 (2025)
1-44, https://doi.org/10.1186/5s13045-025-01704-3.

S. Eeltink, R.E. Ewonde, D. Papp, Q.D. Bui, K. Broeckhoven, D. Scheich, N. Lingg,
C.A. Pohl, D. Guillarme, The current state-of-the-art approaches and emerging
opportunities for hydrophobic interaction chromatography for the
characterization of intact proteins and biotherapeutics, J. Chromatogr. A 1756
(2025) 1-9, https://doi.org/10.1016/j.chroma.2025.466089.

B. Bobaly, S. Fleury-Souverain, A. Beck, J.L. Veuthey, D. Guillarme, S. Fekete,
Current possibilities of liquid chromatography for the characterization of
antibody-drug conjugates, J. Pharm. Biomed. Anal. 147 (2018) 493-505, https://
doi.org/10.1016/j.jpba.2017.06.022.

R. Fleming. ADC analysis by hydrophobic interaction chromatography. In
Antibody-Drug Conjugates: Methods and Protocols. New York, NY: Springer US.
(2019) 147-161. 10.1007/978-1-4939-9929-3 10a.

B. Chen, Y. Peng, S.G. Valeja, L. Xiu, A.J. Alpert, Y. Ge, Online hydrophobic
interaction chromatography-mass spectrometry for top-down proteomics, Anal.
Chem. 88 (2016) 1885-1891, https://doi.org/10.1021/acs.analchem.5b04285.
F. Giansanti, E. Capone, S. Ponziani, E. Piccolo, R. Gentile, A. Lamolinara, A. Di
Campli, M. Sallese, V. Iacobelli, A. Cimini, V. De Laurenzi, R. Lattanzio,

M. Piantelli, R. Ippoliti, G. Sala, S. Iacobelli, Secreted Gal-3BP is a novel
promising target for non-internalizing Antibody-Drug Conjugates, J. Control.
Release 294 (2019) 176-184, https://doi.org/10.1016/].jconrel.2018.12.018.
G. Lovato, M. Perrucci, I. Cela, A. Lamolinara, A. Mercatelli, V. De Laurenzi, E.
Capone, M. Locatelli, G. Sala. Evaluation of Antibody-Drug Conjugate
performances using a novel HPLC-DAD method for tumor-specific detection of
DM4 and S-Methyl-DM4. ACS Omega. (2025) UNDER REVIEW?.

X. Song, H. Tian, R. Jing, K. Liu, K. Xu, L. Guo, G. Zhang, Navigating the frontier:
advances in monoclonal antibody purity control, PEP 232 (2025) 1-13, https://
doi.org/10.1016/j.pep.2025.106725.

W. Chen, K. Jiang, A. Mack, B. Sachok, X. Zhu, W.E. Barber, X. Wang, Synthesis
and optimization of wide pore superficially porous particles by a one-step coating
process for separation of proteins and monoclonal antibodies, J. Chromatogr. A
1414 (2015) 147-157, https://doi.org/10.1016/j.chroma.2015.08.043.

S.A. Schuster, B.M. Wagner, B.E. Boyes, J.J. Kirkland, Optimized superficially
porous particles for protein separations, J. Chromatogr. A 1315 (2013) 118-126,
https://doi.org/10.1016/j.chroma.2013.09.054.

S. Fekete, A. Beck, E. Wagner, K. Vuignier, D. Guillarme, Adsorption and recovery
issues of recombinant monoclonal antibodies in reversed-phase liquid
chromatography, J. Sep. Sci. 38 (2015) 1-8, https://doi.org/10.1002/

jss¢.201400996.

E. Tyteca, J.L. Veuthey, G. Desmet, D. Guillarme, S. Fekete, Computer assisted
liquid chromatographic method development for the separation of therapeutic
proteins, Analyst 141 (2016) 5488-5501, https://doi.org/10.1039/
C6AN01520D.

V. D’Atri, S. Fekete, A. Clarke, J.L. Veuthey, D. Guillarme, Recent advances in
chromatography for pharmaceutical analysis, Anal. Chem. 91 (2018) 210-239,
https://doi.org/10.1021/acs.analchem.8b05026.

W. Song, L. Yin, J. Ren, L. Jiang, Z.A. Huang, Y. Fan, R. Tao, T. Duan, Z. Su,

Y. Cao, J. Song, A. Xu, Simultaneous analysis of the drug-to-antibody ratio, free-

10

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

Journal of Chromatography Open 8 (2025) 100260

drug-related impurities, and purity of antibody-drug conjugates based on size
exclusion chromatography, Anal. Chem. 97 (2025) 9748-9754, https://doi.org/
10.1021/acs.analchem.4c06661.

K. Lin, J. Tibbitts, Pharmacokinetic considerations for antibody drug conjugates,
Pharm. Res. 29 (2012) 2354-2366, https://doi.org/10.1007/s11095-012-0800-y.
A.V. Kamath, S. Iyer, Preclinical pharmacokinetic considerations for the
development of antibody drug conjugates, Pharm. Res. 32 (2015) 3470-3479,
https://doi.org/10.1007/s11095-014-1584-z.

P. Sapra, A. Bett, J. Boni, Preclinical and clinical pharmacokinetic/
pharmacodynamic considerations for antibody-drug conjugates, Expert Rev. Clin.
Pharmacol. 6 (2013) 541-555, https://doi.org/10.1586/
17512433.2013.827405.

A. Liu, A. Kozhich, D. Passmore, H. Gu, R. Wong, F. Zambito, V.S. Rangan,

H. Myler, A.F. Aubry, M.E. Arnold, J. Wang, Quantitative bioanalysis of antibody-
conjugated payload in monkey plasma using a hybrid immuno-capture LC-MS/
MS approach: assay development, validation, and a case study, J. Chromatogr. B
1002 (2015) 54-62, https://doi.org/10.1016/j.jchromb.2015.08.007.

F. Yin, C. DeCiantis, J. Pinkas, B. Das, F. Wang, N. Zheng, D. Hahn, A. Amrite,
D. Adhikari, C. Kane, J. Sikora, J. Pittman, R. Wates, E. Shaheen, S. Harriman,
Quantification of antibody-drug conjugate PYX-201 in rat and monkey plasma
via ELISA and its application in preclinical studies, Bioanal 15 (2023) 43-52,
https://doi.org/10.4155/bio-2022-0233.

F. Yin, D. Adhikari, M. Sun, M.S. Woolf, E. Ma, W. Mylott, E. Shaheen,

S. Harriman, J. Pinkas, Bioanalysis of an antibody drug conjugate (ADC) PYX-201
in human plasma using a hybrid immunoaffinity LC-MS/MS approach,

J. Chromatogr. B 1223 (2023) 1-9, https://doi.org/10.1016/j.
jchromb.2023.123715.

F. Yin, D. Adhikari, Y. Li, D. Turner, M.S. Woolf, D. Lebarbenchon, E. Ma,

W. Mylott, E. Shaheen, S. Harriman, J. Pinkas, A sensitive and rapid LC-MS/MS
assay for quantitation of free payload Aur0101 from antibody drug conjugate
(ADC) PYX-201 in human plasma, J. Chromatogr. B 1226 (2023) 1-8, https://doi.
org/10.1016/j.jchromb.2023.123786.

G. Lovato, L. Ciriolo, M. Perrucci, L. Federici, R. Ippoliti, S. Iacobelli, E. Capone,
M. Locatelli, G. Sala, HPLC-DAD validated method for DM4 and its metabolite S-
Me-DM4 quantification in biological matrix for clinical and pharmaceutical
applications, J. Pharm. Biomed. Anal. 235 (2023) 1-10, https://doi.org/10.1016/
j.jpba.2023.115642.

W. Jin, L. Burton, I. Moore, LC-HRMS quantitation of intact antibody drug
conjugate trastuzumab emtansine from rat plasma, Bioanal 10 (2018) 851-862,
https://doi.org/10.4155/bio-2018-0003.

S.Y. Mak, S. Chen, W.J. Fong, A. Choo, Y.S. Ho, A simple and highly sensitive LC-
MS workflow for characterization and quantification of ADC cleavable payloads,
Sci. Rep. 14 (2024) 1-12, https://doi.org/10.1038/541598-024-61522-4.

X. Zhu, S. Huo, C. Xue, B. An, J. Qu, Current LC-MS-based strategies for
characterization and quantification of antibody-drug conjugates, J. Pharm. Anal.
10 (2020) 209-220, https://doi.org/10.1016/j.jpha.2020.05.008.

L. Wang, G. Amphlett, W.A. Blatter, J.M. Lambert, W. Zhang, Structural
characterization of the maytansinoid-monoclonal antibody immunoconjugate,
huN901-DM1, by mass spectrometry, Protein Sci. 14 (2009) 2436-2446, https://
doi.org/10.1110/ps.051478705.

Y. Huang, J. Yuan, R. Mu, R.J. Kubiak, K. Ball, M. Cao, G.P. Hussmann, N. de Mel,
D. Lu, L.K. Roskos, M. Liang, A.I. Rosenbaum, Multiplex bioanalytical methods for
comprehensive characterization and quantification of the unique
complementarity-determining-region deamidation of MEDI7247, an Anti-ASCT2
pyrrolobenzodiazepine antibody-drug conjugate, Antibodies 12 (2003) 1-15,
https://doi.org/10.3390/antib12040066.

J. Yang, H.Y. Tan, J. Yuan, Y. Huang, A.I. Rosenbaum, Detailed structural
elucidation of antibody-drug conjugate biotransformation species using high
resolution multiple reaction monitoring mass spectrometry with orthogonal
dissociation methods, ACS Pharmacol. Transl. Sci. 8 (2025) 113-123, https://doi.
org/10.1021/acsptsci.4c00445.


https://doi.org/10.1021/acs.molpharmaceut.9b00529
https://doi.org/10.1039/D0CS00310G
https://doi.org/10.1007/978-1-62703-541-5_16
https://doi.org/10.1007/978-1-62703-541-5_16
https://doi.org/10.1186/s13045-025-01704-3
https://doi.org/10.1016/j.chroma.2025.466089
https://doi.org/10.1016/j.jpba.2017.06.022
https://doi.org/10.1016/j.jpba.2017.06.022
https://doi.org/10.1007/978-1-4939-9929-3_10a
https://doi.org/10.1021/acs.analchem.5b04285
https://doi.org/10.1016/j.jconrel.2018.12.018
https://doi.org/10.1016/j.pep.2025.106725
https://doi.org/10.1016/j.pep.2025.106725
https://doi.org/10.1016/j.chroma.2015.08.043
https://doi.org/10.1016/j.chroma.2013.09.054
https://doi.org/10.1002/jssc.201400996
https://doi.org/10.1002/jssc.201400996
https://doi.org/10.1039/C6AN01520D
https://doi.org/10.1039/C6AN01520D
https://doi.org/10.1021/acs.analchem.8b05026
https://doi.org/10.1021/acs.analchem.4c06661
https://doi.org/10.1021/acs.analchem.4c06661
https://doi.org/10.1007/s11095-012-0800-y
https://doi.org/10.1007/s11095-014-1584-z
https://doi.org/10.1586/17512433.2013.827405
https://doi.org/10.1586/17512433.2013.827405
https://doi.org/10.1016/j.jchromb.2015.08.007
https://doi.org/10.4155/bio-2022-0233
https://doi.org/10.1016/j.jchromb.2023.123715
https://doi.org/10.1016/j.jchromb.2023.123715
https://doi.org/10.1016/j.jchromb.2023.123786
https://doi.org/10.1016/j.jchromb.2023.123786
https://doi.org/10.1016/j.jpba.2023.115642
https://doi.org/10.1016/j.jpba.2023.115642
https://doi.org/10.4155/bio-2018-0003
https://doi.org/10.1038/s41598-024-61522-4
https://doi.org/10.1016/j.jpha.2020.05.008
https://doi.org/10.1110/ps.051478705
https://doi.org/10.1110/ps.051478705
https://doi.org/10.3390/antib12040066
https://doi.org/10.1021/acsptsci.4c00445
https://doi.org/10.1021/acsptsci.4c00445

	New analytical challenges in characterization of antibody-drug conjugates
	1 Introduction
	2 Analytical methods for antibody drug conjugates characterization
	3 Antibody drug conjugates characterization by capillary electrophoresis
	4 Antibody drug conjugates characterization by liquid chromatography
	4.1 Evaluation of purity of the compound
	4.2 Drug antibody ratio
	4.2.1 UV-Visible
	4.2.2 Hydrophobic interaction chromatography

	4.3 Reversed phase liquid chromatography

	5 Pharmacokinetics of antibody drug conjugates
	6 Post translational modifications (PTM)
	7 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


