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Abstract

Antibody—drug conjugates (ADCs) are composed of a tumor-targeting mAb conjugated to a cytotoxic payload to enable the
selective delivery of the cytotoxic moiety while reducing the side effects and immunogenicity to the patient. Since the first
ADC approval by the FDA, the design of new generation of ADC products has been extensively developed to improve the
therapeutic efficiency of first-generation ADCs. Concomitantly, different analytical methods have been improved to enable
critical quality attributes (CQA) assessment and thus support ADCs development and production at different stages. In
this context, liquid chromatography (LC), capillary electrophoresis (CE), and mass spectrometry (MS) have played a pre-
dominant role in ADCs characterization, showcasing the advantages of these methods to identify and potentially quantify
the different ADCs populations resulting from the bioconjugation process. This review provides a detailed overview about
cutting-edge analytical methods with a particular focus on studies reported during the last five years related to LC, CE, and
MS, allowing not only a deeper insight into ADCs structure, but also to provide further evidence about their in vitro and
in vivo biotransformation products. The maturity, robustness, and high throughput associated to these methods allow their
progressive introduction in regulatory and clinical environments, ensuring the structural integrity of ADCs prior to their
administration to the patients. The examples reported in this review article clearly highlight the relevance of using tailored
analytical strategies for a more comprehensive ADC characterization and thus continue the contribution to early develop-
ability assessment and bring next-generation ADCs into the market.
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Introduction

Antibody—drug conjugates (ADCs) have been described
as the ‘magic bullets’ of cancer treatment, because they
combine the tumour-targeting properties of the antibody
moiety with the potency of cytotoxic agents (1). This has
led to a surge of billion-dollar deals in the field (2).

Canonical ADCs are complex therapeutic agents formed
by three key components, an antibody, a linker (cleavable
or non-cleavable) and a cytotoxic small molecule drug
payload (3). Seventeen ADCs have been approved so far
by the Food and Drug Administration (FDA, USA), the
European Medicines Agency (EMA, European Union), the
Medicines and Healthcare products Regulatory Agency
(MHRA, UK) and/or the National Medical Products
Administration (NMPA, China) including five in the last
seven months. They include six that each target a different
antigen (CD33, CD30, CD22, CD79b, CD19 and BCMA)
in hematological malignancies, and eleven ADCs that
target six antigens (HER2 (5), nectin-4, TROP2 (3), tis-
sue factor, folate receptor alpha (FRa), and cMet) in solid
tumors (Table I) (4). Fifteen ADCs are based on Immu-
noglobulin G1 (IgG1k), including one low fucose engi-
neered antibody, and two on hinge stabilized IgG4k (gem-
zutumab, inozutumab) with kappa Light Chains. Clinical
validated Linker-Payloads (LPs) are based on three classes
of cytotoxic drugs including DNA damaging agents (such
as calicheamycins (ozogamicin (2)) or PBD (tesirine (1)),
microtubule inhibitors (such as auristatins (vedotin (6)
and mafodotin (1)) and maytansinoids (emtansine (1) and
soravtansine (1)) and topoisomerase 1 inhibitors (such as
camptothecins (deruxtecan (2), govitecan, tirumotecan,
rezetecan)). LPs are conjugated to IgG hinge cysteines
(with Drug to Antibody Ratio (DAR) 4 to 8) or to lysines
(stochastic, DAR 2/3 to 6). Although more homogeneous
site-specific ADCs showed promising in vitro and in vivo
results, (5) they have not succeeded in clinical trials so
far, including failures in Phase 1 and Phase 2. Only three
out of more than 20 ADCs currently in late-stage trials
are based on site specific conjugation approaches: trastu-
zumab botidotin (A166, site-specific K-Lock™ conjuga-
tion chemistry, Sorrento/Sichuan Kelun Pharmaceutical,
Merck), ARX788 (incorporating non-natural amino acids,
Ambrx now Johnson & Johnson) and pivekimab sunirine/
IMGNG632 (Thiomab, ImmunoGen now AbbVie). Moreo-
ver, most of the approved (15 out of 17), as well as all
regulatory submitted ADCs possess cleavable rather than
non-cleavable linkers with nonpolar payloads, allowing the
bystander-killing effect (Table I).

The development and optimization of ADCs rely on
improving their analytical and bioanalytical characteriza-
tion, by assessing Critical Quality Attributes (CQAs). Some
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of the most important CQAs include the antibody amino-
acid sequence, glycosylation pattern, Drug Load Distribu-
tion (DLD), amount of unconjugated antibody (DO0), average
DAR, drug conjugation sites and residual drug-linker and
related product proportions (SMDs) in addition to high/low
molecular weight species (H/LMWS) and charge variants
(6). In 2016 (7) and 2019, (8) we have reviewed cutting-
edge multi-level analytical and structural workflows and
methods for the characterization of ADCs. Here, we high-
light the progress made in the field from 2020 to 2025.

Recent Advances in Liquid Chromatography
for the Characterization of ADCs

Chromatographic Strategies

Liquid chromatography (LC) is a key technique for the char-
acterization of ADCs, as it is widely accepted by regulatory
authorities and readily applicable in quality control (QC)
laboratories.

Among the chromatographic modes used for ADCs,
Hydrophobic Interaction Chromatography (HIC) is consid-
ered as the gold standard for determining the DAR. This is
due to its ability to separate species based on their hydropho-
bicity, without causing denaturation. HIC is considered as
a native LC technique, preserving the structural integrity of
the ADC, specifically the Y-shape structure of the antibody.
HIC is particularly useful for analyzing inter-chain cysteine-
conjugated ADCs. However, its relevance is not obvious for
lysine-conjugated or engineered cysteine-conjugated ADCs,
as reported elsewhere (9). In recent years, Eeltink et al. have
advanced the mechanistic understanding of HIC retention
and selectivity, but mostly for mAbs (10). Their work has
emphasized the importance of the mobile phase composi-
tion to tune selectivity/retention, demonstrating that chloride
ions can effectively replace ammonium sulfate. They also
showed that increasing the column length enhances resolu-
tion, as HIC retention does not follow an on—off retention
mechanism, contrary to earlier reports (11). In addition,
Eeltink et al. published a protocol for setting up robust HIC
for intact proteins and mAbs (12). Complementary research
from Fekete et al. (13, 14) has explored HIC in great depth
for both mAbs and ADCs. Their findings indicate that HIC
retention is governed by a complex interplay of mechanisms,
including hydrophobic interaction, hydrophobic effects,
“long-range non-hydrophobic” interactions, solvophobic
effects, salting-out, dehydration of proteins or structural
rearrangement like reversible and irreversible conforma-
tional changes of proteins. In addition, they also highlighted
the importance to use advanced, mildly hydrophobic HIC
columns, ideally packed with small particles (sub-3 um) and
to evaluate several salts (e.g. ammonium sulfate, sodium
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acetate and sodium chloride) during method development.
In some cases, the incorporation of organic modifiers and
the use of logarithmic rather than linear gradient, can further
enhance ADC separation performance.

As an alternative to HIC, native RPLC (nRPLC) was also
recently suggested as a viable chromatographic mode for the
characterization of DAR species (15). The inherent advan-
tages of nRPLC lies in its direct compatibility with MS,
along with the use of significantly lower salt concentration,
typically around 50 mM ammonium acetate. To support this
method, Phenomenex has developed two types of columns,
each with a different hydrophobicity, allowing for elution
with low concentration of MS-friendly salt and organic
buffer. To facilitate the elution of highly hydrophobic DAR
species, a gradient with an increasing percentage of isopro-
panol was employed. However, the concentration of organic
solvent was carefully limited to a maximum of 25% to avoid
protein denaturation. This strategy was successfully applied
to a broad range of ADCs, including interchain-linked spe-
cies (with heterogeneous DAR values ranging from 0 to 8)
and site-specific ADCs. A strong correlation was observed
between the results obtained with this method and those
from conventional HIC. Interestingly, unconjugated anti-
body (DARO) was successfully retained with a low-ionic-
strength salt using this method, and the method facilitated
the chromatographic separation of positional isomers of

DAR4 species with different conjugation linkages, which
was not achievable with traditional HIC. Importantly, despite
the absence of interchain disulfide bonds for the connection
between the Heavy Chain (HC) and the Light chain (Lc)
in several DAR species, the structural integrity was well
preserved using the method, confirming the non-denaturing
nature of nRPLC.

Another promising analytical strategy that has recently
emerged involves the use of SEC-UV for the simultaneous
analysis of DAR, free drug related impurities, and overall
purity of ADCs (16). This method is only applicable as
long as antibody and linker-payload have distinct UV/vis-
ible absorption maxima and can be considered as a Multi-
Attribute Method (MAM). In addition to the quantitation
of aggregates and fragments, SEC effectively excludes free
drug impurities from ADC-related peaks and improves the
accuracy of DAR determination through dual-wavelength
UV detection. The relative content of free drug impurities
can then be determined by comparing the free-drug-related
and ADC-related peaks at a wavelength where UV absorb-
ance is exclusively attributed to the linker-payload. The
applicability of the developed SEC-UV method has been
demonstrated on ADC process intermediates and photode-
graded ADCs, highlighting its utility for supporting in-pro-
cess monitoring and early-stage process development across
various ADC programs (Fig. 1). Interestingly, the authors

Fig. 1 a SEC chromatograms a -
of ADC-A with UV detection blank 370 nm
at 280 and 370 nm. A chroma- 7
togram of the blank detected at 0.60 ADC-A_280 nm
370 nm is included to illustrate ——ADC-A_370 nm
system peaks. b Zoom-in view
to focus on aggregates, frag- = 0.40-
ments, and free drug related <
impurity peaks. Adapted from
(16), with permission 0.20
e —_—
2.0 4.0 6.0 8.0 10.0
b Minutes
0.0075{ Zoom-In View
mpnogner FDRI
'aggregates' ) fragments .
0.0050
=
<
0.0025-
0.0000 : . o :
2.0 4.0 6.0 8.0 10.0

Minutes
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employed bioinert SEC columns (Waters Acquity Premier),
which is a crucial consideration for sensitive biomolecules
to minimize potential adsorption, especially under highly
aqueous mobile phase conditions (17, 18). However, it is
important to keep in mind that this method does not pro-
vide exhaustive characterization of DLD and profiling of
individual free drug impurity species. Additionally, a major
drawback is its incompatibility with MS, due to the use of
a non-volatile mobile phase consisting of 50 mM sodium
phosphate, 200 mM arginine-HCI, 10% ACN at pH 6.8.

The ability to perform at-line in-process monitoring is a
key consideration to evaluate the conjugation reaction moni-
toring during ADC manufacturing. To address this need, a
recent analytical strategy has been proposed based on intact
RPLC, enabling direct injection of the reaction mixture
without prior purification (19). This approach effectively
separates ADC species from drug-linker related impuri-
ties and has been successfully applied to a variety of ADCs
with varying hydrophobicities. However, in this example,
the authors employed a 50 mm column length with a 22-min
gradient run, which is an impractically long analysis time
for at-line in process monitoring. Due to the on/off reten-
tion mechanism of ADCs under RPLC conditions, (20, 21)
a more suitable solution would involve the use of ultra-short
columns (i.e. 5 mm in length), coupled with ballistic gradi-
ent. This setup could reduce the total analysis time to under
one minute, making it far more compatible with rapid, in-
process control requirements during ADC production.

Finally, comprehensive two-dimensional liquid chroma-
tography (LCxLC) was also proposed as an attractive strat-
egy for in depth ADC characterization. In a recent study, the
authors combined cation exchange chromatography (CEX)
in the first dimension and RPLC in the second, to success-
fully separate charge variants of lysine-linked ADC prod-
uct in less than 30 min (22). The strong complementarity
between the two chromatographic modes provided valuable
insight into the complexity of the sample, revealing numer-
ous isoforms with nearly identical masses. These isoforms
were likely attributable to heterogeneous drug conjugation
on various lysine residues or to post-translational modifi-
cations (PTMs). A notable advantage of this method is its
intrinsic compatibility with MS, made possible through
online desalting in the RPLC dimension. However, the study
reported limitations in MS sensitivity, which does not allow
deconvolution of some MS spectra, and thus prevented peak
identification. Despite this limitation, the LCxLC strategy
was successfully applied to ADC samples exposed to differ-
ent durations of thermal stress, demonstrating its value in
stability studies. Overall, multidimensional LC techniques
remain underutilized in ADC characterization and has
significant potential to improve possibilities of analytical
workflows.

@ Springer

In conclusion, HIC remains the benchmark strategy for
ADC characterization, though SEC and nRPLC offer attrac-
tive alternatives with greater compatibility with MS. Deter-
mining the optimal technique for a specific ADC product is
challenging in advance, so evaluating all three approaches
can be valuable during method development for a new ADC.
LC X LC also shows great promise for in-depth ADC charac-
terization, but is currently too complex for routine use and is
best reserved for research and development stages.

Coupling Non Denaturing LC with MS

Searching for direct MS compatibility with key non-dena-
turing LC methods has been the subject of several inves-
tigations, resulting in different analytical approaches. In
this context, native HIC-MS (nHIC-MS) and post-column
denaturation-assisted HIC-MS represent major innovations
of the last few years.

Yan et al. (23) first reported the use of an analytical-
scale HIC column with standard chemistry in an innovative
make-up and splitting flow design that enabled successful
online HIC-MS coupling, closely replicating standard HIC-
UV separation profiles, while providing an effective tool for
product characterization and quality control. The make-up
and splitting flow design incorporated a high flow mixing
and splitting approach, able to achieve both high MS data
quality and optimal chromatographic performance. The ana-
lytical flow (0.3 mL/min) was diluted with makeup flow
(1.5 mL/min of water) to reduce salt concentration and then
split into micro and high-flow paths. This design improved
dilution efficiency, stabilized split flow, and minimized
dead volume, resulting in enhanced chromatographic per-
formance and MS data quality. The method was validated
across three different applications (characterization of mAb
mixtures, molecular variants from PTMs, and a Cysteine-
based ADC mimic). Of note, the non-covalent interactions
within the Cysteine-linked ADC were largely preserved
under the nHIC-MS conditions, allowing the identification
of all DAR species, including DAR4 positional isomers and
unexpected DAR species, possibly due to either incomplete
conjugation reaction or hydrolysis-driven degradation.
More recently, Kempen et al. (24) proposed a streamlined
nHIC-MS approach involving the use of ammonium tar-
trate, a thermally decomposable salt with similar kosmotro-
pic strength as ammonium sulfate, as the main mobile phase
component in HIC. The setup, which included an online
SEC sample cleaning step positioned between HIC separa-
tion and native MS analysis, was carried out under isocratic
conditions with a 50 mM ammonium acetate mobile phase
at room temperature. In this context, a 30 mm SEC guard
column to simplify instrument complexity and a conven-
tional ESI source were used.
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Zhang et al.(25) further simplified the HIC-MS setup by
integrating a make-up and split-flow system using a single
liquid junction cross. A make-up flow (100% water, 1.5 mL/
min) was introduced after the HIC column and UV flow cell
to dilute salt concentration before MS analysis. The joint
high flow (1.8 mL/min) was split into a high-flow waste
stream (~ 1.6 mL/min) and a low-flow stream (~0.2 mL/
min) directed to MS via a HESI source. In addition, a Post-
Column Denaturation (PCD) solution was implemented to
directly characterized ADC positional isomers by replacing
the water with a denaturation solution as the makeup flow.
An effective PCD-assisted HIC-MS was achieved by the use
of 30% ACN with 2% FA as the PCD solution, allowing
the complete denaturation of the ADC, while maintaining
sufficient MS sensitivity able to provide the sub-unit frag-
ment information to facilitate positional isomer identifica-
tion (Fig. 2).

Concerning the direct hyphenation of SEC to MS, Fiissl
et al. (26) proposed an approach for characterizing Pyr-
roloBenzoDiazepines (PBD)-based ADCs at the intact
molecular level. To obtain a reasonable balance between
chromatographic performance and MS data quality, 100
mM buffer strength was considered the ideal mobile phase
for SEC-MS. In just 15 min, key insights into ADC mon-
omers, including glycoform distribution and DAR values
were obtained. Simultaneously, qualitative and quantitative
analysis of impurities such as aggregates and fragments,
were achieved. As example, confirmation of the upper hinge
region fragmentation was obtained through the identification
of very low-abundant 47-48 kDa fragments, unaffected by
deglycosylation, containing mass differences corresponding
to the amino acid sequence "DKTHT" (Fig. 3). In this case,

although fragment separation was inadequate for quanti-
fication, SEC-MS provided sufficient data to annotate all
detected species and identify fragmentation-prone sequence
sites.

A streamlined nSEC-MS workflow with a benchtop
LC-MS platform was proposed by Wu et al. (27), to quan-
titatively monitor DAR and DLD of different chemotype and
drug load level cysteine-linked ADCs. A complete method
validation was conducted in three independent laboratories
in compliance with the ICH Q2(R1) guidelines, demonstrat-
ing the feasibility of the workflow in QC environment, and
its suitability in ADC quality control, release, and stability
testing. Of note, the study did not include lysine-conjugated
or site-specific conjugated ADCs, nor the analysis of impuri-
ties such as aggregates and fragments; its unique goal was to
provide an orthogonal approach for DAR and DLD analysis,
complementing classic HIC or RPLC methods. A similar
analytical strategy was used by Tsybin and coworkers to
characterize an in-house produced antibody oligonucleotide
conjugate (AOC) (28). In this study, SEC was coupled to an
orbitrap mass spectrometer (Q Exactive HF Orbitrap) using
reduced MS resolution (8 ms of time-domain transient).
These experimental conditions led to a rapid estimation of
OAR, and OLD of the AOC at both intact, and middle levels
highlighting the suitability of SEC-MS coupling to address
the complexity of AOCs samples. Although SEC is most
commonly performed with buffer solutions that maintain
the native structure of proteins, in some particular cases the
use of acidic conditions can be suitable to estimate the reac-
tion yield of the bioconjugation process. Benazza et al. (29)
illustrated the use of SEC coupled to MS under denaturing
conditions to identify and relatively quantify the by-products
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Fig.3 a The left panel shows the base peak chromatogram of Her-
Maia-SG3259. The elution time window used for the generation
of the mass spectrum shown in the right panel is indicated in blue.
Species seen in the lower m/z range in the spectrum which were sus-
pected to be ADC fragments are highlighted in the yellow box. b The
left panel shows the spectrum derived by deconvolution of the m/z

of an ADC that was conjugated through a cysteine-specific
rebridged reaction. In this case, the denaturing conditions of
the workflow allowed dissociation of non-covalently bound
species to determine the rebridging reaction yield and rela-
tively quantify the species that were non-covalently attached
upon the bioconjugation strategy.

CEX has also been successfully interfaced with nMS
(SCX-nMS) for the characterization of ADCs. This tech-
nique is less used in ADCs characterization in compari-
son to HIC, or SEC. Nevertheless, it offers an orthogonal
separation method to monitor changes in the net charge of
the mAD surface as a result of the conjugation process. For
instance, Matsuada et al. reported on the hyphenation of
CEX with nMS to characterize a site-specific ADC produced
with “AJICAP” technology (30). The results confirmed the
suitability of the method to address the main charge variants
analysis of the protein, while providing an overall average
DAR value of 1.6, which was in line with previous reports
using HIC-UV, and SEC-nMS.

Since all the aforementioned strategies have limitations
related to ADCs analysis, several examples in the litera-
ture can be found using multiple LC-MS combinations to
provide a full characterization of ADC CQAs, and thus,
illustrate the synergy between these different methods. Wu
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species highlighted above. Masses of the main peaks are labelled
in red, mass differences corresponding to amino acids are labelled
accordingly. The right panel shows the fragmentation site in the upper
hinge region. The various species are derived by fragmentation at five
different consecutive peptide bonds of the HC sequence. Adapted
from (26) with permission

et al. (31) combined the use of SCX-UV-MS, SEC-nMS,
RPLC-MS, and peptide mapping analysis to fully character-
ize brentuximab vedotin, and a custom-made ADC at dif-
ferent levels, reporting even the precise conjugation sites
of the molecules. In a similar work, Desligniére et al. (32)
reported the characterization of trastuzumab deruxtecan,
and its unconjugated counterpart using SCX-UV-nMS,
HIC-SEC-nMS, SEC-nMS, and peptide mapping. In this
case, although all the different analytical strategies were
extremely informative and complementary allowing a more
comprehensive ADC characterization, it was concluded that
ADCs with high apparent hydrophobicity of the conjugated
moiety impair the separation of the different populations
during SCX-UV-MS analysis due to non-specific interac-
tions during the LC separation.

To conclude, while SEC is clearly easier to couple with
MS, it offers lower resolution compared to HIC, which
should remain the reference method for QC purposes. How-
ever, combining HIC and SEC with MS is particularly valu-
able for identifying peaks that are separated. It is important
to note that overall separation performance in HIC often
decreases when using volatile mobile phases compatible
with MS, making this approach best suited for research and
development rather than routine use.
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Chromatographic Purification Methods

The ADC manufacturing process includes reconstitut-
ing the mAb in a suitable buffer, using Tangential Flow
Filtration (TFF) for small molecule removal and buffer
exchange, and modifying/conjugating the mAb to pro-
duce crude ADCs. These are purified through either
a single TFF process or a sequential double purifica-
tion involving chromatography and TFF. While recent
advancements in chromatographic separation of DAR
species show promise, an additional TFF step is still
needed for final buffer exchange and selection of ADCs
with a specific drug antibody ratio (33). Affinity chro-
matography, like Protein A, is commonly used but can
result in low recoveries and increased aggregation due
to acidic elution. New orthogonal chromatography meth-
ods, including HIC, CEX, membrane chromatography,
and Centrifugal Partition Chromatography (CPC), are
being explored to improve purification (34, 35). Sev-
eral HIC resins with various ligands (e.g. butyl, phenyl,
PolyPropylene Glycol (PPG)) and hydrophobicity lev-
els were tested by Miiller et al. (34) to optimize ADC
purification, by comparing recovery and selectivity. This
study shows that using more polar HIC resins achieved
the best recovery, while smaller particle sizes (35 pm or
less) provided improved resolution of different DARs.
A step gradient method was developed for larger parti-
cle sizes, effectively separating ADCs into three groups
based on their DAR. Hendricks et al. (35) efficiently
applied CEX to eliminate very High Molecular Weight
Species (VHMWS) in ADCs. Applied to three products,
the approach reduced vHMWS from over 85% to less
than 0.1% by utilizing antibody intermediate purifica-
tion conditions. Cordova et al. (36) developed an ADC
purification process allowing for aggregate and payload
clearance, while polishing the ADC with membrane
chromatography by using the Sartobind S and Phenyl
membranes placed in tandem to integrate the overall
ADC purification processes in a single chromatographic
run. More recently, Achanta et al. (37) proposed the use
of CPC for purifying an ADC from a precursor mAb.
The ability of an Aqueous Two-Phase Systems (ATPS)
to discriminate between such high-molecular-weight spe-
cies, 146 kDa versus ~150 kDa, was linked to the large
hydrophobicity difference between the two antibody spe-
cies, opening the possibility to employ CPC and an ATPS
to separate different DARs of ADCs.

To conclude, ADC purification is best achieved with
chromatography—TFF combinations, where polar HIC
resins and CEX improve DAR resolution and aggregate
removal. Emerging methods like CPC offer additional
selectivity for advanced purification.

Recent Evolutions of Capillary Electrophoresis
Toward Size and Charge Variants Characterization
of ADCs

Capillary Gel Electrophoresis (CGE) represents the concep-
tual equivalent of classical gel electrophoresis, providing
outstanding resolution partially due to limited diffusion and
extended size range (38). Therefore, CGE is particularly
adapted for the characterization of size variants of thera-
peutic proteins and considered as a reference technique
mentioned in various monography (39). CGE using non-
reducing conditions was described for the separation and
characterization of size variants for two different ADCs.
Results demonstrated the possibility, using standard CGE
conditions, to characterize ADC fragments in a repeatable
and stable manner, highlighting the applicability of CGE
(40). Similarly, CGE could be used to characterize the size
variants corresponding to a novel site-specific ADC (41).
Non-reducing CGE analysis exhibited a baseline separa-
tion and possible identification of ADC fragments. The
fragments were attributed to the formation of non-covalent
HC/Lc association during the drug coupling process, not
detected using native SEC-UV or HIC-UV analysis. Thus,
even though CGE was performed under non-reducing con-
ditions, the method still included a denaturation step can-
celling non-covalent interactions. This effect should only
concern cysteine-linked ADCs produced by disulfide bond
reduction. From another perspective, CGE could be imple-
mented to investigate the kinetics of the reaction concern-
ing the disulfide bonds reduction. Thus, precise identifica-
tion of fragments formed gradually due to the reduction of
interchain disulfide bonds could be integrated to establish a
model emphasizing the reaction kinetics. This model pro-
vided crucial information which can potentially be used to
adjust the conditions of the reduction reaction (42). Using
a similar approach, CGE demonstrated a variation of DAR
species heterogeneity depending on the initial reduction step
(43). Further improvements can be expected, like avoiding
the use of denaturing reagents, to adjust the composition
of the gel and perform online hyphenation to MS (44, 45).
Capillary IsoElectric Focusing (CIEF) provides high-res-
olution separation of proteins according to their Isoelectric
points (pI). Imaged Capillary IsoElectric Focusing (iCIEF) has
gradually become a reference method for charge heterogeneity
assessment of ADCs and mAbs, due to the relevant specificity
of CIEF separation and its compatibility with high-through-
put analysis (46, 47). Recently, major instrumental develop-
ments were achieved enabling the online coupling of iCIEF
to ESI-MS (48, 49). The characterization of a deglycosylated
cysteine-linked ADC was recently described using iCIEF-MS
(50). Note, because cysteine-linked ADCs have reduced inter-
chain disulfide bonds for payload conjugation, their Lc and
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HC remain associated only by noncovalent interactions. Due
to the presence of organic solvent in the sheath-liquid used for
iCIEF-MS, the noncovalent interactions between subunits are
disrupted. Results demonstrated that iCIEF-MS allowed sepa-
ration of ADCs charge variants and analysis of the dissociated
subunits, enabling the characterization of the ADC conjuga-
tion and positional isomers. Furthermore, iCIEF-MS was also
applied for the analysis of high DAR cysteine-linked ADCs,
which are generally challenging due to the increased hydropho-
bicity of the payload-linker. Different drugs with a significant
impact on the protein charge were also compared. The study
showed that ampholytes, buffer and solubilizer choices for
iCIEF were dependent on the ADC analysed (51).

The iCIEF separation could drastically benefit from the
implementation of native MS. However, native MS requires
the implementation of non-denaturing sheath-liquid for
ESI-MS coupling compatible with iCIEF separation. Native
iCIEF-MS could be achieved for the characterization of
cysteine-linked ADC disitamab vedotin charge variants.
Formamide, normally present in the ampholyte for iCIEF
analysis to enable and maintain protein reduction, was
removed to provide native conditions. Native iCIEF-MS
results allowed to attribute disitamab vedotin charge vari-
ants originating from PTMs rather than DAR heterogene-
ity (53). Similarly, polatuzumab vedotin and brentuximab

vedotin were characterized using native iCIEF-MS (Fig. 4).
Experiments showed that the separation of ADC charge vari-
ants was influenced concomitantly by payload heterogene-
ity and PTMs (52). Thus, native iclEF-MS represents an
alternative to IEX for the charge heterogeneity assessment
of intact cysteine-linked ADC. In particular, native iCIEF-
MS is compatible with high-throughput analysis of ADCs in
their native form. Because of its recent introduction, further
improvements of native iclEF-MS should be expected to
exploit the full potential of these two techniques.
Capillary Zone Electrophoresis (CZE) provides the
separation of variants based on their electrophoretic mobil-
ity differences. Interestingly, CZE is easier to couple with
ESI-MS and has shown intensive developments, achieving
remarkable characterization of therapeutic proteins in dif-
ferent context (54, 55). Sheathless CZE-MS can be used to
characterize the primary structure of a cysteine-linked ADCs
using a bottom-up strategy. The peptide centric CZE-MS/
MS analysis enabled simultaneous localization of the pay-
loads, amino acid sequence determination and glycosyla-
tion profiling (56). The implementation of CZE-MS could
also be used to monitor the heterogeneity, at the intact pro-
tein level, for six cysteine-engineered ADCs, including an
antibody-oligonucleotide conjugate (57). Performed under
denaturing conditions, CZE-MS allowed the separation of
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intact charge variants and fragments of the ADCs. Compari-
son of CZE-MS data showed both the nature of the initial
mAbs and payload influence the CZE separation and the
heterogeneity of the product variants (57). A novel approach
was recently developed to measure the drug distribution of
the ADC HER3-DXd using CZE-MS. A new preconcen-
tration step referred as large-volume dual-sample stacking
was implemented to allow the online isolation of the drug
from the biological matrix prior the CZE separation, without
additional sample preparation (58).

Similarly to mAbs, CE remains relevant for the analy-
sis for ADCs. Indeed, the separation selectivity provided
by CGE and iCIEF enable the analysis of ADC size and
charge variants. In addition, CGE and iCIEF represent tech-
niques already available in QC laboratories. Thus, recent
developments aimed to improve the compatibility of elec-
trophoretic separations with the numerous types of ADCs
currently approved or under investigations. Due to the differ-
ent separation mechanisms involved, information obtained
using CGE and/or iCIEF appear to be complementary with
SEC and CEX respectively. However, MS hyphenation, the
major limitation at the moment, could drastically enhance
the level of characterization achieved using CGE. Therefore,
CZE-MS and iCIEF-MS already proved to enrich the char-
acterization of ADCs.

Evolution Of Mass Spectrometry Analysis
for a Deeper and More Streamlined Characterization
of ADCs

Numerous studies have showcased the preponderant role of
MS to assess the structural heterogeneity/homogeneity of
ADCs. The remarkable resolution, sensitivity, and ion trans-
mission capabilities of cutting-edge MS platforms make this
technique a highly suitable option to determine the DLD,
calculate the average DAR, and identify free drug related
impurities during the whole ADC process development.
Native MS (nMS) with the use of volatile buffer solutions
having controlled ionic strength and pH is more commonly
used in the characterization of ADCs, especially when the
bioconjugation strategy is performed on the cysteine resi-
dues involved in the inter-chain disulfide bridges of the mAb
scaffold. Furthermore, since the overall net charge state of
the protein is reduced in nMS, the different DAR popula-
tions are more efficiently separated allowing a better detec-
tion and relative quantification of DAR populations (59, 60).
Currently, in the vast majority of ADC analysis with nMS,
the MS platform is interfaced with different types of LC
separations (as reported in previous sections) for a twofold
purpose: i) addition of a complementary dimension of char-
acterization, ii) improve the overall throughput by perform-
ing an on-line buffer exchange to eliminate the non-volatile

salts contained within the ADCs formulation and thus avoid-
ing any sample preparation.

The continuous evolution of the MS instrumentation have
paved the way to perform more complex analysis of thera-
peutic proteins (including ADCs) offering the possibility
to dig deeper in ADCs characterization and provide criti-
cal insights related with their heterogeneity of conjugation,
conformation, dynamics, and stability as described in the
following sections.

Determination of ADCs Conjugation Sites with TD/MD-MS
Workflows

Typically, ADCs sequence confirmation, PTM localization,
and identification of conjugation sites have been achieved
at the peptide level with the use of Bottom-Up approaches
(BU). However, improvements in MS resolution, imple-
mentation of complementary fragmentation techniques,
and development of dedicated software have allowed the
fragmentation of therapeutic proteins at the intact (Top-
Down, TD), or subunit level (Middle-Down, MD) (Fig. 5a).
The main idea of these innovative strategies is to avoid the
sample preparation step, or significantly reduce it with a
limited digestion protocol, to provide a direct correlation of
the intact protein or the subunits masses with the fragmenta-
tion spectrum. Among the most relevant advantages of TD/
MD-MS workflows are the shortened sample preparation
time, the prevention of artefacts introduction, and a better
capability to identify protein proteoforms (more details in a
specialized review from Khristenko et al. (61)). Thus, TD/
MD-MS offer complementary information to BU-MS, mak-
ing them particularly attractive to be implemented in the
characterization workflow of therapeutic proteins.

MD-MS workflows have been more widely adopted in
the ADC characterization field compared to TD-MS. For
instance, Larson et al. (62) succeeded to obtain the DAR,
primary sequence characterization (51%, and 14% of Lc,
and Fc/2 sequence coverage, respectively), and drug locali-
zation of a cysteine-linked ADC in one hour, with an opti-
mized MD-MS approach performed with a FT-ICR mass
spectrometer. In this type of analysis, several experimental
conditions (62—64) along with the use of complementary
activation techniques are commonly used to increase the
overall sequence coverage, and hence, provide a more reli-
able localization of the conjugation site. Hernandez-Alba
et al. (65), and Watts et al. (66) both combined different
fragmentation techniques to identify the different conju-
gation sites of a site-specific, and a cysteine-linked ADC,
respectively. In both cases, UVPD, and ETD provided the
best sequence coverages and their combination led to more
than 70% of sequence coverage for each individual ADC
subunit. More particularly, it has been shown that ETD, and
EThcD fragmentations provide a thorough characterization
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Fig.5 a Intact workflows, i.e.
Top-Down and Middle-Down
Mass spectrometry. b Com-
parison of ETheD (MS2) and
EThcD +PTCR (MS3) results
on Fd subunit (Adapted with
permission from (67))
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of ADC positional isomers (64, 66) whereas UVPD pro-
duces the greatest number of unique fragments. Interest-
ingly, it was observed that, conversely to BU analysis, the
structural integrity of the ester bond of the cytotoxic payload
was maintained in MD-MS workflows, especially with the
use of electron-, and photon-based fragmentations (65).
Another alternative to increase the sequence coverage
of ADC:s is the use of Proton Transfer Charge Reduction
(PTCR). The main objective of this ion-ion reaction focused
on the reduction of the net charge state of fragment ions, is
to declutter the highly congested fragmentation spectra and
thus improving the number of fragment ion identification
(Fig. 5b) (67, 68). With the addition of PTCR, an increase
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in sequence coverage around 10% (depending on the sub-
unit and the fragmentation technique) has been achieved,
with sequence coverage reaching 93% in MD-MS for all
ADC subunits allowing ADC isomeric discrimination (67).
Beyond the improvement in sequence coverage, the number
of diagnostic fragments rises by twofold which provided
further confirmation on payload localization at the subunit
level (68). However, PTCR outcomes can be enhanced when
combined with post-fragmentation fractionation as illus-
trated by Dunham et al. In this case, the sequence coverage
of the HC of the mAb was increased by 23%, giving rise
to the identification of additional diagnostic fragments to
unambiguously localize the conjugation sites in this subunit.
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Upon combination of all the different fragmentation tech-
niques including PTCR, they obtained a remarkable 79% of
sequence coverage of ADCs HC in the LC time scale (69).

Therapeutic protein characterization has benefited from
recent advances in the MS field and several studies have
shown remarkable sequence coverages of highly complex
ADCs with TD-MS workflows in native conditions (70,
71). This approach offers a more comprehensive overview
about the heterogeneity of the sample. Wei et al. reported a
remarkable sequence coverage of 75%, along with the iden-
tification of the most abundant conjugation sites (58% of
all possible conjugation sites) (70). The same group pub-
lished a similar paper showing the optimization of a MD-MS
approach with nMS upon digestion with Ides enzyme and
TCEP reduction (71). In this case, 80% of all the putative
conjugation sites were assessed. However, both studies
strongly relied on the identification of internal fragments
(fragments without N- or C- terminal because occurring
from secondary or higher fragmentation events) which is still
today considered a topic of debate due to the potential num-
ber of false positive that can be assigned when these frag-
ments are considered during ion matching (68, 72). Overall
the use of native conditions in TD/MD-MS approaches lead
to the formation of low-charged fragment ions, giving rise
to more decongested spectra, and thus facilitating the iden-
tification of fragment ions.

These different studies clearly evidence the evolution and
the different possibilities that TD/MD-MS workflows can
afford in the characterization of therapeutic proteins such
as ADCs. Some clear advantages can be highlighted com-
pared to more classical methods such as the reduced sample
preparation or the improved characterization of proteoforms.
However, the implementation of TD-MS strategies on the
characterization of ADC:s still remains particularly challeng-
ing since extended optimization of the MS, and fragmen-
tation parameters is necessary to induce an efficient frag-
mentation. TD-MS strategies on mAb-derived compounds
are still unable to provide the complete sequence coverage
with the unambiguous localization of all conjugation sites of
heterogeneous ADCs (71, 73). Although MD-MS workflows
are better-suited to provide extended sequence coverage with
improved identification and characterization of low abundant
DAR species, the connection between the intact mass of the
protein and the fragmentation spectrum is lost due to the
limited proteolysis performed prior to the analysis. Thus, the
characterization of the different proteoforms or positional
isomers can only be reported at the subunit level. Another
limitation associated to these approaches is related with data
treatment. Several commercially-available and home-made
software solutions can be found with very different algo-
rithms and validation criteria. Currently, general guidelines
regarding mass tolerance, S/N ratio, or ion fragment types
included during TD/MD-MS data treatment are still missing.

Therefore, manual validation is often required to provide
an additional level of confidence in fragment ion identifica-
tion. For all these reasons, TD/MD-MS workflows are not
mature enough to be included in the QC toolbox of ADCs.
Nevertheless, the continuous evolution of the MS platforms
along with the development of tailored software solutions
will foster the implementation of these workflows progres-
sively into the portfolio of the biopharmaceutical industry.

Conformational and Gas-phase Stability Assessment
of ADCs with IM-MS Analysis

Over the past years, Ion Mobility coupled to Mass Spec-
trometry (IM-MS) has emerged as a promising analytical
approach to characterize conformation (landscapes) and
gas-phase stabilities of protein mAbs, (74, 75) and ADCs
(76-78). IM is an analytical method where ions are separated
based on their size and charge ratio in the gas phase (79).
This particular property makes IM in combination with MS
an excellent orthogonal method to tackle differences in the
conformational landscape of biomolecules, including mAb-
based formats. IM-MS data can be converted into structur-
ally relevant information (most often after calibration with
known biomolecules), providing information about the rota-
tionally averaged collision cross section (CCS) of the differ-
ent ion populations that can be used as collective variable to
support and speed up molecular dynamic simulations. In this
context, several publications have proven that derived mAb
CCS values from IM data are consistently lower compared
to theoretical CCS values from high-resolution structures
of mAbs. This effect is explained by the intrinsic flexibility
of the hinge region, which is known to collapse in the gas
phase as a result of the desolvation process (76, 80-82). In
terms of ADC characterization, IM is a valuable asset to
evaluate the CCS modification of their mAb counterpart as
a function of the number of conjugated cytotoxic molecules
(59, 60, 76, 83, 84). Furthermore, it has been shown that IM
data of specific DAR populations can be used to monitor the
DLD, and precisely calculate the average DAR, leading to
the conclusion that IM data is also well-suited for relative
quantification of ADCs populations (59).

Due to the interest that IM-MS brought to the characteri-
zation of therapeutic protein community, IM devices with
high-resolution ion mobility separation capabilities have
also come into the ADC characterization field. For instance,
Nagy et al. (78) compared the separation of reduced heavy
and light chain drug payload species with both drift time ion
mobility and traveling wave-based ion mobility (structure
for lossless ion manipulation device, SLIMS, pathlength 4.5
m). They showed that DAR-values could be allocated for
both reduced heavy and light chain under denaturing condi-
tions, while conventional drift tube ion mobility spectrom-
etry (DTIMS) was not able to assign those populations as a
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result of limited resolving power (Fig. 6a top and bottom).
SLIMS has proven to be an analytical method with a higher
resolution and resolving power to distinguish between gly-
coforms from different DAR populations. Indeed, SLIMS
device disposes of an ultra-long path length to efficiently
separate ions (85). However, small but significant differences
in DAR between neighboring charge states were observed
suggesting that care should be taken when comparing DAR
values that were obtained using (IM-)MS-based methods.
Another application of IM-MS is to monitor progressive
gas-phase unfolding by gradually increasing the collision
voltage before the mobility separation, commonly known as
collision induced unfolding (CIU). The biomolecule under-
goes unfolding due to the applied voltage, which results (in
most of the cases) in an increase in CCS and therefore a
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shift in arrival time distribution (Fig. 6b) (86, 87). There are
several factors to be considered when comparing gas-phase
stability with CIU analyses. First, there is the drift time (or
its derived CCS value) of the folded, native-like, ground
state along with the different number of unfolded intermedi-
ates. Acceleration voltages associated with each unfolding
transition (CIUs, values referring to the applied voltage at
which 50% of the ion population has been promoted to the
following unfolding intermediate) can also be inferred from
CIU experiments. Both CIU plots and CIUjs values can be
generated in an automated way using open-source software
(88-91). This particular approach shows increasing inter-
est during the last ten years and is particularly attractive
to differentiate quasi-iso-collisional cross section popula-
tions showing overlapping arrival time distributions in
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Fig.6 a Separation of DAR values in reduced heavy and light chain
using a SLIMS device (4.5 m), and a DTIMS device, respectively
(reprinted with permission from (78)). b Schematic representa-
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their ground state. Although more adopted for mAbs char-
acterization, CIU experiments have also found their utility
interrogating ADCs structures. For instance, Deslignicre
et al. showed that CIUy-values of different stages in Gly-
CLICK ADC conjugation (TO, T1, T2, and T-GlyCLICK-
DM1) have different CIUyy-values (Fig. 6¢) (77). Here,
they found that the parent mAb, TO, and its deglycosylated
variant T1 exhibit similar CIUy-values for the first transi-
tion. However, the glycosylated TO has higher CIU,-values
for the next two transitions than the non-glycosylated vari-
ant. Interestingly, the T2 and T-GlyCLICK-DM1 variants
exhibited lower number of unfolding transitions (only two
CIUjs(-values were determined instead of three). Moreover,
all CIUg,-values increased from T1 to T2 and from T2 to
T-GlyCLICK-DMI. This highlights that gas-phase stability
of the ADC structure increases compared to the parent mAb
being in line with previous reports (84). Conversely, a bio-
tin conjugated antibody has shown a decrease in gas-phase
stability when increasing the number of biotin equivalents
added to the parent mAb (76) leading to the conclusion that
ADC gas-phase stability not only depends on the number of
conjugated payloads, but also on the conjugation site and the
nature of the linker-cytotoxic moiety.

IM-MS has shown to be a powerful tool to characterize
certain CQAs for ADCs, while providing critical insights
about their structures. In the future, High Resolution IM-MS
(HRIM-MS) can be further used to characterize ADCs with
the possibility to identify additional unfolded intermedi-
ates, uncovering more deeply the impact of different pay-
loads and conjugation strategies on the conformation and
stability of ADCs and other mAb-related proteins (92-95).
To summarize, IM-MS shows great potential for the struc-
tural characterization of advanced biotherapeutics such as
ADC:s. It is a rapid and versatile technique, available in
many modern mass spectrometers. However, there are sev-
eral drawbacks that have to be carefully considered before
this technique could be routinely adapted or even used in a
regulatory environment. Among the same type of IM-MS
device, the experimental CCS values reported from differ-
ent laboratories can be extremely precise (lower than 2-3%
of accuracy) (96) but this level of reproducibility requires
the application of exactly the same experimental conditions
(buffer gas, pressure, temperature, source parameters, path
length, electric field...). Additionally, other IMS platforms
where calibration is required to infer structural insights, the
selection of appropriate calibrants is mandatory to report
consistent, and reproducible CCS values (97). Throughput is
another drawback of IM-MS since most of these experiments
are conducted in direct infusion, which implies the use of
buffer exchange devices to remove non-volatile salts con-
tained in therapeutic formulations. This sample preparation
step, along with the ionic strength of the exchanged buffer
can potentially lead to protein conformational modifications

that can impact the IM-MS outcome. Therefore, established
workflows have yet to make its way into the ADCs charac-
terization field, spanning from sample preparation to data
treatment. Finally, IM-MS method development requires
well-trained scientists to guarantee the optimal IM-MS
parameters with tailored calibration methods. In conclusion,
continued refinement of these methods along with the appli-
cation of standardized protocols are essential to unlock the
full potential of IM-MS in ADC characterization and foster
the implementation of this technique in different analytical
environments.

Use of HDX-MS to Evaluate Higher Order Structure (HOS)
Modifications On ADCs

Different approaches based on MS analysis have been
designed to tackle subtle structural changes on therapeutic
proteins mostly related with modifications in their conforma-
tion and dynamics. Hydrogen—Deuterium Exchange Mass
Spectrometry (HDX-MS) is a very powerful tool to detect
structural changes on protein structure as a function of protein
or ligand interactions, and primary structure modifications.
For this purpose, the protein of interest is diluted in a deute-
rium-rich solvent during different time points. The deuterium
uptake in the amide bonds of the peptide backbone is analyzed
with a classical peptide mapping analysis workflow. HDX-MS
is widely used for mAb epitope mapping analysis, or biosimi-
lar comparison, however, this technique can be also of interest
in the characterization of ADCs. Cho et al. used solid-state
HDX-MS to monitor the stabilization of an ADC as a func-
tion of the excipient composition (98). It was observed that
deuterium uptake was significantly higher on the ADC sam-
ple stored with mannitol suggesting a greater exposure of the
ADC under these conditions that could be correlated with a
destabilizing effect on the protein structure. Conversely, the
ADC exhibited the most compact and protected structure with
sucrose, and trehalose excipients, showing the lowest values
of deuterium uptake during the experiment.

In more recent studies, differential HDX-MS analysis
was also performed to study local changes in the struc-
ture of different ADCs. For instance, Cao et al. studied the
effect of deamidation in the Complementarity Determining
Regions (CDR) of an ADC (99). In this case, it was observed
a marked impact on ADCs activity when residue N102 in
the ADC Lc was deamidated. Upon analysis of HDX-MS
data it was concluded that the adjacent residues were more
protective (less deuterium uptake), most probably due to
an increased hydrogen-bond interaction with neighboring
Lys101 residue upon conformational change as suggested
the Molecular Operating Environment (MOE) modelling.
This structural modification in the CDR might explain the
reduction of in vitro biological activity of deamidated ADC.
In a similar study, Karunaratne et al. reported the use of
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HDX-MS analysis to elucidate the local changes on the
structure of the parental mAb as a result of the conjuga-
tion process (100). This specific case does not allow a direct
comparison of hydrogen exchange difference at the specific
conjugation site, due to the differences in retention time, and
chemical composition between the peptides of the parent
mAb and the peptides that contain the linker-payload moiety.
Therefore, HDX kinetics that did not span the conjugation
site were compared. According to this, only a few numbers
of peptides exhibited significant HDX-MS kinetic differ-
ences, for instance, in the 150-155, and 197-204 regions
of the Lc with a higher deuterium uptake in the case of the
ADC. These results suggested that the region close to the
conjugation site had an increased flexibility as a result of the
conjugation, however, no allosteric changes were observed
in the rest of the mAb domains. These examples clearly
highlight the benefits of using HDX-MS to infer structural
modifications on ADCs local structure, and dynamics as a
result of PTMs, or conjugation of cargo molecules. How-
ever, some specific drawbacks has been also reported to this
particular technique, namely the “back exchange” effect, and
in particular the poor throughput of the technique due to
the overall acquisition time and the manual validation of
HDX-MS data. Several solutions are deemed to reduce these
limitations. For instance, the development of tailored spe-
cific experimental set-ups allowing to mitigate the deuterium
loss prior to the MS analysis, or dedicated software solutions
(with also improved and more efficient MS platforms) to
alleviate, and better identify peptide co-elution and spectral
overlap. For this reason, HDX-MS can be adapted for low-,
and medium throughput applications in biopharmaceutical
companies for ADCs discovery and development.

Development of LC-MS Methods for the Bioanalysis
of ADCs

The role of MS is not exclusively restricted to monitor the
main CQAs of ADCs for product stability and assessment.
Understanding ADC:s stability in circulation along with the
release mechanism of the cytotoxic payload are essential to
assess efficacy, and safety with a better understanding of
ADC:s Structure—Activity Relationship (SAR). In this field,
MS has emerged as a fundamental technology to character-
ize and quantify ADCs biotransformation products for its
ability to monitor ADCs stability, deconjugation, premature
drug release, payload metabolism, and linker hydrolysis. For
this purpose, MS analysis is hyphenated with other com-
plementary techniques for an improved characterization of
biotransformed products. Although some analytical devel-
opments using CE-MS/MS have been successfully applied
for this purpose, (101, 102) LC-MS, and more particu-
larly, RPLC-MS is considered as the reference technique to
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evaluate the structural modifications of therapeutic proteins
in vivo and in vitro as well.

Xu et al. first showed that T-DM1 undergoes deconjuga-
tion upon incubation in vitro (incubation with different blank
serum/plasma solutions), and in vivo (upon periodically
administration in cynomolgus monkeys) with an affinity
capture protocol followed by capillary LC-MS at the intact
level (103). After this pioneering work along with subse-
quent studies from the same group (104, 105), the analysis
of ADCs catabolism with MS-based techniques has continu-
ously evolved during the last years to enhance the identifica-
tion of biotransformed products at different structural levels.

Kellie et al. optimized an immuno-affinity method fol-
lowed by LC-MS analysis to monitor the in vivo deconjuga-
tion process of an ADC at the subunit level (reduction with
DTT) after administration (106). The overall DAR calcula-
tion decreased by twofold after 168 h post-administration
analysis. Furthermore, they observed some mass shifts cor-
responding to the payload moiety that remained unassigned.
A similar study was performed by Kotapati et al. where they
described a versatile affinity-capture method based on the
use of several immuno-capture agents, depending on the
targeted subunit of the ADC of interest (107). The experi-
mental workflow allows individual ADCs subunits enrich-
ment (Fc/2, Fd, and Lc) making it particularly attractive
for a wide array of ADCs regardless of their conjugation
technology, conjugation site, or antibody subclass. Fol-
lowing the analytical trends for cysteine-conjugated ADCs
characterization, Li et al. performed a SEC-nMS to quantify
intact cysteine-conjugated ADCs administered to immune-
deficient mice (108). The experimental set-up included
a capillary SEC column working at a constant flow rate
of 10 pL/min and a mobile phase composed of 100 mM
ammonium acetate with 15% isopropanol (2.5 min of run
time). Since ADCs elution from immuno-affinity assays is
generally performed under acidic conditions, the resulting
solution with the immuno-captured ADC was immediately
mixed with 1 uL of 20 M ammonium acetate to maintain
ADC:s structural integrity. Quantitation was performed on
the mass peak intensities upon deconvolution, leading to
a LLOQ of 5 ug/mL and a linear dynamic range from 5 to
100 pg/mL of ADC. SEC-nMS quantitation provided results
similar to other generic methods based on the detection and
quantification of surrogate analytes such as proteolytic pep-
tides or the released payload.

All the aforementioned analytical developments offer
multiple solutions to monitor and quantify biotransformed
products of various types of ADCs at different structural
levels. For instance, Huang et al. used intact (although
denaturing) LC-MS experiments to detect the in vivo and
in vitro catabolism products of the same ADC differing
only in the antibody-payload linker (109). According to
their results, PEG-based linkers resulted in faster payload
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hydrolysis rate compared to caproyl-spacer containing
ADCs. Additionally, intact analysis of immuno-captured
ADCs allowed the detection of several biotransformed
species including linker hydrolysis, ADC deconjugation,
formation of cysteine adducts as well as reformation of
inter-chain disulfide bonds. All these data in combina-
tion with concentration—time profiles of the different
species enabled the reconstruction of the biotransforma-
tion pathway with two competitive reactions (Fig. 7): i)
hydrolysis of the linker, ii) deconjugation of the whole
linker-payload moiety. In parallel to the evolution and
optimization of analytical strategies, several groups have
gathered their efforts to widen the use of these analytical
strategies by assessing the robustness of the analytical
method through a collaborative study between differ-
ent laboratories (110). Additionally, analysis throughput
improvement has been also proposed in the literature with
different strategies, i.e. following the intensity of reporter
ions characteristic of payload fragmentation for ADCs
total quantification (111), or the use of dedicated librar-
ies with several biotransformation products for automated
and streamlined identification of all the resulting species
(112). Altogether, the contribution of all these studies will
facilitate the correlation of in vivo and in vitro products
with the pharmacological performance of ADCs, and thus
contribute to the optimization of ADCs candidates during
development process.

Fig. 7 Biotransformation
pathway proposed by A. 1.
Rosenbaum and coworkers for
four different ADCs. With per-
mission from reference (109)
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Analytical Strategies for ADCs in Regulated
Environments

To date, there are no regulatory guidelines from the FDA or
EMA describing the requirements for the development of
ADCs in terms of CMC (Chemistry, Manufacturing, Con-
trol). However, a position paper was recently published by a
consortium of pharmaceutical companies that discussed in
detail the CMC regulatory considerations for ADCs and the
CQAs to be considered (113).

LC and CE are widely used in the analytical packages for
purity testing: SEC is used to quantify soluble aggregates,
but fragments usually cannot be reliably quantified because
of the lack of resolution between the monomer and the frag-
ments. CGE is used for the quantification of fragments and
can be applied under both reducing and non-reducing condi-
tions. CIEF and iCIEF are used to determine charge variants
(either for purity testing or identity testing). Despite some
challenges due to the nature of ADCs (e.g., heterogeneity or
hydrophobicity due to the payload), these methods are used
routinely without significant challenges.

Although MS is not yet widely used in regulated environ-
ments, it has been part of the analytical package of ADCs for
many years, as it is considered a universal method to deter-
mine the DLD and the DAR, (114) using native MS in the
case of cysteine-linked ADCs (27, 115). It is indeed more
universal that the more QC-friendly UV spectrophotometry,
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which is limited to UV-absorbing payloads and does not pro-
vide information on DLD. It is also better than HIC that pro-
vides limited resolution, especially for highly hydrophobic
payloads and is not applicable to lysine-conjugated ADCs.
MS is also widely used to quantify the free payload in the
drug substances and drug products.

With the increasing acceptance of Multi-Attribute Moni-
toring (MAM) approaches for mAbs and their applicability
in QC environments, (116—118) a similar trend is expected
for ADCs. A MAM approach at the intact or subunit levels
was recently proposed by Martelet et al. (119) It allows for
the simultaneous confirmation of product identity, quantifi-
cation of the different conjugated species, and monitoring of
DAR, as well as the determination of degradation products
such as oxidized species. Moreover, this approach can pro-
vide information regarding glycosylation. Although glyco-
sylation is commonly studied before conjugation, it has to be
demonstrated that conjugation does not affect the glycosyla-
tion pattern, especially in the case of Fc-enhanced ADCs,
such as Blenrep (belantamab mafodotin) (120). The use of
MAM at the peptide level has not yet been reported, but it
should allow for the determination of modifications such as
deamidation, which cannot be studied at the intact or subunit
level and cannot be readily detected by iCIEF due to hetero-
geneity after conjugation. It could also provide information
on the localization and occupancy of the conjugation sites.

In addition to release testing and stability studies, similar
analytical packages were used during comparability stud-
ies according to ICH QS5E guidelines, as exemplified by
Yu et al. (121) Although the use of advanced LC, CE, and
MS approaches is limited in regulated environments, more
advanced workflows may be required to assess analytical
similarity in the development of ADC biosimilars. While
no ADC biosimilar has been approved in the US or EU,
the regulatory authorities of India approved Zydus Cadila’s
biosimilar of Kadcyla (trastuzumab emtansine). Advanced
analytical workflows are required to demonstrate analytical
similarity and detect minor differences (122, 123).

As regulatory expectations evolve and the complexity
of ADCs increases, cutting-edge LC, CE, and MS tech-
niques—particularly when applied in integrated MAM
workflows—are expected to play a central role in ensuring
product quality, comparability, and safety. However, despite
the examples listed above, the acceptance of advanced work-
flows in regulated environments — particularly MS-based
approaches — remains challenging. Although intact mass
analysis, whether under native or non-native conditions, is
now commonly used for drug load distribution, many QC
labs are still reluctant to use more advanced workflows such
as MAM. The primary obstacles are the high cost of the
equipment, the limited compliance of the available software
with data integrity regulations (only a few software solutions
meet these standards), and the need for highly trained staff.
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Additionally, the transferability of the methods across dif-
ferent systems is also a point of concern, not only in terms
of hardware, but also regarding software, as the algorithm
employed can have a significant impact on the results. The
adoption of these technologies is anticipated to increase
with the availability of routine-focused high-resolution
MS systems running with compliant software, as well as
with the regulatory acceptance of such approaches in recent
submissions.

ADC use in hospital: Ensuring Stability and Safe
Handling Through Analytical Methods

Commercially available pharmaceutical formulations of
ADC:s are not supplied as ready-to-use solutions, like mAbs
or conventional anticancer agent’s formulations (i.e. small
molecules). A reconstitution step, performed in care units by
nursing staff or in hospital pharmacies by production opera-
tors, is necessary to obtain a formulation that aligns with
the medical prescription (ready-to-use formulation). The
handling of these products by hospital staff must adhere to
strict protocols, to ensure the stability, efficacy and safety of
the formulation administered to the patient.

However, throughout the flow of chemotherapies in the
hospital environment, the stability of the product, espe-
cially in the case of biopharmaceutical formulations, can
be affected by various procedural and environmental fac-
tors (124, 125) such as the contact with containers made
from various materials (126—129), the dilution of excipi-
ents (130-132), the shaking or agitation of the formulation
during reconstitution (syringing, mixing of the solutions
obtained) (130, 131), the transport of the ready-to-use for-
mulation (from the reconstitution area to the patient) (130)
as well as the delay between the reconstitution and patient
administration with possible sub-optimal storage conditions
(refrigerator and protection from light not consistently main-
tained) (125).

Although hospital staff today rely on manufacturer's
instructions for use, these guidelines are not always aligned
with hospital practices. Indeed, the shelf life of reconstituted
and ready-to-use formulations is primarily determined by
the microbiological stability of the pharmaceutical prepara-
tions, which, due to its composition (proteins, amino acids,
and sugars), serves as a nutrient-rich medium for micro-
bial growth in the absence of preservatives. Typically, a
microbial safety is usually ensured for 4 h at room tempera-
ture and 24 h at 2-8°C, in the pharmaceutical formulation
after breaking the container seal (punching) (133). Longer
shelf lives are rarely recommended by manufacturers, but
only when the container was opened in a validated sterile
environment and if microbial growth challenge tests were
performed. However, such testing is not always required by
regulatory authorities (133). Thus, many opened vials, often
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expensive, used for one ready-to-use formulation prepara-
tion, are thrown away even though they still contain product
that could be used for the preparation of other formulations
(134).

Regarding the in-use physico-chemical stability of biop-
harmaceutical formulations, users are often confronted with
a lack of data which can be explained both by the inherent
complexity of the product which can undergo a multitude of
degradation processes requiring a wide range of analytical
techniques, as described previously, (135) and the absence of
consistent and precise guidelines from regulatory authorities
(136). To date, only a limited number of in-use stability stud-
ies of ADC-based formulations have been reported. Hoda
et al. defined a stability protocol based on the development
and validation of five different analytical methods (including
various chromatographic modes and ELISA) applied to two
commercialized ADC products: polatuzumab vedotin and
brentuximab vedotin (137). Similarly, D'Atri et al. evaluated
the chemical stability of two biopharmaceutical formula-
tions, namely trastuzumab deruxtecan and pembrolizumab,
when administered to the patient as Pressurized Intraperito-
neal Aerosol Chemotherapy (PIPAC) employing several ana-
lytical methods, including various chromatographic methods
and spectroscopy (circular dichroism) (138).

The current situation with ADCs in hospitals is almost
identical to 30 years ago when the first mAb-based products
were introduced to the market. However, thanks to a better
understanding of the degradation pathways of mAb-based
products and analytical advances, this gap is now almost
filled for such formulations. In contrast, the stability chal-
lenges associated with ADCs are significantly more complex
due to their multicomponent nature. In addition to the degra-
dation pathways specific to mAb, the linker and the payload
should also be considered. These components not only have
their own degradation profiles, but also impact the intrinsic
stability of the antibody, often increasing its hydrophobic-
ity and altering its behaviour in solution (139-142). Thus,
discussed in previous sections, in addition to the analytical
techniques commonly used for the characterization of mAbs,
methods aimed at qualifying the DAR or the free payload
are necessary (140, 143, 144). It is important to note that
very few hospital pharmacy quality control laboratories are
equipped with liquid chromatographs and/or capillary elec-
trophoresis, and even fewer laboratories are equipped with
mass spectrometers. Last but not least, the high toxicity of
the payload (at sub-nanomolar or picomolar levels) also con-
stitutes a real limitation because the manipulation of such
molecules requires a safe environment for the analyst and the
surrounding environment. As a result, physico-chemical anal-
yses of ADC reconstituted formulations are, today, difficult
to perform in hospital pharmacy laboratories, which rely on
manufacturer’s instruction and published scientific studies.

Conclusion

In the last five years, the continuous development of ana-
lytical strategies have indubitably improved the analysis of
several types of ADCs. The characterization of these chal-
lenging therapeutic proteins exhibiting diverse bioconjuga-
tion strategies and complex DLD profiles require the use of
complementary analytical techniques to address the most
relevant CQAs during production and development phases.
In this context, the role of cutting-edge analytical strategies
based on the use of LC, CE, and MS, either as standalone
techniques or in combination, have shown a crucial role to
push the boundaries in ADCs characterization. The latest
developments have increased the selectivity/specificity of
separative methods, enabling a deeper and detailed charac-
terization of ADCs size-, charge-, and hydrophobic variants,
while making them more versatile to support MS hyphena-
tion in a straightforward manner. Tackle global conforma-
tion, and local structural changes in ADCs is also possible
through the use of state-of-the-art structural MS approaches
upon payload conjugation, primary structure modifications,
and storage buffer conditions, allowing to correlate those
structural alterations with impaired therapeutic potency. It
is worth mentioning that the application of those analyti-
cal developments is not restricted to the academic field and
some of them have already been successfully implemented
in regulatory environments with significant progress regard-
ing MS approaches (such as MAM analysis), and in hos-
pitals to ensure ADCs stability and product quality upon
administration to the patients. Nevertheless, the implementa-
tion of advanced MS-based approaches in highly-regulated
frameworks is still challenging. Most of the difficulties stem
from method development transferability, compliance with
regulatory requirements, elevated cost of cutting-edge MS
platforms, and the need for high-skilled engineers.

In parallel, further method development should be made
to adapt the current analytical approaches to address the
characterization of next-generation of conjugates (145),
since other constructs such as Probody—Drug Conjugates
(PDCs) and Biparatopic or Bispecific ADCs (Bp/BsADCs)
are being explored, with the goal of enhancing tumor spec-
ificity and reducing toxicity to healthy tissues, as well as
site-specific Dual-Payload ADCs (DP-ADCs) enabling the
simultaneous delivery of two distinct drugs into the same
cancer cells to overcome payload resistance and enhance
therapeutic efficacy (146). Furthermore, antibody conju-
gates with non-cytotoxic drug payloads such as AOCs, or
protein-drug conjugates with non-IgG scaffold are also
being tested and will drive the development of innovative,
and tailored analytical methods.

Overall, all these examples perfectly illustrate how
recent progress in CE, LC, and MS have improved the
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analytical capabilities and versatility of the current ana-
lytical methods to ensure the characterization of more het-
erogeneous and diverse conjugates, providing a more com-
prehensive characterization with an increased throughput
to assist and support ADCs process development.
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