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ABSTRACT
Antibody-drug conjugation strategies are continuously evolving as researchers work to improve the safety
and efficacy of the molecules. However, as a part of process and product development, confirmation of
the resulting innovative structures requires new, specialized mass spectrometry (MS) approaches and
methods, as compared to those already established for antibody-drug conjugates (ADCs) and the
heightened characterization practices used for monoclonal antibodies (mAbs), in order to accurately
elucidate the resulting conjugate forms, which can sometimes have labile chemical bonds and more
extreme chemical properties like hydrophobic patches. Here, we discuss practical approaches for
characterization of ADCs using new methodologies and ultrahigh-resolution MS, and provide specific
examples of these approaches. Denaturing conditions of typical liquid chromatography (LC)/MS analyses
impede the successful detection of intact, 4-chain ADCs generated via cysteine site-directed chemistry
approaches where hinge region disulfide bonds are partially reduced. However, this class of ADCs is
detected intact reliably under non-denaturing size-exclusion chromatography/MS conditions, also referred
to as native MS. For ADCs with acid labile linkers such as one used for conjugation of calicheamicin, careful
selection of mobile phase composition is critical to the retention of intact linker-payload during LC/MS
analysis. Increasing the pH of the mobile phase prevented cleavage of a labile bond in the linker moiety,
and resulted in retention of the intact linker-payload. In-source fragmentation also was observed with
typical electrospray ionization (ESI) source parameters during intact ADC mass analysis for a particular
surface-accessible linker-payload moiety conjugated to the heavy chain C-terminal tag, LLQGA (via
transglutaminase chemistry). Optimization of additional ESI source parameters such as cone voltages, gas
pressures and ion transfer parameters led to minimal fragmentation and optimal sensitivity. Ultrahigh-
resolution (UHR) MS, combined with reversed phase-ultrahigh performance (RP-UHP)LC and use of the
FabRICATOR� enzyme, provides a highly resolving, antibody subunit-domain mapping method that
allows rapid confirmation of integrity and the extent of conjugation. For some ADCs, the hydrophobic
nature of the linker-payload hinders chromatographic separation of the modified subunit/domains or
causes very late elution/poor recovery. As an alternative to the traditionally used C4 UHPLC column
chemistry, a diphenyl column resulted in the complete recovery of modified subunit/domains. For ADCs
based on maleimide chemistry, control of pH during proteolytic digestion is critical to minimize ring-
opening. The optimum pH to balance digestion efficiency and one that does not cause ring opening
needed to be established for successful peptide mapping.
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Introduction

Antibody-drug conjugates (ADC) are therapeutic modalities
composed of a target-specific monoclonal antibody (mAb) con-
nected via a chemical linker to a small molecule drug (payload)
that has cell-killing (cytotoxic) activity.1 The production of
these therapeutic modalities relies on the chemical conjugation
of a linker-payload (LP) to a specific natural or unnatural
amino acid on the antibody.2 Depending on the conjugation
chemistry and site of LP attachment, the molecular structure
of the ADC could be very complex and heterogeneous.3

Furthermore, the linker chemistry can be “cleavable” or “non-
cleavable”. ADCs with cleavable linkers rely on protease

cleavage,4 acid hydrolysis5 or other mechanisms to release the
unmodified payload as active species, whereas ADCs with non-
cleavable linkers6 rely on the degradation of antibody to release
the active species. Both the cleavability as well as the sites of
conjugation have a substantial effect on the analytical strategy
for ADC characterization.

Conventional conjugation chemistries typically involve cys-
teine or lysine residues. Cysteine conjugation is well estab-
lished,7-8 and usually the hinge-region cysteines that are used
for the formation of interchain disulfide bonds are targeted for
conjugation. There are four interchain disulfide bonds in the
IgG1 molecule and, after partial reduction, conjugation can
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occur randomly at any of these cysteine residue pairs ranging
from zero LP additions to a maximum drug-to-antibody ratio
(DAR) of 8. Typically, these hinge-region cysteine-conjugated
ADCs have an even-number distribution of LP moieties with
an average DAR of approximately 4. Even with missing inter-
chain disulfide bonds, the molecule is held together by non-
covalent bonds. However, the non-covalent nature of a cyste-
ine-conjugated mAb has a direct effect on the type of liquid
chromatography/mass spectrometry (LC/MS) analyses these
molecules can tolerate, and in essence, native MS methods are
required to maintain the 4-chain mAb structure.8

Site-specific conjugation at lysine residues can be either sys-
tematic or more random, and the complexity of the resulting
ADC depends on various conjugation reaction parameters,
including the chemical structure of the LP, surface accessibility
of the lysine residues, reaction kinetics, and higher-order
structure.9-10 The extent of conjugation reaction of lysine resi-
dues usually results in a more heterogeneous mixture of ADC
species with wider DAR values than cysteine conjugates, with
DAR typically ranging from 0 to 9.

A substantial effort has been dedicated to a development of
site-specific ADCs with more controlled sites of conjugation
and product stoichiometry in an effort to further enhance
batch-to-batch consistency. Several novel approaches to gener-
ate site-specific ADCs have emerged in recent years.3 Among
them, one site-specific conjugation approach utilizes transglu-
taminase (TG), which catalyzes formation of a covalent bond
between a glutamine side chain of either an incorporated gluta-
mine tag (LLQGA) or existing glutamines in the primary
sequence of the mAb and primary amine on the LP.11-12 Conju-
gation to engineered cysteines is another well-described site-
specific conjugation approach that results in more homogenous
ADCs with DAR values equal to the number of new cysteines
incorporated into mAb sequence.13

Compared to mAbs, heightened characterization of ADCs is
more challenging because of the increased molecular complex-
ity of ADCs, in which cytotoxic linker-drug payloads are conju-
gated to an already diverse set of proteoforms.14 As various
ADC formats have been developed, new analytical tools and
approaches have been devised to elucidate ADC covalent struc-
ture and the extent of conjugation, including native MS of cys-
teine-conjugated ADCs with and without enzymatic cleavage
of the linker,8,15 2-dimensional (2D)-LC/MS analyses based on
hydrophobic interaction chromatography (HIC) coupled to
reversed-phase liquid chromatography,16-17 and ion-mobility
mass spectrometric analysis.18-19 Here, we discuss practical
approaches to heightened characterization of ADCs using LC-
ultrahigh-resolution mass spectrometry (UHR MS) that can
overcome challenges and generate enhanced information for
better product understanding. Details of the methods are pro-
vided in Supplemental Material.

LC/MS analysis of most intact ADCs remains challenging
due to extensive conjugation with hydrophobic LPs or
chemically unstable linkers. Moreover, ADCs with hinge
region cysteine conjugation (after partial reduction) and
non-covalent subunits require native ESI conditions to
properly detect the 4-chain molecule. The linker chemistry
can present unique MS challenges, in addition to the site of
conjugation, whether lysine, glutamine, or cysteine. Surface

accessible LPs pose additional challenges during ADC intro-
duction into the mass spectrometer due to their fragility
and amenability to in-source fragmentation. As well, low-
artifact heightened characterization methods are needed to
prevent additional, artificial ADC modifications. ADC
chemistry and properties thus have a substantial effect on
the analytical strategy used for MS characterization, and sig-
nificant method development is required to establish robust,
reliable and informative methods.

Liquid-chromatography mass spectrometry of Intact ADC,
Associated challenges, and their mitigation

Electrospray ionization mass spectrometry (ESI MS) coupled
to organic size-exclusion chromatography (oSEC) was used
to examine the extent of drug conjugation for both intact
and de-N-glycosylated ADCs. The accurate mass informa-
tion for intact ADC serves to confirm the integrity of the
primary structure following conjugation, as well as identify
the major and minor product conjugate forms. The com-
mon mobile phases used for the introduction of ADCs into
the mass spectrometer contain both organic (i.e., acetoni-
trile) and acidic (i.e., trifluoroacetic acid (TFA)) modifiers
that result in ADC denaturation. Because the interchain
disulfide bonds of conventional Cys-conjugation ADCs are
partially reduced prior to conjugation, many of the resulting
conjugated isoforms were detected in dissociated forms
under the denaturing conditions. The accurate molecular
masses of these dissociated species provide information
about the exact interchain disulfide bond cleavages and sub-
sequent LP conjugation sites.

For example, for a particular Cys-conjugated mAb under
denaturing conditions, two predominant chromatographic
peaks are observed by oSEC (Fig. 1a), and from the accurate
mass determinations, the earlier eluting oSEC peak (peak 1,
Fig. 1a) contains dissociated ADC isoforms that are larger than
light (L) chain, including various combinations of heavy (H)
chain with and without L chain (e.g., HHL, HL, HH) with a
specified number of LP moieties (Fig. 1b). The most abundant
species comprises the disulfide linked L and H chains with two
LP moieties: labeled as HLC2LP, where H represents heavy
chain, L represents light chain, and number represents the
number of LP moieties. Here, the chain composition and num-
ber of LP moieties for the dissociated HLC2LP species are con-
sistent with both H-ss-H interchain disulfide bonds being
reduced and conjugated to LP, and the L-ss-H interchain disul-
fide bond remaining intact. Therefore, the predominant 4-
chain ADC form appears to involve two non-covalent HLC2LP
species for a total of four LP.

Additional minor level species such as HC3LP, HHC2LP,
and HHLC1LP were also observed and are consistent with
cleaved interchain disulfide bonds and subsequent LP conjuga-
tion. The relative abundance of the dissociated ADC isoforms
is determined by the MS signal, which is highly related to the
physicochemical properties of the fragment, e.g., the L chain
usually has much higher MS response than the H chain. Con-
sidering that ionization efficiency of HHC2LP and HHLC1LP
might be different than that of HLC2LP, the relative abundance
of these ADC isoforms might not accurately reflect their actual
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levels. Routine, orthogonal chromatographic or electrophoretic
methods are used to assess the predominant Cys-conjugated
forms, providing confirmation of the MS results. Thus, the
experimental molecular masses of all conjugated H chain forms
agreed well with theoretical values, which signify that the ADC
has the correct molecular composition of LP, as well as the
expected conjugation chemistry and specificity at hinge region
cysteine residues.

The later eluting oSEC peak (peak 2, Fig. 1a) contains one
LP-conjugated moiety to L chain (Fig. 1c). The experimental
molecular mass is consistent with L chain plus 1 LP, in agree-
ment with the theoretical mass, and this conjugate form results
from the expected cleavage of the interchain disulfide bond
between L and H chain.

In order to detect the intended, four-chain structure consis-
tent with an IgG1 antibody and the expected drug load, non-
denaturing (native) conditions needed to be developed and
applied to Cys-conjugated ADCs. For this, 20 mM ammonium
acetate mobile phase was used for SEC separation of the ADC

prior to mass spectrometric analysis. Under native SEC-ESI
MS, only one chromatographic peak was observed (Fig. 2a)
that corresponded to the intact ADC molecule containing two
L chains and two H chains with the correct amino acid sequen-
ces, the anticipated number of disulfide bonds, the expected
G0F/G0F combination of core fucosylated, complex-type bian-
tennary N-linked oligosaccharides in the Fc region, as well as
zero, two, four, six and eight LP moieties with the intended
chemical compositions. Additional minor level isoforms were
also detected and consistent with the expected N-linked oligo-
saccharide heterogeneity in mAb. The ADC also was treated
with PNGase F to remove the molecular heterogeneity resulting
from N-linked glycosylation to better assess drug loading and
primary structure integrity (Fig. 2c). The de-N-glycosylation of
intact ADC is especially advantageous if glycosylation profile of
mAb is very complex and results in overlapping m/z ions for
glyco- and LP-conjugated forms, which in turn affects the
deconvolution of the raw mass spectrum into zero-charge mass
spectrum.
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Figure 1. Organic (denaturing) SEC/MS of conventional cysteine chemistry ADC: a) UV profile; b) zero-charge deconvoluted mass spectrum of early eluting peak 1; c) zero-
charge deconvoluted mass spectrum of later eluting peak 2. Abbreviations: H denotes heavy chain, L denotes light chain, HL denotes heavy chain linked to light chain via
interchain disulfide, HH denotes two heavy chains linked via hinge-region disulfides, HHL denotes two heavy chains linked via hinge-region disulfides and to light chain
via interchain disulfide, and a number LP denotes a number of LP moieties. �represent a method artifact that pertains to in-source fragmentation of LP.
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For the lysine-conjugated ADCs with calicheamicin LPs
(Scheme I), denaturing oSEC-ESI MS analysis using 0.1%
TFA in the mobile phase resulted in rapid cleavage of cali-
cheamicin from the ADC due to an acid labile bond in the
4-(4-acetylphenoxy)butanoic acid (AcBut) linker moiety
(Fig. 3a). The resulting ESI mass spectrum of the lysine-
conjugated ADC contains species with two, three, four, and
five truncated linker derivatives (C204 Da) attached to the
mAb molecule with the three-linker derivative being the
most abundant. To detect the intact ADC with the full-
length calicheamicin LP, the mobile phase containing strong
acid modifier such as TFA was replaced with either a weak
acid such as formic acid or ammonium acetate. This change
resulted in preservation of the acid labile bond in the AcBut
linker and leading to the mass spectrum of lysine-conju-
gated intact ADC containing species with two, three, four,
and five complete calicheamicin LPs, labeled as C nCM,
where CM is the abbreviation for calicheamicin and n is a
number of calicheamicin moieties attached to mAb
(Fig. 3b). As the calicheamicin loading increases for each

conjugate form, the mass spectral signal intensities are
known to progressively decrease in ESI MS analysis from
ionization suppression effects due to factors such as co-elu-
tion, increased size/hydrophobicity, and decreased charge,
which results in a minor underestimation of the average
DAR compared to other routine orthogonal biochemical
methods. The minor peaks designed with “�” represent a
method artifact that pertains to the loss of the E ring from
calicheamicin (-199 Da) due to in-source fragmentation or
electrochemical degradation during ESI MS analysis.

For the site-specific ADC produced by transglutaminase
conjugation chemistry, the LP is known to be surface
exposed. While the mass spectrum obtained under denatur-
ing oSEC-ESI MS conditions resulted in the expected intact
ADC with a four-chain covalent structure and anticipated
two moles of LP derivative per antibody, there was signifi-
cant in-source fragmentation (Fig. 4a). Species that corre-
spond to loss of 786 Da (labeled with C2LP�) and 2 £
786 Da (labeled with C2LP��) are due to in-source fragmen-
tation, where the labile bonds in the LP cleave because of the

Figure 2. Native (non-denaturing) SEC/MS of conventional cysteine chemistry ADC: a) UV profile; b) zero-charge deconvoluted mass spectrum of intact ADC; c) zero-
charge deconvoluted mass spectrum of de-N-glycosylated ADC. Abbreviations: a number LP denotes a number of LP moieties. �represent a method artifact that pertains
to in-source fragmentation of LP.
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high declustering potential needed for the ion desolvation in
the ESI interface and ion source, as well as from protonation
of this acid labile bond given use of TFA, which is a strong
acidic modifier. ESI source parameters such as cone voltage,
source temperature, and source pressure were optimized to
reduce in-source fragmentation. The reduction of cone volt-
age from 40 V to 30 V significantly reduced the in-source
fragmentation (Fig. 4b). Additional reduction of cone voltage
in 5 V increments to 25 and 20 V further minimized in-
source fragmentation, but led to excessive salt and solvent
adduct formation. Furthermore, increasing the pH of the
mobile phase by using 0.1% formic acid instead of 0.1% TFA
as mobile phase modifier helped to minimize the loss of
786 Da. In contrast, when milder source conditions were
implemented to reduce in-source fragmentation, adduct

formation was increased (Fig. 4b). Overall, 0.1% formic acid
in mobile phase and 30 V cone voltage appeared to be the
most optimal for reducing in-source fragmentation for the
site-specific ADC with heavy chain C-terminal LP.

Three-part subunit-domain analysis, associated challenges
and their mitigation

To further understand the extent and fidelity of the conjugation
process, three-part subunit-domain analysis is performed, which
provides information about primary structure and posttransla-
tional modifications of the ADC, and the extent of conjugation in
each antibody subunit/domain. In this method, the ADC is
digested with the immunoglobulin-degrading enzyme of Strepto-
coccus pyogenes (IdeS). IdeS specifically cleaves intact IgG1

Scheme 1. Structure of Calicheamicin Linker-Payload.
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antibodies just below the hinge at a specific G-G sequence motif,
yielding one Fab2 and two single-chain Fc (scFc) fragments.20-21

Upon disulfide bond reduction, the Fab2 is converted to L chain
and the Fd0 part of H chain. These subunits/domains are analyzed
by reversed-phase ultrahigh-performance liquid chromatography/
electrospray ionization ultrahigh-resolution quadrupole time-of-
flight mass spectrometry (RP-UHPLC/ESI-UHR QTOF MS). In
the three-part subunit-domain assay, the L chain, and the two
scFc and Fd0 H chain domains are separated chromatographically.
Accurate mass determinations allow identification of product iso-
forms, as well as verification of the integrity of the amino acid
sequence and drug conjugation. For the conventional cysteine-
conjugated ADCs, the interchain cysteines sites are expected to be
partially occupied with LP, and this assay can provide information
about occupancy at the subunit-domain level and the integrity of
the attached drug(s).

The subunit-domain mapping chromatogram for a conven-
tional interchain cysteine-conjugation ADC is shown in Fig. 5.
The scFc domain does not contain any cysteine residues associ-
ated with interchain disulfide bonds, and, as expected, no drug
conjugation to the scFc domain is observed. The L chain is
observed in both conjugated and un-conjugated forms. The
conjugated L chain form contains the C-terminal cysteine resi-
due that was originally associated with the interchain L to H
chain disulfide bond. The Fd0 domain conjugate forms are
observed with 0 to 3 drugs, corresponding to the cysteines

previously associated with the L to H chain disulfide bond and
the two disulfide bonds between the both H chains. Minor-level
Fd0 isoforms corresponding to unconjugated Fd0 and loss of
water are also observed.

The current approach for ADC characterization by the
three-part subunit-domain analysis relies on use of a C4 col-
umn with reversed-phase high performance liquid chromatog-
raphy (RP-HPLC). However, partial recovery of hydrophobic
subunit/domains such as Fd0 can occur, even in the mAb mole-
cule prior to conversion to ADC (Fig. 5, top panel). Addition of
the more hydrophobic LP to the already partially recovered Fd0
domain can further reduce the recovery of conjugated species
(Fig. 5, bottom panel). In particular, Fd0C3LP species that con-
tain three LP moieties conjugated via three interchain cysteines
displayed very poor recovery even at a high column tempera-
ture (80 oC). The high temperature is undesirable for chro-
matographic separation of ADC components because it
typically causes on-column method artifacts like Asp-Pro clea-
vages. The interaction of the ADC subunit/domains with the
C4 stationery phase was too strong to be overcome with the
mobile phase and high temperature. Upon switching to a
diphenyl column, which is based on a different selectivity, com-
plete recovery of both L chain and Fd0 was achieved for the
mAb (Fig. 6). Use of the diphenyl column resulted in superior
recovery of L chain and Fd0 conjugated to LP for the ADC
(Table 1). The relative percent of column recovery was

Figure 4. Mass spectra of site specific conjugated ADC with surface exposed LP: a) at high cone voltage of 40 V (and 0.1% TFA); b) at low cone voltage of 30 V (and 0.1%
formic acid). Abbreviations: CV denotes cone voltage and a number LP denotes a number of LP moieties, �and ��represents a method artifact that pertains to in-source
fragmentation affecting one and two LPs, respectively.
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calculated for mAb and ADC subunit domain species based on
the ratio of UV214 peak area for both C4 and diphenyl columns
(see Table 1). The relative percent of peak area for the sum of
Fd0 species for ADC increased from 14.2% to 33.0% using
diphenyl instead of a C4 column. Complete recovery of conju-
gated subunit/domains also allowed for higher quality, more
reliable mass spectra for determining the peak identities.

Peptide mapping, associated challenges, and their
mitigation

Analysis of the primary structure and posttranslational modifi-
cations, and confirmation of LP conjugation sites in ADCs, is
typically accomplished by peptide mapping LC-MS.22 Proteoly-
sis of the reduced and alkylated mAb and ADC with the Lys-C
enzyme was optimized to be the most efficient at pH 8.2. When
the same protocol was applied to the cysteine-conjugated
ADCs that were manufactured using maleimide chemistry,
unexpected peaks were observed in both UV 214 nm and total
ion chromatograms (Fig. 7, top panel). Upon detailed examina-
tion of mass spectra of the peaks at 145 min, a new species was
observed with the monoisotopic mass of 4146.1458 Da. This
new species labeled as H13H14C1LP C 18 Da was 18.0028 Da
higher in mass than the mass of anticipated hinge region pep-
tide H13H14 with one LP attached (4128.1429 Da) (Fig. 7, bot-
tom panel). The proposed mechanism for this species is based
on the maleimide ring opening, which originates from the high
pH conditions during sample preparation and is considered to
be method artifact (Scheme II). To minimize the formation of

the maleimide ring opened species, the pH of buffer used in
sample preparation for enzymatic digestion was lowered to pH
7.5. As a result of lowering the enzymatic digestion pH, the
C18 Da species were not observed in the UV and total ion
chromatogram, or the corresponding mass spectrum (Fig. 7).

Summary

Heightened characterization of ADCs is essential for in-depth
understanding of their intended structure and, contributes
overall to their successful development as biotherapeutics when
combined with biological activity. Ultrahigh-resolution mass
spectrometry facilitates in-depth antibody characterization,
and, for ADCs, affords rapid site and occupancy determina-
tions for drug payloads and elucidation of additional structural
heterogeneity present due to particular conjugation chemis-
tries.23 The typical ADC workflow includes accurate mass anal-
ysis of both intact and de-N-glycosylated molecular forms,
two- or three-part subunit-domain analysis, and proteolytic
mapping. These orthogonal MS-based analyses confirm the
sequence fidelity of the ADC, as well as the extent and integrity
of conjugation. The initial approach to heightened characteri-
zation of ADCs was based on subjecting them to existing char-
acterization assays that were applied to the corresponding
mAb-based intermediates. However, it was immediately recog-
nized that many ADCs were not amenable to the LC/MS condi-
tions developed for canonical mAbs. The difficulties with
applying existing LC/MS approaches and methods to ADCs
stemmed from their increased complexity and, in some cases,
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their non-covalent nature. Moreover, liabilities in the LP chem-
istries, including acid labile bonds, substantial hydrophobicity,
and surface accessibility, caused additional challenges during
LC/MS analysis of ADCs.

Depending on the specific assay, whether it was intact mass,
subunit-domain analysis, or peptide mapping analysis, as well
as the type of ADC chemistry and chemical nature of the LP,
various unexpected challenges were encountered during height-
ened characterization. Intact mass analysis using denaturing
oSEC/MS analysis was performed for confirmation of sequence
fidelity, multi-chain architecture, and extent of conjugation via
average mass measurement of intact and de-N-glycosylated
molecule. The approach utilizes 30% acetonitrile and 0.1% TFA
in the mobile phase, which denatures the ADC, but provides

adequate protonation and desolvation of the molecule. oSEC/
MS has been very successful in mAb characterization, but
results in dissociation of cysteine-conjugated 4-chain ADCs
with partially reduced disulfide bonds and non-covalent light
and heavy chains. The mitigation strategy involves implemen-
tation of native (non-denaturing), MS-compatible conditions
prior to introduction of the cysteine-conjugated ADC into the
mass spectrometer, which results in successful detection of
intact, non-covalent 4-chain ADC.

For lysine-conjugated ADCs with calicheamicin as a LP, even
though the covalent nature of the ADC was preserved, the acid lia-
ble bonds within the linker moiety do not survive the harsh condi-
tions of using 0.1% TFA in the oSEC/MS mobile phase as an ion
pairing agent. The mitigation strategy for this type of ADC is to
reduce the acidity of the mobile phase by either using an acid with
higher pKa in the mobile phase, such as formic acid, or implement
a native, ammonium acetate-based mobile phase. In our example,
removing TFA from the mobile phase and replacing it with 0.1%
formic acid was sufficient to minimize, if not completely eliminate,
the cleavages in the calicheamicin moieties within the ADC, allow-
ing for their complete retention on the intact ADC. Use of ammo-
nium acetate as a mobile phase gave very similar results, but more
salt adducts were seen compared to the 0.1% formic acid. More-
over, preserving intact calicheamicin on ADC during analysis
allows successful monitoring of potential hydrolysis byproducts in
ADC that could have happened during long-term storage condi-
tions in the final product.

For the mass analysis of intact ADCs, ESI source parameters
are often similar to those used for mAbs and primarily are
optimized for adequate desolvation and subsequent ionization
of large biomolecules, promoting high sensitivity but avoiding
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Table 1. Relative Abundance of mAb and ADC Subunit/Domains Using C4 and
Diphenyl Columns.

Relative Peak Area, %

C4 Diphenyl

Species mAb ADC
Total ADC
Subunits mAb ADC

Total ADC
Subunits

scFc 42.5 45.5 45.5 39.5 35.4 35.4
LC 38.2 23.5 40.3 39.3 22.2 31.6
LCC1LP — 16.8 9.4
Fd0 19.3 2.7 14.2 21.2 0.9 33.0
Fd0C1LP 4.0 7.3
Fd0C1LP 0.8 3.7
Fd0C2LP 0.9 3.4
Fd0C2LP 4.1 11.1
Fd0C3LP 1.7 6.6
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in-source fragmentation. These ESI parameters for proteins in
general tend to be very different than the ones used for intro-
duction of small organic molecules into a mass spectrometer.
However, ADCs contain LP moieties that are considered to be
small molecules. These small molecule moieties within ADCs,
especially surface exposed ones, undergo in-source induced
fragmentation under ESI conditions used for mass spectromet-
ric analysis of ADCs. For site-specific conjugated ADC with
LP conjugated to the surface-assessable C-terminus of the
heavy chain, significant in-source fragmentation can prevent
detection of the intact LP attached to the mAb molecule.
The mitigation strategy for preserving the intact LP on the
ADC in this case was based on utilizing milder ionization con-
ditions than those typically used for mAbs. Decreasing
the cone voltage by 10 V and use of 0.1% formic acid in the
mobile phase were sufficient to significantly minimize the in-
source fragmentation of the LP. However, complete elimination
of method-induced in-source fragmentation was not achieved
because further reduction of cone voltage impaired the signal-

to-noise quality of raw ESI mass spectrum, making proper
deconvolution to the zero-charge mass spectrum impossible. In
all these examples, intact mass analysis of ADCs was used for
orthogonal characterization and bioprocess development sup-
port only. Other techniques, such as HIC, RP-HPLC with UV
detection, UV spectroscopy, are typically used for DAR deter-
mination for batch release and stability testing.

The three-part subunit-domain assay, which provides
information on primary structure, posttranslational modifica-
tions of ADC and the extent of conjugation in each subunit,
utilizes a reversed-phase liquid chromatography separation of
three »25 kDa polypeptides (e.g., light chain, Fd0, scFc) fol-
lowing IdeS proteolysis and disulfide bond reduction.24

Depending on the conjugation chemistry and nature of the
LP, complete chromatographic recovery of the hydrophobic
domains with or without LP attached has been challenging.
Due to the very hydrophobic nature of the LPs, as well as
increased hydrophobicity of heavy chains and Fd0 domains, in
particular, the decrease in recovery of hydrophobic subunits
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impairs the LC/MS analysis. Typically, low-carbon content
stationary phases, such C4 or C3 columns, are used for
reversed-phase separation of medium size biomolecules simi-
lar to subunit/domains. In our example, separation of three
subunits on C4 column was adequate, but recoveries of the
very hydrophobic Fd0 and even the less hydrophobic light
chain of the mAb molecule were diminished. Upon conjuga-
tion of the hydrophobic LP to both Fd0 and light chain, the
recovery of ADC subunit/domains was further reduced, mak-
ing the overall analysis by LC/MS not feasible, especially, if
minor and trace level species need to be characterized. How-
ever, quantitative recovery of all mAb subunit/domains was
achieved by using diphenyl column, which furthermore, was
not affected by addition of LP to already hydrophobic subu-
nits. The choice of stationery phase suitable for the complete
separation and quantitative recovery of the subunit/domains
is driven by the amino acid sequence of the mAb and hydro-
phobicity of the LP. Other column chemistries could be suit-
able for this purpose as well.

The peptidemapping in combinationwith LC/MS is commonly
used to address the sites of LP conjugation. Very often optimized
conditions for the proteolytic digestion rely on the pH that is opti-
mal for the enzyme activity.When applied tomAbmolecules, these
conditions are suitable if complete digestion takes place.Many pep-
tide mapping protocols are available for mAbs with the most com-
mon pHs for Lys-C digestion, ranging from 8.0 to 8.2. At pH 8.2
and overnight digestion, the LP-conjugated peptides using cysteine
chemistry exhibit thiosuccinimide ring opening (Scheme II). This
artifactual ring opening during reduction/alkylation/digestion is
undesired and was significantly minimized by reducing pH to 7.5,
which was sufficient to achieve complete digestion of the protein,
yet preserve the structure of the LP (Fig. 7).

In conclusion, despite many challenges presented by each
type of ADC, robust, reliable and informative LC/MS methods
have been developed for the sensitive and accurate characteri-
zation of these molecules at the intact, subunit, and peptide
mapping level. These finely tuned methods accommodate the
unique requirements of each ADC depending on conjugation

chemistry, sites of conjugation, and nature of the LP. These
high quality, low-artifact ADC heightened characterization
methods contribute immensely to enhanced process and prod-
uct understanding, which is needed ensure consistent process
performance and product quality, as well as patient safety and
drug efficacy.

Abbreviations

2D-LC/MS 2 dimensional-liquid chro-
matography/ mass spectro-
metry

AcBut 4-(4-acetylphenoxy)buta-
noic acid

ADC antibody-drug conjugate
Cys cysteine
DAR drug-to-antibody ratio
ESI MS electrospray ionization mass

spectrometry
H heavy
HH heavy-heavy
HL heavy-light
HHL heavy-heavy-light
HIC hydrophobic interaction

chromatography
IdeS immunoglobulin-degrad-

ing enzyme of Streptococ-
cus pyogenes

L light
LC liquid chromatography
LC/MS liquid chromatography/

mass spectrometry
LP linker payload
mAb monoclonal antibody
MS mass spectrometry
oSEC organic size exclusion chr-

omatography

Scheme 2. Thiosuccinimide Ring Opening.
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RP-UHPLC reversed-phase ultrahigh
performance liquid chrom-
atography

RP-UHPLC/ESI-UHR QTOF MS reversed-phase ultrahigh-
performance liquid chroma-
tography/electrospray ioni-
zation ultrahigh-resolution
quadrupole time-of-flight
mass spectrometry

SEC size exclusion chromato-
graphy

TFA trifluroacetic acid
TG transglutaminase
UHR-MS ultrahigh resolution mass

spectrometry
UV ultraviolet
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