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Cysteine-conjugated antibody-drug conjugates (ADCs) are manufactured using controlled partial reduction and
conjugation chemistry with drug payloads that typically occur in intervals of 0, 2, 4, 6, and 8. Control of heterogeneity is
of particular importance to the quality of ADC product because drug loading and distribution can affect the safety and
efficacy of the ADC. Liquid chromatography ultra-violet (LC-UV)-based methods can be used to acquire the drug
distribution profiles of cysteine-conjugated ADCs when analyzed using hydrophobic interaction chromatography (HIC).
However, alternative analysis techniques are often required for structural identification when conjugated drugs do not
possess discrete ultra-violet absorbance properties for precise assessment of the drug-to-antibody ratio (DAR). In this
study, multidimensional chromatography was used as an efficient method for combining non-compatible techniques,
such as HIC, with analysis by mass spectrometry (LC/LC/QTOF-MS) for rapid on-line structural elucidation of species
observed in HIC distribution profiles of cysteine-conjugated ADCs. The methodology was tested using an IgG1 mAb
modified by cysteine conjugation with a non-toxic drug mimic. Structural elucidation of peaks observed in the HIC
analysis (1st dimension) were successfully identified based on their unique sub-unit masses via mass spectrometry
techniques once dissociation occurred under denaturing reversed phase conditions (2nd dimension). Upon
identification, the DAR values were determined to be 2.83, 4.44, and 5.97 for 3 drug load levels (low-, medium-, and
high-loaded ADC batches), respectively, based on relative abundance from the LC-UV data. This work demonstrates
that multidimensional chromatography coupled with MS, provides an efficient approach for on-line biotherapeutic
characterization to ensure ADC product quality.

Introduction

Antibody-drug conjugates (ADCs) represent a growing class
of biotherapeutics currently being investigated for the treatment
of cancer.1-5 The efficacy of ADCs, in part, is attributed to the
underlying architecture of the conjugate, wherein a monoclonal
antibody (mAb) is combined with a cytotoxin. The selectivity of
the mAb toward over-expressed cell surface antigens associated

with cancerous tumors facilitates the targeted delivery of a cova-
lently linked cytotoxic agent, or “drug,” adjacent to the tumor
surface. This therapeutic approach offers the selectivity of an anti-
body6 for targeted treatment of tumor cells while minimizing sys-
temic toxicity effects from the highly potent drug.2,7,8 Successful
launches of brentuximab vedotin (Adcetris�)9 and ado-trastuzumab
emtansine (Kadcyla�)3 for the treatment of Hodgkin’s lymphoma
and breast cancer, respectively, illustrate the potential impact of these
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emerging biotherapeutic agents in cancer treatment. Engineering
ADCs with preserved antibody binding activity and reproducible
physicochemical properties that can be used as metrics during devel-
opment and process control is highly desirable.10,11

Cysteine-conjugated ADCs are a sub-class of biotherapeutics
that are manufactured with well-known conjugation chemistry.
This type of ADC is typically less heterogeneous with respect to
the quantity and distribution of drugs conjugated to the mAb12

in comparison to ADCs created via lysine-based conjugation
methods.13 Control of heterogeneity is of particular importance
as drug load and drug distribution can affect the efficacy, toxicol-
ogy, and half-life/clearance properties of the ADC.10,14,15 In the-
ory, the conjugation process produces a mixture of isoforms with
the number of drugs conjugated in intervals of 0, 2, 4, 6, and 8
from the controlled reduction of the inter-chain disulfide bonds,
each of which generates 2 sulfhydryl groups (Fig. 1).12 As a
result, the reduced complexity of cysteine-conjugated ADCs
allows for the use of liquid chromatography (LC)-based analyti-
cal methods such as hydrophobic interaction chromatography
(HIC) to assess the heterogeneity of conjugated antibody.15,6

The conjugation process, when not entirely optimized, can
present diagnostically different HIC distribution profiles (Fig. 2)
that deviate from profiles containing the expected 5 peaks repre-
senting DAR values of 0, 2, 4, 6, and 8.11,12,17 In the absence of a
reference standard or for conjugated drugs that do not possess dis-
crete ultra-violet (UV) absorbance properties, shoulder peaks

distributed throughout the chromatogram cannot be unambigu-
ously assigned based on LC-UV methods alone.12,15,16 These
peaks, which may represent ADC isoforms,12,18 incomplete drug
conjugation,17 or post-translational modifications on the
mAb,19,20 can affect the efficacy and safety10,15 of the ADC. Addi-
tional analysis is required for structural identification if precise
assessment of drug loading and distribution are to be determined.
For identification purposes, current LC-UV-based methods
require the inclusion of an additional purification step followed by
analysis using orthogonal techniques such as reversed phase (RP)
LC or denaturing capillary electrophoresis (SDS-CE).12,14,15,17

In comparison, non-denaturing mass spectrometry (MS)-based
methods have been adopted successfully in the intact analysis of
ADCs, including the elucidation of sub-unit conjugated forms
and site distribution of conjugated drugs.21-25 Recently, Valliere-
Douglass et al. described a non-denaturing MS-based method for
the determination of relative drug distribution in ADCs based on
ion abundance and mass from the deconvoluted spectrum of cys-
teine-conjugated ADCs.23 A high degree of correlation in relative

Figure 2. HIC chromatograms showing distribution profiles of cysteine-
conjugated ADCs. Three batches of ADCs were synthesized, each with a
different level of drug load (Low-, Medium-, and High-loaded) and ana-
lyzed using a 10 min gradient with a HIC column, 4.6 £ 100 mm, 2.5 mm
(see experimental). The distribution profiles exhibited multiple peaks
that differed from expected profiles preventing unambiguous correlation
of DAR 2, 4, 6, and 8 species with the peaks (B)–(H).

Figure 1. Illustration of cysteine-conjugated ADCs with various drug load
distributions. Reduction of inter-chain disulfide bonds allows the conju-
gation of drugs through a maleimide-containing linker via the newly
generated sulfhydryl groups. Conjugation of drugs via reduced inter-
chain disulfide bonds generate ADCs with expected drug loads occurring
in intervals of 2, 4, 6, and 8 with associated possible positional isomers.
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abundance for DAR species was observed when compared to tra-
ditional LC(HIC)-UV-based methods, despite the question raised
on the possible ionization efficiency discrepancy of higher drug-
conjugated species. Using a similar approach, Chen et al.
improved ionization efficiency by enzymatically removing conju-
gated drug species while also observing a high degree of correlation
with off-line LC(HIC)-UVmethods.22 Innovative techniques that
incorporate ion mobility (IM)-MS have also demonstrated their
utility in the characterization of IgGs and ADCs.25-29 Debane and
colleagues demonstrated the utility of native MS methods as well
as IM-MS in the assessment of drug distribution in cysteine-con-
jugated ADCs.25 Similar to Valliere-Douglass et al. and Chen
et al., their work found a high degree of correlation between semi-
quantitativeMS-based approaches and traditional HIC-UV-based
methods. Interestingly, Debane et al. found that an offline HIC/
native MS approach was able to detect the presence of unexpected
odd-numbered conjugated species. The utility of MS-based tech-
niques in the characterization of ADCs is firmly established in the
literature. However, similar to LC-UV-based methods, additional
steps involving enzymatic treatment are necessary for the elucida-
tion of positional isoforms of cysteine-conjugated ADCs.24,30

Because this modality has the potential to redefine cancer treat-
ment, rapid methods to identify ADC isoforms during biothera-
peutic characterization are highly desirable.

Recent work has demonstrated multidimensional chromatog-
raphy approaches to be effective in the characterization of
impurities,31 glycopeptides,32 production excipients,33 and

formulation degradants34 associated with therapeutic drugs. The
straightforward experimental design associated with this method-
ology provides an elegant solution for the structural identification
of peaks observed in LC-UV-based separations of ADCs, bypass-
ing the need for sample preparation procedures such as enzymatic
digests and manual fraction collection. As shown in Table 1, the
coupling of 2 orthogonal separation dimensions increases the
separation capacity in cysteine-conjugated ADC analyses and
facilitates a method for structural elucidation of peaks observed
in ADC HIC distribution profiles. In the 1st dimension (y-axis),
ADCs are separated by their hydrophobicity using established
HIC techniques. Positional isoforms, which may be represented
as additional peaks in the 1st dimension separations (peaks (C)-
(H), Fig. 2), can be identified by unique sub-unit masses (x-axis)
via MS techniques once dissociation occurs under denaturing
conditions. In this fashion, multidimensional chromatography
renders an efficient method for combining otherwise non-com-
patible techniques, such as HIC and MS analysis (LC/LC/
QTOF-MS) for rapid structural elucidation of species observed
in HIC distribution profiles of cysteine-conjugated ADCs.35,36

Experimental results from an analysis of 3 batches of an ADC
at 3 different DARs by the 2D-LC/QTOF method are presented
here. The method preserves intact ADC characterization informa-
tion while facilitating the online fractionation and identification
of peaks under investigation from cysteine-conjugated ADC HIC
distribution profiles. The unambiguous identification of peaks
associated with distribution profiles in HIC separations of

Table 1. Multidimensional analysis. HIC separation in the 1st dimension (y-axis) separates cysteine-conjugated ADCs based on their hydrophobicity associ-
ated with increasing DAR species. When subjected to an orthogonal 2nd dimension (x-axis) separation such as RPLC-MS, cysteine-conjugated ADCs dissoci-
ate into their respective sub-units due to denaturation by the mobile phases and temperature employed. The discrete masses generated from the unique
sub-units for each conjugated species facilitate structural identification of positional isoforms associated with cysteine-conjugated ADCs
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cysteine-conjugated ADCs increase the confidence for accurate
determination of DAR and ADC profiles. The results demonstrate
that the 2D LC/MS method is well suited for rapid analysis of
ADC isoforms for the development and characterization of ADCs.

Results

An IgG1 mAb was modified by cysteine conjugation to a
non-toxic drug that mimics the hydrophobicity of a cytotoxic
drug to give ADC batches at 3 DARs and analyzed by HIC
chromatography to assess drug distribution profiles. As seen in
Figure 2, multiple peaks were observed in all 3 ADC batches
presumably representing individual DARs of 0, 2, 4, 6, and 8.
Based on the underlying separation mechanism of HIC, as
well as knowledge of the possible isoforms that could be
formed by cysteine conjugation using a partial reduction/con-
jugation process, it was assumed that the elution order was
associated with increasing DAR species. The identity of peak
(A) was readily confirmed experimentally using the retention
time alignment of the unconjugated mAb in a separate HIC
separation (supplemental material). The trending reduction in
intensity of peaks (A–C) combined with the increasing inten-
sity of peaks (E) and (H) across the low- to high-loaded ADC
batches suggests that these peaks represent individual ADC
DAR species of 0, 2, 4, 6, and 8, respectively.15,16 However,
assignment of peaks (D)-(H) based on distribution profiles
and intensity trends from LC-UV data is challenging consider-
ing that conjugation conditions, mAb identity, and the pres-
ence of isoforms can affect ADC distribution profiles. To
determine if unambiguous peak identification and improved
confidence in determining critical quality attributes11 (CQAs)
such as individual and total DAR values could be achieved, an
MS-based approach was evaluated.

Mass confirmation of peaks observed in ADC HIC distribu-
tion profiles would provide a method for determining the indi-
vidual DAR values for ambiguous peaks, e.g., (F)-(G) in
Figure 2. However, the high concentration and low volatility of
the salts used in HIC separations are not compatible with direct
MS analysis.35,36 Coupling LC (HIC)-UV to RPLC-MS with
selective sampling of LC (HIC)-UV profiles would render an effi-
cient online method for the assessment of CQAs associated with
unassigned peaks. In contrast to non-denaturing MS methods,
the denaturing conditions used in traditional RPLC, when cou-
pled to HIC, provides a means to remove non-volatile buffer
components while simultaneously dissociating ADCs into their
respective non-covalently-linked sub-units for identification of
isoforms by mass. Such information is currently not directly
reflected with non-denaturing MS methods. To this end, an on-
line multidimensional chromatography approach was used for
elucidating the peak identities.

Coupling of orthogonal analytical techniques (HIC with
RPLC/QTOF-MS) was achieved through the use of two 6-port,
2-position valves housed in a column manager (Fig. 3). Fractions
(or “heart-cuts”) from peaks of interest observed in the first
dimension HIC separation were selected by coordinated timed

switches between the 2 valves so that protein species contained in
the HIC fraction could be transferred from the 1st dimension col-
umn onto the 2nd dimension column. Subsequent separation on

Figure 3. Instrument configuration schematic. (A) A column manager
housing two 6-port 2-position valves was configured as illustrated by the
schematic to perform heart-cuts of the 1st dimension separation. Valve
position is denoted numerically as position 1 and 2. Abbreviations are
defined as QSM: quaternary solvent manager, AS: auto sampler, TUV:
tunable ultraviolet detector, BSM: binary solvent manager, RP: regenera-
tive pump, MS: mass spectrometer. (B) Heart-cuts were performed in
0.2 minute intervals at or near the apex of the peak under investigation.
An example of the heart-cut being performed on peak (C) from
Figure 5c is illustrated in the example. The heart-cut was bracketed with
a 3 second interval to purge residual ammonium sulfate in the fluidic
path post 1st dimension column.
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the 2nd dimension column (and MS detection) allows the protein
species to be identified.

To test the validity of this approach, a separation of the latest-
eluting species observed in the HIC distribution profile, which
represents the highest DAR species, was targeted for experimen-
tation. To maximize the amount of protein transferred from
higher-loaded species (peaks (C)-(H)) to the 2nd dimension col-
umn in a relatively small volume, the high loaded ADC batch
(Fig. 2) was selected for this and subsequent analyses. To ensure
column pressure tolerances were not exceeded when both col-
umns were engaged in the fluidic path, a relatively short HIC col-
umn (4.6 £ 35 mm, 2.5 mm) was employed. Peak profiles were
assessed and deemed sufficiently comparable to the profiles
observed with the 100 mm version (Fig. 2) without the need to
scale the method for the shorter column. As shown in Figure 4a,
a 0.20 min heart-cut was programmed to transfer a 0.100 mL
fraction of the late-eluting species (peak (H)) from the HIC sepa-
ration (visualized by the gray box) to the 2nd dimension RP (C4)
column. The heart-cut was performed post-peak apex to ensure
that relatively more homogeneous species were selected and
transferred to the 2nd dimension analysis. Desalting of the sample
on the RP column, which facilitated coupling of a method that is
normally not compatible with MS instrumentation, was per-
formed using a high percentage of aqueous component of the 2nd

dimension RPLC mobile phases (100% water containing 0.1%
formic acid) with the MS-valve position set to waste. As shown
in Figure 4b, the subsequent RPLC separation of the fraction of
interest resulted in 2 peaks, which represent the dissociated sub-
units of the fractionated species. Deconvolution of the raw mass
spectrum for each peak is shown in Figure 4c. From the decon-
voluted spectrum, a mass for the early eluting peak was found to
match the predicted mass for a light-chain conjugated to one
drug (23,580.0 Da, mass error ¡8.48 ppm) and masses for the
late eluting peak were found to be consistent with the heavy-
chain (G0F/G1F glycoforms) with 3 drugs (51,630.6 Da, mass

error C9.97 ppm). As shown in Table 1, these 2 masses can only
be observed for the DAR 8 ADC species, since the 2 dissociated
sub-unit peaks in the 2nd dimension separation represent a corre-
sponding sub-unit pair (Fig. 4b inset). With mass confirmation
of peak (H) as the DAR 8 ADC species, and no higher-loaded
species observed across the low-, medium-, and high-loaded
ADC samples, the remaining peaks must have DAR values < 8.
A complete list of MaxEnt1 parameters and mass shifts can be
found in the supplemental material.

Using the same experimental approach, peaks ((C), (E), and
(F)) were investigated (Fig. 5) using 0.20 min heart-cuts centered
at the apex of the target peak. Fractionation of peak (F), as shown
in Figure 5a, resulted in 3 peaks in the 2nd dimension separation.
The deconvoluted masses associated with each peak could only
arise from the positional isoform represented by the 6-loaded
ADC species (i.e., 6b in Table 1). Peak (E), as shown in Fig-
ure 5b, was determined to be the DAR 6 isomer 6a (see Table 1).
Meanwhile, analysis of peak (C) confirmed the identity to be the
DAR 4 isomer 4a (Fig. 5c, 4a, Table 1). A mass difference of »
17 Da was observed for 2nd dimension peak 2 from HIC peak
(C). This mass loss is likely the result of dehydration of the frag-
ment (i.e., loss of one water molecule), which can occur in the
mass spectrometer, HIC, or RP-HPLC environments, or originate
in the native conjugate; localization of which requires further stud-
ies. However, isoform assignment was not impeded due to the
contrast in mass shifts associated with the sub-unit forms shown
in Table 1, affirming the robustness of such an approach for peak
assignment of cysteine-conjugated ADCs.

Interestingly, peak (C) appears to be the major DAR 4 species
across all 3 ADC batches based on peak intensities in Figure 2,
suggesting a kinetically more favorable reaction product com-
pared to the other DAR 4 ADC isomers.12,37 In addition, for the
DAR 6 ADC species, the intensities of peak (F) and peak (G) are
lower than that from peak (E) across all 3 samples. Closer inspec-
tion of relative peak area indicated peak (F) at 14.1% and peak

Figure 4. ADC analysis using an LC(HIC)/LC(RP)/QTOF-MS approach. (A) A 0.20 min heart-cut (100 mL) was initiated post-apex on the latest eluting peak
from the HIC separation (peak (H)) of the high cysteine-conjugated ADC batch. (B) The transferred fraction was desalted and separated using a 15 min
gradient by RPLC with expected dissociated sub-units shown in the inset. (C) MS spectra were deconvoluted and determined to be indicative of the
light-chain (23,580.0 Da) and heavy-chain (51,630.6 Da) containing 1 and 3 drugs, respectively.

1040 Volume 7 Issue 6mAbs



(G) at 42.2% maintained similar peak area with respect to peak
(E) at 43.7% across the 3 samples. The results suggest that the
accessibility of the hinge-region cysteine residues plays a critical
role in reaction kinetics of cysteine drug-conjugation chemistry,
and conjugation of thiol groups from the cysteine residues that
form the light chain–heavy chain disulfide bond is a preferred
pathway for this IgG1 mAb under the reduction/conjugation
conditions employed. The existence of 2 inter-chain disulfide
bonds in the hinge region of all IgG1 molecules suggests that
peak (E) may represent either one of the isomers or both isomers.
The confirmation of which individual isomer exist (or both)
would require additional experiments involving purification and

enrichment of the peak, followed
by enzymatic treatment for analy-
sis,30 which is beyond the scope of
the current work. Nonetheless,
unambiguous identification of the
major HIC peaks of cysteine-con-
jugated ADCs was achieved using
the multidimensional chromatog-
raphy approach. With the addi-
tional peaks being identified as
ADC isoforms, drug distribution
profiles could be readily assigned
across all 3 cysteine-conjugated
ADC batches as shown in Fig-
ure 6. With this knowledge, DAR
values based on relative abundance
from the LC-UV data were deter-
mined to be 2.83, 4.44, and 5.97
for the low-, medium-, and high-
loaded ADC batches, respectively
(Table 2).

Discussion

Targeted immunoconjugate-
based therapies such as ADCs
offer the potential to redefine our
understanding and approach to
the treatment of cancer. Cysteine-
conjugated ADCs using conven-
tional reduction/alkylation.12 rep-
resent a sub-class of ADCs that
offer reduced complexity that are
readily characterized using LC-
UV-based techniques. Accurate
assessment of CQAs such as ADC
drug distribution and associated
DAR values, which can affect effi-
cacy and safety, is critical for the
research and development of
ADCs. Development of immuno-
conjugate therapies with diagnos-
tically different chromatographic

profiles that deviate from expected profiles requires the use of
orthogonal techniques that augment existing characterization
methods, which allows accurate assessment of CQAs. The utility
of MS-based techniques to gain additional insight in the charac-
terization of biotherapeutics has been well established in litera-
ture.21-29 However, techniques that are incompatible with MS
analysis are often encountered in the characterization of ADCs
such as in the case of HIC-UV, which is frequently used to assess
drug distribution and drug load attributes.11 Efficient methods
that complement existing characterization techniques and can be
readily adapted into the biopharmaceutical production environ-
ment are highly desirable.

Figure 5. Positional isoform identification using HIC/RP/QTOF-MS. (A) A 0.20 min heart-cut fraction of peak
(F) dissociated into 3 unique sub-unit masses under RPLC conditions which corresponded to an ADC with 6
drugs (DAR 6) as illustrated by the isoform structure provided. (B) A 0.20 min heart-cut fraction of peak (E)
was also determined to be an isomer of DAR 6 with the corresponding structure shown in the illustration.
(C) A 0.20 min heart-cut of peak (C) was confirmed to be an ADC bearing 4 drugs with both light-chain and
their corresponding heavy-chain sulfhydryl sites occupied with drugs as shown in the illustration.
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This work has demonstrated that multidimensional chroma-
tography renders a viable interface for the hyphenation of nor-
mally non-compatible methods with MS instrumentation. The
2D methodology presented here is particularly useful in provid-
ing rapid characterization of positional isoforms associated with
conventional cysteine ADCs based on their unique sub-unit
structures as well as DAR determinations. It is also applicable in

general to characterization of HIC peaks for ADCs with other
conjugation chemistries, including site-specific cysteine conjuga-
tion,10,38,39 although information obtained may be tailored to
the specific chemistry used for conjugation.

Material and Methods

Chemicals and reagents were purchased from Sigma Aldrich
unless otherwise stated. MS-grade solvents were used for mobile
phase preparation. Aqueous buffers were prepared with water
purified using a lab water filtration system (Millipore).

ADC Stock Solutions
ADCs were prepared according to conventional reduction

protocols.12 To show the proof of concept and for ease of han-
dling, a noncytotoxic drug-mimic was selected as the drug for
this study. Tris(2carboxyethyl)phosphine hydrochloride (TCEP)
was added to a solution of the IgG1 mAb in phosphate-buffered
saline (pH 7.2) to reduce the inter-chain disulfide bonds. The
maleimide-containing drug-mimic (C23H24N2O3, MW D
376.46 Da) was then added and allowed to react. TCEP and
drug-mimic concentrations were controlled to produce 3 stock
samples with increasing DAR (low-, medium-, and high-loaded
samples). Following the conjugation reaction, the ADC mixtures
were buffer-exchanged into 20 mM histidine buffer (pH 6.0)
and adjusted to a concentration of » 10.0 mg/mL. An unconju-
gated mAb stock was also prepared at » 10.0 mg/mL. The stock
solutions were stored at ¡80�C prior to use.

Sample Preparation
HIC samples were prepared at a concentration of 2.0 mg/mL

in 1M (NH4)2SO4 using a 62.5mM sodium phosphate buffer,
pH 6.7. Analyses were performed on a 10.0 mL injection vol-
ume. A reversed phase chromatography control sample was pre-
pared through partial reduction of the unconjugated mAb.
Briefly, a 1.0 mg/mL solution of unconjugated mAb prepared in
25mM phosphate buffer, pH 7.8, was reduced in 1 mM dithio-
threitol (DTT) at 37�C for 20 min. An equal amount of sample
was mixed with 0.1% formic acid (v/v) in purified water to give a
final concentration of 0.5 mg/mL.

Figure 6. HIC-UV assessment of drug load distribution. Using peak iden-
tification determined from the multidimensional chromatography-MS
method, drug load distribution was assessed in triplicate for the 3
batches of cysteine-conjugated ADCs. Overlays of the chromatograms
(black, red, blue) are shown to demonstrate the reproducibility and
robustness of the methodology.

Table 2. Drug-to-antibody ratio determination. Individual DAR contributions for each drug loaded species (e.g., DAR 0, 2, 4, 6, 8) was calculated based on the
sum relative peak area for the distribution species denoted by the dashed lines in Figure 6 The average DARs were determined to be 2.83, 4.44, and 5.97 for
the low-, medium-, and high-loaded ADC batches, respectively

Drug load

ND3 0 2 4 6 8

Batch
Area
(%)

RSD
(%)

DAR
contribution

Area
(%)

RSD
(%)

DAR
contribution

Area
(%)

RSD
(%)

DAR
contribution

Area
(%)

RSD
(%)

DAR
contribution

Area
(%)

RSD
(%)

DAR
contribution

Total
DAR

RSD
(%)

Low 16.73 0.28 0 40.71 0.23 0.81 28.56 0.24 1.14 12.54 0.50 0.75 1.50 10.11 0.12 2.83 0.38
Med 2.80 0.34 0 18.85 0.46 0.38 41.69 0.22 1.67 26.87 0.13 1.61 9.79 1.69 0.78 4.44 0.20
High 0.37 1.45 0 3.42 0.14 0.07 30.67 0.18 1.23 28.60 0.32 1.72 36.90 0.37 2.95 5.97 0.06
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Chromatography
An ACQUITY H-Class Bio equipped with a commercially

available 2D technology configuration (Waters Corp.) was used
for the experiments. Figure 3A is a schematic of the instrument
setup denoting column, pump, and plumbing configuration.
Mobile phase (MP) reservoirs for the 1st dimension quaternary
solvent manager (QSM) were prepared as follows: MP A: 2.5 M
(NH4)2SO4 in 125 mM sodium phosphate buffer, pH 6.7, MP
B: 125 mM sodium phosphate buffer, pH 6.7, MP C: n-propa-
nol, MP D: 18 MV purified water. A 4.6 £ 35 mm, 2.5 mm n-
butyl HIC column (Waters Corp.) was conditioned with the
unconjugated mAb until the integrated area and retention time
stabilized using a 10 min gradient from 1.25 M (NH4)2SO4, in
65 mM sodium phosphate buffer, pH 6.7, 5% n-propanol (50%
MP A : 0% MP B : 5% MP C : 45% MP D) to 65 mM sodium
phosphate buffer, pH 6.7, 5% n-propanol (0% MP A : 50% MP
B : 5% MP C : 45% MP D). Mobile phase conditions were held
constant for 5 min at the end of each gradient followed by
15 min of column reconditioning at initial conditions. Column
temperature and flow rate were set at 25�C and 0.500 mL/min,
respectively.

Mobile phase reservoirs for the 2nd dimension binary solvent
manager (BSM) were prepared as follows: MP A: aqueous solu-
tion containing 0.1% formic acid v/v, MP B: acetonitrile con-
taining 0.1% formic acid v/v. A 2.1.mm £ 50.mm, 1.7 mm
reversed-phase C4 column (BEH C4, Waters Corp.) was condi-
tioned with the reduced unconjugated mAb in a 1D configura-
tion until the integrated area and retention time stabilized. For
RP separations, fractions of interest were transferred from the 1st

dimension HIC column to the 2nd dimension C4 column using a
regenerative pump with the left and right valves set in position 2
(Fig. 3a). Once transferred, a 12 min gradient from 100% A to
80% A was performed to stack and de-salt the fraction of interest
using the binary solvent manager. After the 12-min desalting
period, a 15 min separation gradient was performed from 80%
to 50%MP A. At the end of the gradient, a 3 min column recon-
ditioning step was performed at initial conditions. Column tem-
perature and flow rate were set at 80�C and 0.500 mL/min,
respectively.

Transfer of fractions of interest or “heart-cuts” from the 1st

dimension column to the 2nd dimension column were pro-
grammed through the events tab using the column manager con-
trol interface. Valve position timing is illustrated in Figure 3b

and were adjusted for each peak apex under investigation. A
regenerative pump delivering an isocratic gradient of MP B from
the 1st dimension separation at 0.500 mL/min was used to per-
form the heart-cut and to reduce the amount of residual ammo-
nium sulfate in the fluidic path post 1st dimension column. A
0.05 min delay was programmed at the beginning and end of
each heart-cut to purge the fluidic path of residual ammonium
sulfate using 50% MP B : 5% MP C : 45% MP D from the 1st

dimension reservoirs. A tunable ultra-violet (TUV) detector
(Waters Corp.) equipped with a 5-mm titanium flow cell was
incorporated post the 1st dimension separation to monitor the
heart-cut procedure. Single wavelength detection was performed
at an Amax of 220 nm with a sampling rate of 20 Hz.

Ms settings
A quadrupole time-of-flight mass spectrometer (Xevo G2

QTof, Waters Corp.) was used for MS analysis post 2nd dimen-
sion column (Fig. 3a). Continuum data were acquired in sensi-
tivity mode with positive polarity. A mass range from 500 to
4,000 m/z was used for data collection, and the MS data was
only collected from 12 to 27 min as defined in the chromatogra-
phy section. The flow was directed to waste via the MS valve
event manager when the 2D system was operated outside the
acquisition time window. Additional instrument settings were set
as follows: capillary voltage 3.00 kV, sample cone, 80.0 V,
extraction cone, 4.0 V, source temperature 100�C, desolvation
temperature 350.�C, and desolvation gas flow 600 L/Hr. Data
from the MS analysis for the ADC subunits and the light chain
and heavy chain of native mAbs were processed by MaxEnt 1
algorithm within MassLynx. Typically twenty iterations of Max-
Ent 1 deconvolution were performed on the raw spectrum, and a
mass accuracy error �10 ppm was achieved for the light-chain
and non-deglycosylated heavy-chain. Individual parameter set-
tings can be found in the supplemental material.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Supplemental Material

Supplemental data for this article can be accessed on the
publisher’s website.

References

1. Senter PD. Potent antibody drug conjugates for
cancer therapy. Curr Opin Chem Biol 2009;
13:235-44; http://dx.doi.org/10.1016/j.
cbpa.2009.03.023

2. Chari RV. Targeted cancer therapy: conferring specific-
ity to cytotoxic drugs. Acc Chem Res 2008; 41:98-107;
PMID:17705444; http://dx.doi.org/10.1021/
ar700108g

3. Lewis Phillips GD, Li G, Dugger DL, Crocker LM,
Parsons KL, Mai E, Bl€attler WA, Lambert JM, Chari
RV, Lutz RJ, et al. Targeting HER2-positive breast
cancer with trastuzumab-DM1, an antibody-cytotoxic
drug conjugate. Cancer Res 2008; 68:9280-90;
PMID:19010901; http://dx.doi.org/10.1158/0008-
5472.CAN-08-1776

4. Palanca-Wessels M, Press OW. Advances in the
treatment of hematologic malignancies using immu-
noconjugates. Blood 2014; 123:2293-301;
PMID:24578502; http://dx.doi.org/10.1182/blood-
2013-10-492223

5. Ansell SM. Brentuximab vedotin. Blood 2014;
124:3197-200; PMID:25293772; http://dx.doi.org/
10.1182/blood-2014-06-537514

6. Reichert JM, Rosensweig CJ, Faden LB, Dewitz MC.
Monoclonal antibody successes in the clinic. Nat Bio-
tech 2005; 23:1073-8; http://dx.doi.org/10.1038/
nbt0905-1073

7. Wu AM, Senter PD. Arming antibodies: prospects and
challenges for immunoconjugates. Nat Biotech 2005;
23:1137-46; http://dx.doi.org/10.1038/nbt1141

8. Lambert JM. Drug-conjugated monoclonal antibodies
for the treatment of cancer. Curr Opin Pharmacol

2005; 5:543-9; http://dx.doi.org/10.1016/j.
coph.2005.04.017

9. Pro B, Advani R, Brice P, Bartlett N, Rosenblatt J,
Illidge T, Matous J, Ramchandren R, Fanale M, Con-
nors JM, et al. Brentuximab Vedotin (SGN-35) in
Patients With Relapsed or Refractory Systemic Ana-
plastic Large-Cell Lymphoma: Results of a Phase II
Study. J Clin Onocol 2012; 30:2190-6; http://dx.doi.
org/10.1200/JCO.2011.38.0402

10. Junutula JR, Raab H, Clark S, Bhakta S, Leipold DD,
Weir S, Chen Y, Simpson M, Tsai SP, Dennis MS,
et al. Site-specific conjugation of a cytotoxic drug to an
antibody improves the therapeutic index. Nat Biotech-
nol 2008; 26:925-32; http://dx.doi.org/10.1038/
nbt.1480

11. Wakankar A, Chen Y, Gokarn Y, Jacobson FS. Analyti-
cal methods for physicochemical characterization of

www.tandfonline.com 1043mAbs

http://dx.doi.org/10.1080/19420862.2015.1082016
http://dx.doi.org/10.1080/19420862.2015.1082016


antibody drug conjugates. Mabs 2011; 3:161-72;
PMID:21441786; http://dx.doi.org/10.4161/mabs.
3.2.14960

12. Sun MM, Beam KS, Cerveny CG, Hamblett KJ, Black-
more RS, Torgov MY, Handley FG, Ihle NC, Senter
PD, Alley SC. Reduction-alkylation strategies for the
modification of specific monoclonal antibody disul-
fides. Bioconjug Chem 2005; 16:1282-90;
PMID:16173809; http://dx.doi.org/10.1021/
bc050201y

13. Hamann PR, Hinman LM, Hollander I, Beyer CF,
Lindh D, Holcomb R, Hallett W, Tsou HR, Upeslacis
J, Shochat D, et al. Gemtuzumab Ozogamicin, A
Potent and Selective Anti-CD33 Antibody-Calicheami-
cin Conjugate for Treatment of Acute Myeloid Leuke-
mia. Bioconjugate Chemistry 2001; 13:47-58; http://
dx.doi.org/10.1021/bc010021y

14. McDonagh CF, Turcott E, Westendorf L, Webster JB,
Alley SC, Kim K, Andreyka J, Stone I, Hamblett KJ,
Francisco JA, et al. Engineered antibody-drug conju-
gates with defined sites and stoichiometries of drug
attachment. Protein Eng Des Sel 2006; 19:299-307;
PMID:16644914; http://dx.doi.org/10.1093/protein/
gzl013

15. Hamblett KJ, Senter PD, Chace DF, Sun MM, Lenox
J, Cerveny CG, Kissler KM, Bernhardt SX, Kopcha
AK, Zabinski RF, et al. Effects of drug loading on the
antitumor activity of a monoclonal antibody drug con-
jugate. Clin Cancer Res 2004; 10:7063-70;
PMID:15501986; http://dx.doi.org/10.1158/1078-
0432.CCR-04-0789

16. Sanderson RJ, Hering MA, James SF, Sun MM, Doro-
nina SO, Siadak AW, Senter PD, Wahl AF. In vivo
drug-linker stability of an anti-CD30 dipeptide-linked
auristatin immunoconjugate. Clin Cancer Res 2005;
11:843-52; PMID:15701875

17. Le LN, Moore JMR, Ouyang J, Chen X, Nguyen
MDH, Galush WJ. Profiling Antibody Drug Conju-
gate Positional Isomers: A System-of-Equations
Approach. Anal Chem 2012; 84:7479-86;
PMID:22913809; http://dx.doi.org/10.1021/
ac301568f

18. Valliere-Douglass J, Wallace A, Balland A. Separation
of populations of antibody variants by fine tuning of
hydrophobic-interaction chromatography operating
conditions. J Chromatogr A 2008; 1214:81-9; http://
dx.doi.org10.1016/j.chroma.2008.10.078

19. Boyd D, Kaschak T, Yan B. HIC resolution of an IgG1
with an oxidized Trp in a complementarity determin-
ing region. J Chromatogr B 2011; 879:955-60; http://
dx.doi.org/10.1016/j.jchromb.2011.03.006

20. Cacia J, Keck R, Presta LG, Frenz J. Isomerization of
an Aspartic Acid Residue in the Complementarity-
Determining Regions of a Recombinant Antibody to
Human IgE: Identification and Effect on Binding

Affinity. Biochemistry 1996; 35:1897-903;
PMID:8639672; http://dx.doi.org/10.1021/bi951526c

21. Lazar AC, Wang L, Blattler WA, Amphlett G, Lambert
JM, Zhang W. Analysis of the composition of immu-
noconjugates using size-exclusion chromatography cou-
pled to mass spectrometry. Rapid Commun Mass
Spectrom 2005; 19:1806-14; PMID:15945030; http://
dx.doi.org/10.1002/rcm.1987

22. Chen J, Yin S, Wu Y, Ouyang J. Development of a
native nanoelectrospray mass spectrometry method for
determination of the drug-to-antibody ratio of anti-
body-drug conjugates. Anal Chem 2013; 85:1699-704;
PMID:23289544; http://dx.doi.org/10.1021/
ac302959p

23. Valliere-Douglass JF, McFee WA, Salas-Solano O.
Native Intact Mass Determination of Antibodies Con-
jugated with Monomethyl Auristatin E and F at Inter-
chain Cysteine Residues. Anal Chem 2012; 84:2843-9;
PMID:22384990; http://dx.doi.org/10.1021/
ac203346c

24. Wagner-Rousset E, Janin-Bussat M, Colas O, Excoffier
M, Ayoub D, Haeuw J, Rilatt I, Perez M, Corva€ıa N,
Beck A, et al. Antibody-drug conjugate model fast
characterization by LC-MS following IdeS. Mabs
2014; 6:173-84; PMID:25006625; http://dx.doi.org/
10.4161/mabs.26773

25. Debaene F, Boeuf A, Wagner-Rousset E, Colas O,
Ayoub D, Corvaia N, Van Dorsselaer A, Beck A,
Cianf�erani S. Innovative Native MS Methodologies for
Antibody Drug Conjugate Characterization: High Res-
olution Native MS and IM-MS for Average DAR and
DAR Distribution Assessment. Anal Chem 2014;
86:10674-83; PMID:25270580; http://dx.doi.org/
10.1021/ac502593n

26. Debaene F, Wagner-Rousset E, Colas O, Ayoub D,
Corvaia N, Van Dorsselaer A, Beck A, Cianf�erani S.
Time Resolved Native Ion-Mobility Mass Spectrome-
try to Monitor Dynamics of IgG4 Fab Arm Exchange
and “Bispecific” Monoclonal Antibody Formation.
Anal Chem 2013; 85:9785-92; PMID:24007193;
http://dx.doi.org/10.1021/ac402237v

27. Pacholarz KJ, Porrini M, Garlish RA, Burnley RJ, Tay-
lor RJ, Henry AJ, Barran PE. Dynamics of Intact
Immunoglobulin G Explored by Drift-Tube Ion-
Mobility Mass Spectrometry and Molecular Modeling.
Angew Chem Int Ed Engl 2014; 53:7765-9; http://dx.
doi.org/10.1002/anie.201402863

28. Beck A, Wagner-Rousset E, Ayoub D, Van Dorsselaer
A, Sanglier-Cianferani S. Characterization of Thera-
peutic Antibodies and Related Products. Anal Chem
2013; 85:715-36; PMID:23134362; http://dx.doi.org/
10.1021/ac3032355

29. Beck A, Sanglier-Cianferani S, Van Dorsselaer A. Biosi-
milar, Biobetter, and Next Generation Antibody Char-
acterization by Mass Spectrometry. Anal Chem 2012;

84:4637-46; PMID:22510259; http://dx.doi.org/
10.1021/ac3002885

30. Janin-Bussat MC, Dillenbourg M, Corvaia N, Beck A,
Klinguer-Hamour C. Characterization of antibody
drug conjugate positional isomers at cysteine residues
by peptide mapping LC-MS analysis. J Chromatogr B
Analyt Technol Biomed Life Sci 2014; 981-982:9-13;
PMID:25596378

31. Zhang K, Li Y, Tsang M, Chetwyn NP. Analysis of
pharmaceutical impurities using multi-heartcutting 2D
LC coupled with UV-charged aerosol MS detection. J
Sep Sci 2013; 36:2986-92; PMID:23821312

32. Gilar M, Yu Y-Q, Ahn J, Xie H, Han H, Ying W, Gilar
M, Yu YQ, Ahn J, Xie H, Han H, Ying W. Characteri-
zation of glycoprotein digests with hydrophilic interac-
tion chromatography and mass spectrometry. Anal
Biochem 2011; 417:80-8; PMID:21689629; http://dx.
doi.org/10.1016/j.ab.2011.05.028

33. Doneanu C, Xenopoulos A, Fadgen K, Murphy J, Skil-
ton SJ, Prentice H, Stapels M, Chen W. Analysis of
host-cell proteins in biotherapeutic proteins by compre-
hensive online two-dimensional liquid chromatogra-
phy/mass spectrometry. Mabs 2012; 4:24-44;
PMID:22327428; http://dx.doi.org/10.4161/mabs.4.
1.18748

34. Li Y, Hewitt D, Lentz YK, Ji JA, Zhang TY, Zhang K.
Characterization and Stability Study of Polysorbate 20
in Therapeutic Monoclonal Antibody Formulation by
Multidimensional Ultrahigh-Performance Liquid
Chromatography-Charged Aerosol Detection-Mass
Spectrometry. Anal Chem 2014; 86:5150-7;
PMID:24749737; http://dx.doi.org/10.1021/
ac5009628

35. Annesley T. Ion Suppresion in Mass Spectrometry.
Clin Chem 2003; 49:1041-4; PMID:12816898;
http://dx.doi.org/10.1373/49.7.1041

36. King R, Bonfiglio R, Fernandez-Metzler C, Miller-
Stein C, Olah T. Mechanistic investigation of ioniza-
tion suppression in electrospray ionization. J Am Soc
Mass Spectrom 2000; 11:942-50; http://dx.doi.org/
10.1016/S1044-0305(00)00163-X]

37. Lyon RP, Setter JR, Bovee TD, Doronina SO, Hunter
JH, Anderson ME, Balasubramanian CL, Duniho SM,
Leiske CI, Li F, et al. Self-hydrolyzing maleimides
improve the stability and pharmacological properties of
antibody-drug conjugates. Nat Biotechol 2014;
32:1059-62; http://dx.doi.org/10.1038/nbt.2968

38. Panowski S, Bhakta S, Raab H, Polakis P, Junutula JR.
Site-specific antibody drug conjugates for cancer ther-
apy. Mabs 2014; 6:34-45; PMID:24423619; http://dx.
doi.org/10.4161/mabs.27022

39. Behrens CR, Liu B. Methods for site-specific drug con-
jugation to antibodies. Mabs 2014; 6:46-53;
PMID:24135651; http://dx.doi.org/10.4161/mabs.
26632

1044 Volume 7 Issue 6mAbs


