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A B S T R A C T

The characterization of cysteine-linked antibody‒drug conjugates (ADCs) can be more challenging than that of 
monoclonal antibodies (mAbs) and lysine-linked ADCs because the interchain disulfide bonds are reduced for 
payload conjugation, and the chains are noncovalently bonded to each other. Furthermore, payload conjugation 
and disulfide bond reduction/scrambling may introduce additional charge heterogeneity to biomolecules. This 
study illustrates an innovative workflow employing multiple separation techniques and tandem high-resolution 
mass spectrometry for comprehensive and in-depth characterization of disitamab vedotin, a recent-generation 
cysteine-linked ADC, including reversed-phase liquid chromatography (RPLC), ion exchange chromatography 
(IEX) and image capillary isoelectric focusing (icIEF). RPLC was employed for reduced chains analysis, subunit 
analysis and peptide mapping. IEX and icIEF were used for charge heterogeneity analysis. The innovation of the 
integrated methodology emphasizes the importance of cutting-edge icIEF-MS online coupling under near-native 
conditions to reveal the heterogeneity of disitamab vedotin.

1. Introduction

Antibody-drug conjugates (ADCs) are at the forefront of the next 
generation of biopharmaceuticals. ADC is typically composed of an 
antibody covalently attached to a cytotoxic drug via either a permanent 
or a labile linker, creating a highly heterogeneous product [1]. One of 
the pioneering first-generation ADCs, gemtuzumab ozogamicin, was 
approved by FDA in 2000 under the trade name Mylotarg® [2] but was 
withdrawn from the market in June 2010 due to a significantly higher 
fatal toxicity rate [3], and it was reapproved by FDA in 2017 based on 
new clinical data. Brentuximab vedotin and Ado-trastuzumab emtansine 
are two representatives of second-generation ADCs [4,5]. Compared to 
first-generation ADCs, second-generation ADCs show good clinical effi-
cacy and safety [4-7]. However, they still have shortcomings, such as 
DAR distributions, and ADCs with DARs greater than 4 have lower 

tolerability and efficacy and greater plasma clearance. The cytotoxins 
employed in second-generation ADCs do not have very specific targets; 
therefore, serious adverse reactions such as liver toxicity may occur, 
resulting in a very narrow therapeutic window. Additionally, these ADCs 
have limited cell penetration ability, which also affects their efficacy and 
can cause side effects [8-10]. The intensive approval of third-generation 
ADCs (represented by polatuzumab vedotin, under the trade name 
Polivy®) marked an explosive period for ADCs. Third-generation ADCs 
combine factors that fail the first and second generations. With more 
site-specific payload conjugation technology, third-generation ADCs 
have reduced toxicity and fewer naked monoclonal antibodies, and their 
stability and pharmacokinetics have also greatly improved [11].

The ADC used in this study, disitamab vedotin, sold under the trade 
name Aidixi®, is a cysteine-linked ADC comprising a monoclonal anti-
body against human epidermal growth factor receptor 2 (HER2) 
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conjugated via a cleavable linker to the cytotoxic agent MMAE [12]. In 
June 2021, disitamab vedotin received its first Biologics License Appli-
cation (BLA) approval in China for the treatment of patients with 
HER2-overexpressing (defined as IHC2+ or 3+) locally advanced or 
metastatic gastric cancer (including gastroesophageal junction adeno-
carcinoma) who have received at least two systemic chemotherapy 
regimens [12,13]. The design of disitamab vedotin enables targeted 
delivery of cytotoxic drugs to neoplastic cells, reducing systemic toxicity 
[11-14].

Due to the extreme complexity of ADCs in the presence of antibodies, 
linkers and payloads, a single analytical platform cannot achieve accu-
rate characterization of such complex heterogeneities. Employing a 
portfolio containing comprehensive technologies is essential for 
addressing CQAs, which may affect product safety and drug efficacy [15,
16]. A recent publication reviewed the analytical strategies for complex 
protein characterization, including mass spectrometry and chromatog-
raphy [17]. UHPLC, both one dimension and two dimensions separation, 
HRMS/MS and IEX-MS have been widely utilized for in-depth charac-
terization of complex protein drugs [18-21].

IEX, a traditional chromatographic technique, and icIEF, a standard 
electromigration technique in the biopharma industry, are the most 
important front-end separation techniques for MS-based charge variant 
analysis of proteins; however, IEX and icIEF have different separation 
mechanisms. Kaur et al. indicated that "IEX, unlike cIEF/icIEF, does not 
separate analytes based on overall charge, but on the charge available 
for interaction with the solid phase. Thus, a particular proteoform could 
be separated by capillary electrophoresis but not by IEX, thereby 
yielding complementary information as orthogonal techniques" [22]. 
Füssl et al. had reported the combination of cation exchange chroma-
tography and capillary electrophoresis coupled to mass spectrometry for 
mAb charge heterogeneity characterization [23], Wu compared the 
IEX-MS and icIEF-MS results of nine therapeutic mAbs [24]. Both studies 
proved the necessity of employing orthogonal separation techniques for 
charge variant analysis. icIEF has become an indispensable tool in 
therapeutic protein development and manufacturing because of its high 
analytical throughput, ease of use, fast method development and 
excellent reproducibility [25]. icIEF is a robust tool for characterizing 
the heterogeneity of ADCs [25-29]. Recently, icIEF-MS has attracted 
much attention for its use in protein charge variant analysis, including 
microfluidic chip-based and capillary-based icIEF-MS for mAbs and 
bispecific antibodies [30-37]. However, icIEF-MS for cysteine-linked 
ADCs is still challenging because intact MS for cysteine-linked ADCs 
requires native condition and the parameters need to be systematically 
optimized. Xu et al. [38] reported native cIEF-MS methods for charac-
terize intact protein complexes but only intact level studies were per-
formed, and individual fractions were not collected for further 
characterization.

In this study, a MS-based workflow integrating comprehensive sep-
aration techniques was developed to characterize the complex hetero-
geneity of disitamab vedotin. Native intact MS, reduced chain and 
subunit analysis under denaturing condition and peptide mapping were 
utilized for in-depth characterization of this molecule. Online SCX-UV- 
MS was applied to fingerprint the charge heterogeneity of the ADC, 
and the results were consistently verified by native intact MS and pep-
tide mapping of SCX offline fractionations. Online cutting-edge icIEF-MS 
coupling under near-native condition was applied for charge variant 
analysis, and the combination of online SCX-UV-MS and icIEF-MS are 
complementary techniques for charge heterogeneity analysis. The 
established workflow was a comprehensive and innovatively integrated 
multiple separation technique coupled with high-resolution MS for 
cysteine-linked ADC characterization. In addition, this is the first time 
that disitamab vedotin has been fully characterized using a 
UHPLC–HRMS platform.

2. Materials and methods

2.1. Chemicals

The disitamab vedotin studied in this work was retained sample from 
the author’s organization (National Institutes for Food and Drug Con-
trol). Mass spectrometry grade water, acetonitrile (ACN), CX-1 pH 
gradient buffers, formic acid, acetic acid, Tris–HCl, ammonium bicar-
bonate and ammonia were purchased from Fisher Scientific. Guanidine 
hydrochloride, sodium iodoacetate, DL-dithiothreitol and ammonium 
acetate were purchased from Sigma-Aldrich. Trypsin and IdeS enzymes 
were purchased from Promega. All the ampholytes (AESlytes) were 
obtained from Advanced Electrophoresis Solutions Ltd. (AES, Cam-
bridge, Ontario, Canada).

2.2. Sample preparation

For icIEF-MS sample preparation, the sample was loaded onto a spin 
column insert tube and then centrifuged 3 times at 21,000 × g for 10 
min, 200 μl of ddH2O was loaded each time for buffer exchange; ddH2O 
was used to adjust the final protein concentration to 2 mg/mL with 1 % 
HR3–10 and 1 % HR8.5–9.5 carrier ampholytes.

Sample preparation for native intact MS, SCX-UV-MS, reduced chain, 
subunit analysis and peptide mapping can be found in the Supporting 
Information.

2.3. Parameters for SCX-UV-MS

For SCX-UV-MS separation, a Vanquish UHPLC system was used with 
mobile phases composed of relative combinations of A (25 mM ammo-
nium bicarbonate and 10 mM acetic acid, pH 5.3) and B (10 mM 
ammonia, pH=10.9). A Thermo Scientific™ ProPac™ 3R SCX 3 μm 
HPLC column (2 × 50 mm, P/N 43103–052068) was used. A total of 40 
µg of sample was loaded onto the column, the flow rate was 0.3 mL/min, 
and the column temperature was 40 ◦C. The gradient elution programs 
were 0–2 min, 0 % B, 2–30 min, 5–100 % B, 30–32 min, 100 % B, 32–41 
min, 0 % B. A Thermo™ Scientific™ Orbitrap™ Exploris™ 240 Mass 
Spectrometer equipped with Biopharma option was used for mass 
measurements. MS settings: spray voltage 3.6 kV, sheath gas 35 Arb, 
auxiliary gas 10 Arb, S-lens RF 200, capillary temperature 250 ◦C, 
vaporizer temperature 200 ◦C, resolution 60,000@m/z 200, scan range 
of precursor ion 2500–8000 m/z, source fragmentation 120 eV, intact 
protein mode (high pressure).

2.4. Parameters for icIEF-MS under near-native condition

For icIEF separation, the CEInfinite icIEF system (Advanced Elec-
trophoresis Solutions Ltd., Cambridge, Canada) was utilized with on- 
column UV detection at 280 nm. 200 μm ID acrylamide derivative 
(AD)-coated capillary cartridges with microtee integration (AES, cat. no. 
CP00303M) were used for icIEF-MS. The length of separation capillary is 
5 cm and sample loading volume is about 1.6 µL. The catholyte and 
anolyte used in this study were purchased from Advanced Electropho-
resis Solutions Ltd. (AES, cat. no. 101,010). In icIEF analysis, focusing 
was performed at 1 min-1000 V, 1 min-2000 V and 10 min-3000 V. 3000 
V was applied during the pressure driven mobilization of focused protein 
bands; the mobilization speed was 70 nL/min with 0.1 % formic acid, 
H2O and 3 μL/min make-up solution (10 mM NH4Ac:ACN=9:1). The 
mobilization time was 50 min. An Orbitrap Exploris 240 Mass Spec-
trometer equipped with Biopharma option and an assembled low-flow 
ESI metal needle (34-gauge) was used for mass measurements. MS set-
tings: spray voltage, 3.8 kV; sheath gas, 0 Arb; auxiliary gas, 4Arb; S-lens 
RF, 200; capillary temperature, 250 ◦C; vaporizer temperature, 40 ◦C; 
resolution, 60,000@m/z, 200; scan range of precursor ions, 2500–8000 
m/z; source fragmentation, 120 eV; and intact protein mode (high 
pressure).
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The parameters for native intact MS, reduced chains, subunit anal-
ysis and peptide mapping can be found in the Supporting Information.

Biopharma Finder™ software (version 5.1) from Thermo Fisher was 
used for data analysis.

3. Results and discussion

Fig. 1 illustrates a MS-based workflow integrating comprehensive 
chromatographic techniques for characterizing cysteine-linked ADC 
heterogeneity. The obtained results can be compared and cross- 
validated for more comprehensive and accurate insights into the 
complexity of cysteine-linked ADC heterogeneity.

3.1. Native intact MS, reduced chains and subunit analysis of disitamab 
vedotin

The maleimidocaproyl-valinecitrulline-p-aminobenzyloxycarbonyl 
linker monomethyl auristatin E (MC-vc-PAB-MMAE) is used for bio-
conjugation in disitamab vedotin [12-14]. The mAb is partially reduced 
for conjugation, which leads to a payload distribution of 0, 2, 4, 6 or 8. 
This cleavable heterobifunctional maleimide linker facilitates the 
release of MMAE after internalization in target tumor cells [11]. The 
cytotoxin MMAE inhibits cell division by disrupting tubulin polymeri-
zation [6] and cannot be used as a standalone drug due to its inherent 
toxicity. Therefore, the DAR value becomes critically important when 
MMAE is used as an ADC payload. As reported, the average DAR of 
disitamab vedotin is approximately 4 [12,13]. Figure S1 in the Sup-
porting Information presents a schematic diagram of all the theoretical 
conjugation forms of disitamab vedotin (D0 to D8). Since interchain 
disulphide bonds are reduced for conjugation, native intact MS has been 
a routine technique for cysteine-linked ADC MW and DAR measure-
ments because the non-covalent interactions between chains can be 
maintained under native condition [39].

Fig. 2 displays the native intact MS spectra and deconvolution results 
of disitamab vedotin. As described above, linker-drug conjugation re-
sults in high structural heterogeneity. In the zoomed-in view of the m/z 

range of 5300–5600 Da(bottom row), it is easy to notice that the dis-
tributions have very close m/z values, and the same situation is observed 
for D2 (z=+27) and D6 (z=+28). The study demonstrated that the high 
resolution and sensitivity provided by the Orbitrap mass analyzer 
enabled the separation and identification of peaks in such complex 
samples, leading to precise, intact MS measurement results. The 
deconvolution results of disitamab vedotin in Fig. 2 demonstrate the 
successful identification of the major N-glycans from D0 to D8. From D2 
to D8 a consistent distribution of the major N-glycans, such as 2 ×
A2G0F, A2G0F+A2G1F and 2 × A2G1F, etc. were identified. These re-
sults were in agreement with reduced chains analysis, subunit analysis 
and peptide mapping results in following section and supporting infor-
mation 4 and 5. Notably, odd-numbered payload isoforms such as D3, 
D5, and D7 were detected, although the payload numbers should theo-
retically be even. Most likely, these minor species arose from unexpected 
payload conjugation, demonstrating the benefits of the high resolution 
and sensitivity offered by the high-resolution MS platform. The average 
DAR value automatically calculated by BioPharma Finder software was 
4.19, which aligns well with previous publications [12,13].

In the reduced chains analysis of disitamab vedotin, the remaining 
interchain disulphide bonds were broken after DTT treatment, which 
generated a mixture of LC D0 and D1 and HC D0 to D3. Figure S2A in the 
Supporting Information showed reduced chains analysis MS spectra 
under denaturing condition. Linker-drug payload conjugation intro-
duced additional structural heterogeneity to both chains, and differ-
ences were observed at the full MS level. The MW of each LC/HC isoform 
is presented in the deconvolution results, as shown in Figure S2B and 
Table S1 in the Supporting Information, where glycation and succini-
midation were detected. Additionally, an MC-vc-PAB-MMAE partially 
fragmented (− 761.49 Da) isoform [40] of LC D1 was detected. Both the 
linker-drug payload and glycosylation distributions of HC were 
identified.

For the subunit analysis of disitamab vedotin, IdeS enzyme digestion 
followed by DTT reduction was applied, yielding the three subunits Fc, 
LC and Fab. Subunits carrying different payloads (LC D0 and D1, Fab D0 
to D3) and exhibiting N-glycosylation (Fc) were chromatographically 

Fig. 1. Characterization workflow of cysteine-linked ADC heterogeneity.
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separated and successfully identified (Figure S2C). The application of a 
higher resolution setting of 240,000 in subunit analysis resulted in 
baseline isotopically resolved spectra (Figure S2C zoom-in view) and the 
monoisotopic mass upon deconvolution (Figure S2D in the Supporting 
Information and Table S2), providing additional benefits for the char-
acterization of complex biotherapeutics, such as ADCs, since modifica-
tions such as oxidation, succinimidation and glycation can be detected at 
the subunit level. The deconvolution results in Figure S2D in the 

Supporting Information and Table S2 provided abundant information, 
such as linker-drug payload distribution among LC/Fab isoforms, N- 
glycosylation and other modifications at subunits.

The reduced chains and subunit analysis of ADCs provided comple-
mentary information, including oxidation products, ADCs with varying 
payloads, and combinations of PTMs. It also has the advantages of 
straightforward sample preparation and data interpretation.

Fig. 2. Native intact MS and deconvolution result of disitamab vedotin.

Fig. 3. SCX-MS analysis of disitamab vedotin. Upper left, BPC profiles of disitamab vedotin charge variant analysis using MS compatible buffer system. Lower left, 
the raw spectra of each peak from disitamab vedotin charge variant analysis. Peak 1 contains light chain fragments; intact ADC variants were detected from peak 2 to 
peak 6. Right, deconvolution result of each peak from disitamab vedotin charge variant analysis.
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3.2. SCX-UV-MS of disitamab vedotin

PTMs such as deamidation, oxidation, succinimidation, isomeriza-
tion and lysine truncation can introduce charge heterogeneity to mAbs. 
For ADCs, payload conjugation can increase the charge heterogeneity of 
the biomolecule, as previously reported [40]. Therefore, separation 
techniques based on protein charge heterogeneity, such as capillary 
electrophoresis (CE) and SCX, have been used for the separation and 
identification of ADC charge variants [41,42]. We optimized the UHPLC 
parameters for ADC analysis based on the literature [24]. Fig. 3 showed 
the SCX-MS analysis results for disitamab vedotin. Using MS-compatible 
buffers, six peaks were separated and identified, including LC isoforms 
(peak 1) and intact ADC charge variants (peak 2 to peak 6). Fig. 3 also 
showed the raw spectra of peak 2 to peak 6 with different distributions 
(Fig. 3, lower left), which indicated the high charge heterogeneity of 
disitamab vedotin. High signal-to-noise (S/N) ratios and baseline sepa-
rations of adjacent N-glycoforms were observed in all the spectra, and 
Fig. 3 (right column) showed the deconvolution results of each peak 
from the disitamab vedotin charge variant analysis. From peaks 2–6, as 
the pI increased, the number of payloads also increased. In peak 2, ADCs 
D0 to D8 were detected, but the percentages of D6 and D8 were much 
lower than those in the sample without SCX separation, while the per-
centages of D3 and D5 were greater. D2 was the most abundant type in 
peak 3, with D4 having a relative abundance of approximately 45 %. D4 
was the most abundant type in peak 4, while the relative abundances of 
D2 and D6 were lower than 10 %. In peak 5, D6 was the most abundant 
isoform, and the second most abundant isoform was D4 at approxi-
mately 40 %. In peak 6, D8 was the most abundant type, and D4 
(approximately 30 %) and D6 (approximately 70 %) could still be 
detected.

SCX-UV-MS can separate different payload isoforms of disitamab 
vedotin based on charge heterogeneity, primarily through payload 
conjugation. The chromatographic peaks were not baseline separated, 
this result comes from secondary interactions between the ADC and the 
stationary phase mainly driven by the hydrophobic interactions with the 
hydrophobic drugs [43]. This approach can significantly reduce the 
complexity of subsequent online MS spectra and enhances confidence in 
the MW measurement results. It is a universal approach and requires 
little optimization for different biomolecules.

3.3. Peptide mapping of disitamab vedotin

Peptide mapping is a widely used characterization approach in the 
biopharmaceutical industry, providing detailed information about the 
molecule, including sequence coverage, PTM sites and percentages and 
disulphide bonds. In this study, disitamab vedotin was digested using 
trypsin, as described in the Supporting Information 1. The sequence 
coverage of HC was 94.8 % and 97.2 % for LC with MS/MS identifica-
tion, respectively. The incomplete coverage was caused by the genera-
tion of short peptides two or three amino acids in length, which were too 
short for MS/MS identification. Combining results from multiple 
enzyme digestions can help to achieve 100 % sequence coverage.

Peptide mapping can provide a thorough understanding of payload 
conjugation sites and other PTMs. Three peptides carrying four potential 
conjugation sites were identified: the hinge region peptide THTC(224) 
PPC(227)PAPELLGGPSVFLFPPKPK and the peptides GEC(212) and SC 
(218)DK generated from LC–HC interchain disulphide bond reduction. 
The payload conjugation increases the hydrophobicity of drug-loaded 
peptides [44] and can diminish MS signals. However, the exceptional 
sensitivity of the HRMS platform used in this study allowed for the 
collection of sufficient information on these peptides. Fig. 4 detailed the 
hinge-conjugated peptides, including the extracted ion chromatogram 
(XIC) peak, MS2 spectra, and fragment coverage map of all possible 
payload-conjugated isoforms. Notably, two possible payload-conjugated 
isoforms of this hinge region peptide, THTC(224+MC-vc-PAB-MMAE) 
PPC(227+carboxymethylation)PAPELLGGPSVFLFPPKPK and THTC(224 
+carboxymethylation)PPC(227+MC-vc-PAB-MMAE) 
PAPELLGGPSVFLFPPKPK, have identical MWs and highly similar pep-
tide b/y ions. Their chromatographic behaviors differed, and several b/y 
ions contributed to confirming the conjugation sites. As shown in Fig. 4, 
the THTC(224+MC-vc-PAB-MMAE)PPC(227+carboxymethylation) 
PAPELLGGPSVFLFPPKPK isoform eluted earlier than the other isoform. 
For the peptides GEC(MC-vc-PAB-MMAE) and SC(MC-vc-PAB-MMAE) 
DK, peptide b/y ions were limited due to their short length. However, 
the peptide MW and characteristic fragmentation ions of 
MC-vc-PAB-MMAE [45] provided sufficient evidence for confirmation 
(Figure S3). Other PTMs, such as N-glycosylation, oxidation, deamida-
tion, succinimidation and aspartic acid isomerization, were presented in 
Figure S4 and Table S3 in the Supporting Information.

Fig. 4. The XIC peak and full MS and MS2 spectra of the hinge region peptide THTCPPCPAPELLGGPSVFLFPPKPK conjugated isoforms, signature fragmentation ions 
of MC-vc-PAB-MMAE are marked with red arrows.
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3.4. SCX fractionation integrating native intact MS and peptide mapping 
for charge heterogeneity characterization of disitamab vedotin

To better understand the charge heterogeneity of disitamab vedotin, 
SCX fractions of this ADC were collected, followed by native intact MS 
and peptide mapping, respectively. As Figure S5A showed, four frac-
tions: acidic peaks (AP), main peak 1 (M1), main peak 2 (M2) and basic 
peaks (BP), were collected separately. Fig. 5 displayed the native intact 
raw spectra and deconvolution results of disitamab vedotin and each 
fraction, and obvious differences can be observed from peak to peak. 
Similar to online SCX-UV-MS, the drug payload increased along with the 
pI. The peptide mapping results of each fraction provided more details of 
the conjugation isomers with the same number of payloads. As displayed 
in Figure S5B, the relative abundance of the hinge region peptide THTC 
(224)PPC(227)PAPELLGGPSVFLFPPKPK isomers varied among the 
different fractions, indicating differences in conjugation site. In AP and 
M1, the relative abundance of THTC(224+MC-vc-PAB-MMAE)PPC(227 
+carboxymethylation)PAPELLGGPSVFLFPPKPK was greater than that of 
THTC(224+carboxymethylation)PPC(227+MC-vc-PAB-MMAE) 
PAPELLGGPSVFLFPPKPK, but the opposite was true for M2 and BP. The 
abundances of C224 and C227 both conjugated hinge region peptides 
were quite different in each fraction. In M2 and BP, the abundance of 
this peptide was much greater than that in AP and M1. Figure S5C dis-
plays the relative abundance of hinge region peptides with different 
modifications in each fraction. The conjugation% increased with 
increasing pI, which was in agreement with the MS results obtained for 
SCX-UV-MS and native intact MS of fractions.

The conjugation% of GEC(212) and SC(218)DK were greater than 96 
%, which indicated that LC–HC interchain disulphide was easier to be 
reduced for conjugation compared to hinge region interchain disul-
phides. Table 1 listed the details of the conjugation isomers in each 
fraction. In peak M1, two D4 isomers were identified. The percentage of 
the (LC–HC disulphide bonds)*2 conjugated isomer was greater than 
that of the hinge region disulphide bonds*2 conjugated isomer. In 
contrast, in peak M2, the (LC–HC disulphide bonds)*2 conjugated, 
LC–HC + hinge region conjugated and hinge region disulphide bonds*2 
conjugated isomers were all identified, and the abundances of these 
three isomers decreased in that order. Two isomers of D6 were identified 

in peak BP. The LC–HC disulphide bond-conjugated D2 isomer was the 
most abundant among all D2 isomers from all peaks. Other PTMs, such 
as deamidation, succinimidation, oxidation and lysine truncation of the 
heavy chain C-terminal, were illustrated in Figure S5D in the Supporting 
Information 7. The percentage of lysine truncation of the heavy chain C- 
terminal in BP was lower than that in the other fractions, as expected; 
the relative abundance of other PTMs also varied among the different 
fractions. Characterization of SCX fractions, both intact and peptide 
mapping level, helps to understand conjugation site-induced charge 
heterogeneity better; for example, isomers carrying the same payload 
can be eluted and detected in different SCX peaks because payloads are 
conjugated to different cysteines.

3.5. icIEF-MS under near-native condition for charge heterogeneity 
characterization of disitamab vedotin

icIEF-MS online coupling under denaturing condition is currently a 
mature workflow and has been used in mAb and fusion protein charge 
variant analysis [24,30,36,37]. However, icIEF-MS online coupling 
under native condition is quite challenging because the MS signal in-
tensity of proteins is much lower under native condition as comparing to 
denaturing condition, so the sensitivity of native MS is critical, espe-
cially for identifying low abundance charge variants. In addition, the 
make-up liquid needs to be changed to MS-compatible buffer while 
keeping the samples native. For the native cysteine-linked ADC analysis, 
the combination of make-up liquid (10 mM NH4Ac:ACN=9:1) and 
mobilization liquid (0.1 % formic acid, H2O) can maintain the molecule 
under native state. However, when preparing ADC sample for icIEF 
analysis, a common approach is to add formamide to the sample solution 
to improve the solubility and decrease protein aggregation. However, 
formamide is a denaturing reagent and breaks the non-covalent bonds 
between the chains of cysteine-linked ADCs (data not shown). To keep 
the ADC sample at its native state, we chose the absence of formamide in 
the ADC sample as the final condition. As shown in the icIEF-UV and 
icIEF-MS profiles in Fig. 6A, four acidic peaks, one main peak and two 
basic peaks were separated and identified. Without formamide in the 
sample, the separation resolution decreased at icIEF level (Fig. 6A), but 
the HRMS platform used in this study could provide ultra-high 

Fig. 5. Native intact results of disitamab vedotin offline SCX fractions. Left, raw spectra of intact ADCs. Right, the deconvolution results of the SCX fractions. The top 
row shows disitamab vedotin before fractionation, which was used as a reference.
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Table 1 
Details of the conjugation isomers in each SCX fraction.
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resolution to compensate for this loss without the addition of form-
amide. Another advantage of the HRMS platform is its excellent sensi-
tivity. In this experiment, only 3.2 μg ADC sample was loaded, which is 
quite low for intact MS analysis under native condition. Even for the low 
abundance acidic peak 1 (with a relative abundance of 0.88 %), the S/N 
of the raw spectra was high, as shown in Fig. 6B.

D2 and D4 carrying one lysine at the C-terminal of the heavy chain 
were identified in basic peak 2 (B2), as shown in Fig. 6C. Basic peak 1 
(B1) was a mixture of D0 to D6 with 2 × K loss, and D2 was the most 
abundant payload isoform. The N-glycosylation distributions of D2 and 
D4 were shown in the expanded view of Fig. 6C, and the low abundance 
N-glycoform A2G0F+A2G0 was detected. The major components in the 
main peak were D2 and D4 N-glycosylation distributions with 2 x K loss. 
The relative abundance of D4 was greater in the main peak than that of 
B2 (Fig. 6C). Among the acidic peaks, the most abundant payload iso-
form was D4, and D8 was detected in acidic peaks 4 and 3 (A4 and A3), 
as shown in Fig. 6C. Deamidation variants were observed in the acidic 
peaks, as expected. Minor odd-number payload isoforms, such as D3, D5 
and D7, were detected in agreement with the native intact MS results. In 
this study, it was speculated that icIEF separates charge variants of 
cysteine-linked ADC based on PTM-induced charge heterogeneity more 

than conjugation-induced heterogeneity.

3.6. The prospect of integrating traditional chromatography and 
electromigration for the MS characterization of extremely complex 
therapeutic biopharmaceuticals

Due to different separation mechanisms, there is a divergence be-
tween icIEF-MS and IEX-MS when diverse protein samples are analyzed, 
especially for extremely complex therapeutic biopharmaceuticals. 
Hence, integrating icIEF-MS and IEX-MS contributes to a more in-depth 
characterization of protein charge variants. Wu et al. compared the 
performances of developed icIEF-MS and SCX-MS in terms of 
throughput, sensitivity, repeatability and accuracy when both MS online 
tools were applied to the characterization of nine therapeutic mAb 
charge variants [24]. Xing et al. compared IEX and icIEF as front-end 
separation techniques for mass spectrometry-based charge variant 
analysis of therapeutic bispecific antibody[46]. Native SCX-MS could 
provide in-depth charge variant information for each fraction collected 
by preparative icIEF with a limited sample amount. Recently, Prof. 
Karger, in his review on capillary electrophoresis in Trends in Analytical 
Chemistry [47], highlighted that "Isoelectric focusing, as we have noted, 

Fig. 6. Charge variant analysis of disitamab vedotin (3.2 μg sample was loaded) using online coupling icIEF-MS under near-native condition. (A), icIEF-UV (left) and 
icIEF-MS (right) profiles. (B), Raw spectra of all peaks. (C), Deconvoluted spectra of all peaks. Red dotted box, deconvoluted spectra of basic peak1 (B1) and expanded 
view of D2 and D4 in B1.
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is an important protein characterization method and is widely used in 
CE. However, the coupling of CE and MS has been limited in part 
because of interference by the carrier ampholytes. There is a clear need 
for on-line coupling of cIEF and MS as isolation of specific cIEF peaks for 
MS analysis can take days to complete. There is active work going on 
direct cIEF-MS coupling and even MS coupling to imaged cIEF, generally 
using low levels of ampholytes. We can anticipate increasing use of 
cIEF-MS systems." A combination of traditional chromatography and 
electromigration methods for the MS characterization of extremely 
complex therapeutic biopharmaceuticals can enable more in-depth and 
more accurate characterization of complex charge heterogeneities.

4. Conclusions

Due to the complexity of cysteine-linked ADCs, a workflow involving 
comprehensive separation techniques coupled with high-resolution MS 
was developed for dissecting complex heterogeneity. Traditional 
UHPLC-MS and UHPLC-MSMS were utilized for characterizing dis-
itamab vedotin via native intact protein analysis, reduced chains and 

subunit analysis under denaturing condition, and peptide mapping with 
PTM identification. Using this integrated MS-based workflow, disitamab 
vedotin was successfully characterized, and the CQAs of the ADC, 
including the DAR, DLD and conjugation sites, were assessed.

Considering that payload conjugation can increase the charge het-
erogeneity of ADC molecules, multiple charge heterogeneity separation 
techniques, including SCX-UV-MS, SCX fractionation integrating native 
intact MS and peptide mapping, and icIEF-MS under near-native con-
dition were explored to investigate their ability to separate ADC charge 
variants, performed real-time MW measurements and characterize the 
resulting fractions. SCX and icIEF are widely used for biotherapeutics 
characterization, but not so much reports on direct couping to MS. The 
high resolution MS platform can provide more comprehensive infor-
mation of ADC charge variants, such as molecular weight and PTMs. The 
combination of comprehensive techniques has provided rich informa-
tion on ADC charge variants, which came from the charge heterogeneity 
of mAbs and payload conjugation. Moreover, the integration of SCX-MS 
and icIEF-MS under near-native condition provided a fast overview of 
ADC charge variant screening information at intact level. Due to 

Fig. 6. (continued).
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differences in separation mechanisms, SCX-UV-MS can separate ADCs 
based on payload conjugation-induced heterogeneity more than on 
PTM-induced charge heterogeneity, while icIEF-MS has the opposite 
effect, so the two assays could provide complementary results. Also, the 
make-up solution flow rate for icIEF-MS is lower than SCX-UV-MS, 
which helps to improve the sensitivity. This can be critical because we 
need to identify low abundant variants and the MS signal of proteins are 
usually one to two orders lower under native condition compares to 
denaturing condition. The characterization of the SCX fractions included 
more details on the SCX-UV-MS results, for example, the distribution of 
conjugation site isomers in each fraction.

For the first time, our study introduced cutting-edge icIEF-MS under 
near-native condition for in-depth characterization of cysteine-linked 
ADC disitamab vedotin, which was integrated with traditional online 
chromatography-MS approaches. Although CE based separation tech-
niques online coupling with MS were already applied in protein charge 
variant analysis, these approaches have limitations for cysteine-linked 
ADC analysis. For example, icIEF-MS under denaturing condition will 
break the non-convalent bindings between light chains and heavy 
chains; microfluidic chip based CE/CZE-MS[23] has the challenge in 
method bridging and transfer from development to QC; Sun et al. [38]. 
published cIEF-MS under native condition was a good attempt, but 
better data quality could be obtained with higher mass spectral resolu-
tion and sensitivity. Therefore, icIEF-MS under near-native condition we 
developed in this work can keep the cysteine-linked ADC stay native 
during the icIEF separation and MS detection, also enables easily 
seamless icIEF method transfer from development to QC. This workflow 
underlined the outstanding importance of comprehensive separation 
techniques based on MS technology in the development of ADCs.
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