
• Dual formation mechanisms of acidic variants

• Low-temp & low-pH regulation strategy (combined with additive L-Cys)

• Remarkable 50% reduction in THIOMABs'acidic peak ratio

• Improved quality attributes of ADC intermediates
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Dual formation mechanisms of
acidic variants in
cysteine-engineered antibodies
and strategies for their reduction
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Cysteine-engineered antibodies (THIOMABs) are pivotal in the site-specific
conjugation for ADC therapeutics. In this study, THIOMABs were expressed in
CHO cell culture and showed a significantly higher proportion of acidic variants
compared to traditional antibodies. A dual formation mechanism for acidic
species was identified: glutathione (GSH) capping at engineered cysteine sites
and traditional post-translational modifications (PTMs) during cell culture.
Moreover, it was found that these two mechanisms exhibited overlapping
effects on the formation of acidic species, and their simultaneous elimination
was required for significant reduction of acidic variants. Consequently, by
modulating temperature and pH to reduce PTMs and supplementing with
L-cysteine to displace GSH, the proportion of acidic variants was successfully
reduced. This study uncovers dual formation mechanisms of acidic species in
THIOMABs and provides a practical cell culture approach, effectively reducing
acidic variants and enhancing the quality attributes of THIOMABs.
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1 Introduction

Antibody-drug conjugates (ADCs), a groundbreaking class of anticancer therapeutics,
have shown immense promise in revolutionizing cancer treatment (Abdollahpour-
Alitappeh et al., 2019; Beck et al., 2017; Junutula et al., 2008). They take advantage of
the specificity of a monoclonal antibody to deliver a linked cytotoxic agent directly into a
tumor cell (Sievers and Senter, 2013), thereby reducing toxicity to normal tissue. The
cysteine-engineered antibodies, also known as THIOMABs, incorporates cysteine (Cys) at
specific sites to facilitate thiol conjugation and it serves as an intermediate in the creation of
more homogeneously loaded ADCs that are suitable for clinical development (Junutula
et al., 2008; Junutula et al., 2010).

Antibody charge heterogeneity refers to the uneven distribution of charges caused by
differences in the surface charges of antibodies. Based on their net charge, they can be
broadly classified into acidic variants, main species, and basic variants. When analyzed by
chromatography-based methods, acidic species and basic species are defined based on their
retention times relative to the main peak. For instance, in cation exchange chromatography
(CEX), the acidic variants elute prior to the main peak, while the basic variants are eluted
subsequent to it (Chen et al., 2019; Neill et al., 2015; Talebi et al., 2013). The charge
heterogeneity has a significant impact on both the efficacy and safety of the antibodies, while
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although it did not alter the levels of acidic variants. Subsequently, by
modulating temperature and pH to suppress PTMs such as
deamidation, we observed a slight reduction in the content of
acidic variants. When these two strategies were applied in
combination, the proportion of acidic species was dramatically
reduced from 63.57% to 32.12%. This represents the first report
elucidating the dual impact of GSH capping and traditional PTMs
on the formation of acidic isomers in THIOMABs, offering both
theoretical insights and practical strategies to optimize cell culture
processes for THIOMAB in ADC production.

2 Materials and methods

2.1 Cell lines

The cell line used in this study is AmigoCHO, a proprietary cell
line developed by AsymBio, it was constructed using the host cell
line CHO-K1, originally sourced from ECACC (Lot: 16H036). The
host cells were stably transfected with an expression vector
(pAS5.0 with CMV promoter and SV40 poly(A) signal,
synthesized by Genewiz, Suzhou, China) containing the target
gene and a glutamine synthetase (GS) selection marker. The
resulting engineered molecule features four strategically
incorporated engineered cysteines. These transfected cells were
subsequently cultured in CD02 medium (QuaCell, Shanghai,
China) supplemented with methionine sulphoximine (MSX)
(Sigma-Aldrich, Darmstadt, Germany) to enable stable expression
and secretion of IgG1-based THIOMAB variants.

2.2 Cell thawing and expansion

For cell thawing, frozen cells were incubated at 37 °C until
complete thawing was achieved. Following, the content of the
vial was gently transferred to an appropriate amount of pre-
warmed medium to achieve an inoculation cell density of
(0.3–0.5) × 106 cells/mL. The cells were cultivated in shake flask
in a humidified atmosphere at 36.5 °C and 6% CO2 under orbital
shaking with 120 revolutions per minute (rpm). The cells were sub-
cultivated every 2–3 days and inoculation was performed by a simple
split into CD02. Cells were passaged and maintained under MSX
selective pressure until production culture.

2.3 Fed-batch procedure

For fed-batch procedures, production medium Actipro
(HyClone, Cytiva, SG) and feed media Cell Boost 7a (CB7a)
(HyClone, Cytiva, SG) and Cell Boost 7b (CB7b) (HyClone,
Cytiva, SG) were used. The feeding volume ratio of Cell Boost 7a
to 7b is 10:1 (v/v). On day 3, day 5, day 7, day 9, and day 11, the feed
volumes for Cell Boost 7a and 7b were set at 4% and 0.4% of the
initial culture volume, respectively. On day 12, the feed volumes
were adjusted to 2.0% and 0.2% for Cell Boost 7a and 7b, the
performed strategy can be adjusted based on cell growth and
metabolism. The inoculation density was (0.4–0.6) × 106 cells/mL
for spin tubes or bioreactors. For spin tubes, the cells were cultivated

Abbreviations: THIOMABs, Cysteine-engineered antibodies; GSH, 
Glutathione; PTMs, Post-translational modifications; ADCs, Antibody-drug 
conjugates; CEX, Cation exchange chromatography; HPLC, High 
performance liquid chromatography; iCIEF, Imaged capillary isoelectric 
focusing; CHO, Chinese hamster ovary; MSX, Methionine sulphoximine; 
CB7a, Cell Boost 7a; CB7b, Cell Boost 7b; Temp, Temperature; DO, 
Dissolved oxygen; Vvm, Air volume/culture volume/min; LC-MS, Liquid 
chromatography-mass spectrometry; DIM, Deglycosylated intact mass; 
IsoAsp, Isoaspartic acid; IsoAsn, Isoaspartamide; Asn, Asparagine; pI, 
Isoelectric point; Lys, Lysine; Asp, Aspartic acid; Glu, Glutamic acid; 
Gly, Glycine
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the acidic variants grabbed more attention than the basic variants 
due to the higher chance to impact the efficacy and safety (Boswell 
et al., 2010; Chung et al., 2018; Dakshinamurthy et al., 2017). 
Therefore, it is essential to focus on reducing the formation of 
acidic charge isomers during the process development stage. For 
traditional antibody molecules, acidic variants are primarily caused 
by post-translational modifications (PTMs) during antibody 
production, including deamidation, glycosylations, oxidation of 
sidechains, cysteinylation fragmentation and various other factors 
(Banks et al., 2008; Harris et al., 2001; Yan et al., 2009). For cysteine-
engineered antibody, the charge heterogeneity becomes more 
complicated due to the reactive thiol group on the engineered 
cysteine (Landino et al., 2004; Mawatari and Murakami, 2004). 
This thiol group readily interacts with acidic substances in the cell 
culture medium, such as glutathione (GSH), altering the antibody’s 
surface charge distribution and elevating the proportion of acidic 
variants (Dörmann et al., 1993). Additionally, in charge 
heterogeneity analyses using CEX, this results in the 
transformation of a single expected peak splitting into multiple 
dispersed peaks, complicating detection and analysis of the 
engineered cysteine sites (Chen et al., 2009).

Although these acidic modifications introduced at the 
engineered site are generally removed during the reduction 
process of antibody-drug conjugation, and do not directly affect 
the properties of final ADCs products (Junutula et al., 2008), their 
presence exerts a substantial impact on the quality attributes of the 
antibody inter-mediate in the ADCs production. Specifically, these 
acidic variants compromise the intermediate’s purity and stability, 
posing challenges to subsequent manufacturing and quality control 
processes. In addition, they hinder the development of charge-based 
assays, such as CEX analysis using high performance liquid 
chromatography (CEX-HPLC) and imaged capillary isoelectric 
focusing (iCIEF) for accurate characterization of the antibody 
intermediate (Chen et al., 2009). Since this acidic peak is 
generated during the antibody expression process, gaining a 
thorough understanding of its production process becomes 
particularly crucial. THOMABs are mainly produced in Chinese 
hamster ovary (CHO) cells, which are the most utilized platform for 
the production of their formation mechanism during CHO cell 
culture is necessary. By meticulously examining the correlation 
between cell culture conditions and acidic charge variants, the 
key factors influencing their formation can be identified. This 
identification allows for the effective reduction of acidic charge 
variant generation through precise control of culture conditions 
during the cell culture process.

In this study, we initially demonstrated that the addition of 
L-cysteine effectively competes with GSH to mitigate GSH capping,



methionine ((Aladdin Scientific, Shanghai, China) was incorporated
at 5 mM into the basic medium, and GSH (Aladdin Scientific,
Shanghai, China) was added at 2 mM on days 5, 8, and 11. In the
second round, three experimental groups were designed in 3 L
bioreactors: a blank control group, a group utilizing the low temp
and low pH control strategy, and a group combining the low temp and
low pH strategy with the additive L-Cys. The L-Cys was added at 5mM
on days D5, D8, and D11, respectively. Specifically, the purpose and
key factors are detailed in Table 1.

2.6 Protein purification

Antibody protein purification (one-step affinity chromatography)
was performed through a semi-automated protein purification system
AmMagTMSA Plus (GenScript, Nanjing, China). The harvested
sample was centrifuged to collect the supernatant, based on
binding capacity calculations, an appropriate volume of
supernatant was added to PBS-equilibrated magnetic beads (1 mL
beads with 60 mg protein binding capacity). The mixture was sealed
and incubated on a thermostatic shaker at room temperature for 2 h.
Purification was performed using the AmMagTMSA Plus, with the
following program: 3 × washes with PBS, 1 × wash with H2O, and 1 ×
elution with 0.1 M NaAC-HAC buffer (pH 3.0). After elution, the
concentration of the sample ranged between 10 and 20 mg/mL, and
the pH was adjusted to 5.5 using tris-base (pH 11.0).

2.7 Online measurements and
offline analysis

The cell number and viability were determined using an
automated cell counter (Countstar, ALIT, China). Blood gas
analysis (BGA) was performed with a blood gas analyzer (ABL9,
Denmark), measuring parameters including pH, pCO2, and pO2.
Osmolality was assessed using an osmolality meter (OSMO-MAT
AUTO, Germany), with a sample volume of 50 μL (centrifuged
supernatant). Glucose and lactate levels were quantified by a glucose
and acid analyzer (TANKBIO C-line 20, Germany), utilizing a 10 μL

TABLE 1 The purpose and key factors in the study.

Run Purpose Working volume & culture
vessels

Variables

1st round of
study

Additives screening to displace GSH 20 mL in 50 mL spin tubes Control

L-Cysteine

L-Cystine

ZnSO4

Methionine

GSH

2nd round of
study

Bioreactor conditions to reduce PTMs 1.5 L in 3 L bioreactors Control (Temp adjusted to 33.0 °C; pH maintained at 7.00 ± 0.20)

Low temp & low pH (Temp adjusted to 32.0 °C; pH adjusted to
6.90 ± 0.15)

Combined strategy to minimize acidic
species

Combination (Temp adjusted to 32.0 °C; pH adjusted to 6.90 ± 0.15;
L-Cysteine)

at 36.5 °C (shifted to 33 °C when the cell density was (12–16) × 106

cells/mL, 6% CO2 and 80% humidity under orbital shaking with 
225 rpm. Cells were cultivated for up to 14 days or if viability 
dropped below 70% and fed with media CB7a and CB7b as well as 
glucose according to a standard feeding regimen. Viable cell density 
(VCD), viabilities, product titer as well as osmolality, glucose and 
lactate concentrations were determined at different time points 
throughout the process.

2.4 Bioreactor operations

Bioreactor runs were performed in 3 L bioreactors equipped 
with a pH probe, DO probe, a pitched 3-blade impeller, a ring 
sparger system for gas supply, and feeding tubes for the supplement 
of CB7a, CB7b, antifoam solution, glucose solution or additive 
according to the experimental design. The following set points 
and process ranges were maintained: temperature (temp) 36.5 °C 
(shifted to 33.0 °C or 32 °C when the cell density was (12–16) × 106 

cells/mL, pH 7.00 ± 0.20 (not adjusted or adjusted to 6.90 ± 0.15 after 
temp shifted), dissolved oxygen 40%, fixed air sparging rate of 
0.0067 vvm (air volume/culture volume/min). The dissolved 
oxygen level was controlled by a PID control loop. The pH was 
maintained using sodium carbonate addition and carbon dioxide 
sparging. Stirrer speed was stirred at 250 rpm.

2.5 Study design

The cell culture process was developed using a standard fed-batch 
approach in spin tubes and 3 L bench-top bioreators. This study 
consisted of two rounds of experiments. In the first round, six 
experimental groups were conducted in spin tubes for additive 
screening, including one control group and four experimental 
groups aimed at reducing GSH capping, as well as one group to 
verify GSH capping at the engineered sites. L-Cys (Aladdin Scientific, 
Shanghai, China) and L-cystine ((Aladdin Scientific, Shanghai, China) 
were each added at 5 mM on days 5, 8, and 11, ZnSO4 (Aladdin 
Scientific, Shanghai, China) was introduced at 40 μM on day  3,
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(Agilent Inc., Santa Clara, CA, United States) equipped with a
BioPro IEX SF 4.6 mm × 100 mm column (YMC Co., Ltd., Kyoto,
Japan). Forty 40 μg of mAb was injected onto the column
equilibrated in buffer A (20 mM PB, with the pH adjusted to
6.00) and held for 5 min at 0% buffer B (100 mM sodium chloride
in buffer A). The antibody was eluted by a linear gradient to 80%
buffer B over a 30-min period with detection at 280 nm. The
column temperature and flow rate were maintained at 45 °C and
0.8 mL/min, respectively. The samples were reasonably integrated
using Empower software. Each peak was assigned to a Timed
Group according to the typical peak attribution method in
chromatograms. The proportion of each component peak was
automatically calculated by Empower and reported as the
final result.

In this study, based on the elution order of charge variants in
CEX, peaks 1, 2 and 3 are categorized as acidic peaks, peak 4 as the
main peak, and peaks 5, 6 and 7 as basic peaks
(Supplementary Figure S1).

3 Results

3.1 The effect of diverse additives on
acidic variants

THIOMAB is an engineered antibody featuring a cysteine
residue where its free thiol group is normally capped by forming
a disulfide bond with another cysteine. During cell culture, however,
this free thiol group may bind to other thiol-containing acidic
substances in the fermentation broth, leading to an increase in
the number of acidic groups and subsequently elevated acidic peaks.
Furthermore, the introduction of acidic charges may interfere with
the overall antibody, altering its charge properties. Based on the
investigation of capping forms at the engineered site (Chen et al.,
2009; Procopio-Melino et al., 2022; Zhong et al., 2017), we have
deduced that this acidic substance is glutathione (GSH), which
contains a thiol group. In order to minimize GSH capping at the
engineered site, the experimental design involves the utilization of
additives with diverse mechanisms of action, such as increasing the
competitive capping ratio of Cys at engineered sites, accelerating the
TCA cycle to promote GSH metabolism, sulfur-containing amino
acids, oxidation, altering the surface charge of antibodies
(Supplementary Table S1). This study was conducted in 50 mL
shaking tubes, with an initial culture volume of 20 mL in each tube.
The cultivation process followed the protocols outlined in sections
2.3, 2.4 and 2.6.

The cell growth and metabolism results showed the cell growth
curves were comparable between different additives with peak VCDs
around 19.5 × 106 cells/mL (Figure 1A) and viability above 90%
(Figure 1B) at harvest day 14, the cell viability of the L-cystine group
was 79.43%, which can be explained by the excessively high pH of
the alkali-soluble L-cystine added in the later stage. Except the group
of L-cystine, the trend for lactate proportion was the same, it
accumulated rapidly in the early stage of cell culture, and then
decreased gradually to near zero and maintained until the harvest
(Figure 1C). The osmolality of the different groups ranged from
280 to 380 mOsm/kg during the whole cell culture period
(Figure 1D). With the exception of the L-cystine group, all
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sample-to-reagent ratio of 1:50. pH and DO were monitored using 
pH/DO sensors (Hamilton, Switzerland), with real-time online 
monitoring of reactor pH/DO parameters, daily offline BGA 
sampling was conducted, and online values were calibrated to
offline values when pH deviations ≥0.05 were observed. Charge 
heterogeneity and titer were analyzed via high-performance liquid

chromatography (Agilent 1,260, United States) using a POROS™

20A column (4.6 mm × 50 mm, Thermo Scientific™). The mobile 
phase consisted of phosphate buffers: Phase A (0.2 M Na2HPO4, 
pH 6.75 ± 0.05) and Phase B (0.2 M NaH2PO4, pH 3.0 ± 0.05), with a 
flow rate of 1.0 mL/min under gradient elution. Detection was 
performed at 280 nm.

2.8 Deglycosylated intact mass
(DIM) analysis

Deglycosylated intact mass was determined using a high-
resolution liquid chromatography-mass spectrometry (LC-MS) 
system (Waters Xevo G2-XS QTof, United States). For sample 
preparation, 50 μg of protein was diluted to 50 μL with 0.1 M 
Tris-HCl (pH 7.5), and then 1 μL Rapid PNGase F (enzymatic 
deglycosylation) was added. The mixture was incubated at 50 °C 
with shaking (500 rpm) for 30 min. The reaction was terminated 
with 1 μL 10% formic acid, and centrifuged at 13,000rcf for 5 min. 
The supernatant (40–45 μL) was transferred to a liquid 
chromatography vial. The sample was separated on a Bioresolve 
RP mAb Poly column (2.1 × 100 mm, 2.7 μm; Waters) at 80 °C, using 
a mobile phase gradient of 5–90% B (0.1% formic acid in 
acetonitrile) over 12 min at 0.4 mL/min. Mass spectrometry was 
conducted in positive ion mode with a capillary voltage of 3 kV.

2.9 Post - Translational modification
(PTM) analysis

Protein samples are concentrated using a 10 kDa molecular weight 
cut - off (MWCO) ultrafiltration tube with 0.1 M Tris - HCl (pH 7.6 ± 
0.05) until the sample concentration exceeds 5 mg/mL. Then, the 
samples are denatured with 8 M Gdn·HCl - 0.1 M Tris - HCl and 
reduced with 1.0 M dithiothreitol (DTT) at 37 °C for 30 min. Cysteine 
alkylation is carried out using 0.5 M iodoacetamide (20 μL) at room 
temperature for 30 min in the dark. Buffer exchange is performed
through a three-step centrifugation process (6 M urea - Tris - HCl → 
Tris - HCl) to remove excess reagents. The recovered protein is digested 
with Lys - C (enzyme-to-protein ratio of 1:20) at 37 °C for 4 h, and the  
reaction is terminated with 10% formic acid. Peptides are separated by 
high - performance liquid chromatography using a BEH C18 column 
with a gradient of 0.1% formic acid in water (A) and acetonitrile (B). 
Data-dependent acquisition is performed in positive ion mode 
electrospray ionization - tandem mass spectrometry (ESI - MS/MS) 
on QE Plus. Raw data are processed by Byos.

2.10 CEX peak classification analysis

    Cation-exchange chromatography (CEX) was carried out on a 
high-performance liquid chromatography Agilent 1,260 infinity Ⅱ



percentage of the acidic peak. Conversely, the addition of GSH
itself resulted in an increase in the percentage of the acidic
peak (Table 3).

The results showed that the addition of L-Cys could reduce GSH
at the engineered site, but the proportion of acidic peaks did not
decrease. By contrast, the addition of GSH could increase the
proportion of GSH and also elevate the ratio of acidic peaks.
This findings suggest GSH capping at the engineered site
contributes to the formation of acidic peaks. More importantly,
the modifications in Cys capping alone are not the sole critical factor
contributing to the formation of acidic peaks. Instead, the generation
of acidic variants appears to be influenced by additional underlying
mechanisms.

FIGURE 1
Results of fed-batch CHO cell culture processes in the additives screening study. (A) Viable cell density. (B) Cell viability. (C) Lactate concentration.
(D) Osmolality.

TABLE 2 DIM analysis in the additives screening study.

DIM (%)

Variable No. Additive Cys (1), GSH(3) Cys (2), GSH(2) Cys (3), GSH(1) Cys (4) GSH(4)

Additive 1 Control 27.3 45.2 27.6 — —

2 L-Cysteine — — 42.5 57.5 —

3 L-Cystine — — 44.3 55.7 —

4 ZnSO4 24.2 44.6 31.1 — —

5 Methionine 22.3 44.4 33.4 — —

6 GSH 35.1 38.2 14.9 — 11.9

\ means not detected in this article.

experimental groups demonstrated productivity levels comparable 
to the control group, yielding approximately 6.24 g/L at harvest 
(Table 3). Quality analysis results performed by DIM demonstrated 
that the engineered site indeed contains GSH, the antibody’s four 
engineered cysteines caused diverse capping patterns due to varying 
GSH/Cys binding amounts (Table 2), further validating our 
hypothesis. Additionally, compared to the control group, the 
competitive capping effect of different forms of Cys at engineered 
sites can effectively enhance the proportion of Cys-capping. The 
addition of GSH, as the negative control, enables the increase of the 
GSH capping percentage at the engineered site (Table 2). However, 
in the CEX analysis, additives that interacted competitively with 
GSH or involved in its transformation did not decrease the
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determine whether this reduction was driven by PTM changes, a
PTM analysis was conducted (Supplementary Table S3).
Deamidation and Pyro-Q formation which are reported as the
primary contributor to the generation of acidic peaks (Du et al.,
2014) are detected in this PTM analysis. Under low pH and low-
temperature conditions, the proportion of Pyro-Q formation
remained unchanged, while deamidation levels decreased by
16.7% compared to the control group (Figure 3; Supplementary
Table S3). This indicates that the reduction in acidic variants was
solely attributed to the decrease in deamidation. Other detected
modifications, including succinimide formation, methionine
oxidation, Lys-loss, and amidation (based on Lys-loss and Gly-
loss) primarily influenced the change of basic isomers (Chen et al.,
2009; Du et al., 2014; An et al., 2014). Additionally, DIM analysis
revealed a high proportion of GSH capping in both groups (Table 5),
and the detailed DIM profiles are presented in Supplementary
Material (Figures 3A,B).

The findings indicated that low temp and low pH conditions
effectively mitigated PTMs, yet the acidic peaks demonstrated only a
marginal decline, which fell short of our anticipated results.
Considering the contribution of GSH modification at engineered
sites as explored in Section 3.1, an inference can be drawn that there
is a possible overlapping effect between GSH capping at engineered
sites and traditional PTMs on the formation of acidic peaks. In other
words, eliminating only one of these factors may not be sufficient to
completely diminish their influence on acidic peaks, as the other
factor may still play a role.

3.3 The combined effect of additives and
bioreactor parameters on acidic variants

According to the previous findings, the acidic peak of
THIOMABs is possible to be influenced by the combined effects
of GSH capping and traditional PTMs. Therefore, we employed a
combined strategy to regulate the acidic varaints. Specifically, this
involved utilizing the additive L-Cys to decrease GSH capping at the
engineered sites and implementing low temp and low pH control in
the bioreactor to mitigate traditional PTMs. The parameters of the
bioreactor remained the same as those described in section 3.2, and
the additive of L-Cys was added at a concentration of 5 mM on days
5, 8, and 11 respectively.

TABLE 3 The productivity and peak proportion in the additives screening study.

CEX (%)

Variable No. Additive Titer (g/L) Acidic peak Main peak Basic peak Acidic peaks

Peak1 Peak2 Peak3 Peak4 Peak5 Peak6 Peak7

Additive 1 Control 6.24 31.67 20.29 13.20 16.86 4.60 5.99 7.40 65.16

2 L-Cysteine 6.26 37.45 21.29 4.73 26.79 4.62 2.01 3.11 63.47

3 L-Cystine 5.42 48.24 18.30 4.62 19.39 3.71 2.24 3.50 71.16

4 ZnSO4 6.07 29.73 19.50 13.34 18.38 4.83 6.89 7.33 62.57

5 Methionine 6.43 27.95 19.64 12.88 21.82 2.86 7.67 7.19 60.47

6 GSH 6.51 44.66 19.15 13.62 10.81 3.67 3.31 4.77 77.43

3.2 The effect of diverse bioreactor 
parameters on acidic variants

THIOMAB is essentially an antibody, and the antibody itself 
also have acidic charge isomers, mainly due to traditional PTMs 
such as deamidation, oxidation, glycosylation, etc. Among them, 
studies have shown that deamidation is considered to be the most 
common contributor to acidic charge isomers and accounts for 
the largest proportion (Deamidation of Proteins, 2019; Gupta 
et al., 2022). To independently investigate the impact of 
traditional PTMs on the acidic peak of the THIOMAB, a 
strategy combing low pH and low temp, previously validated 
effective for PTMs management in AsymBio cell culture platform, 
was employed in this study. For all bioreactors, the initial culture 
volume was set at 1.5 L, the initial pH control process was 
maintained at 7.00 ± 0.20, and the initial culture temp was set 
at 36.5 °C. In the control group, the temp was reduced to 33 °C, 
with no adjustment made to the pH. In the experimental group, 
the temp was lowered to 32 °C, and the pH was adjusted to 6.90 ± 
0.15. All other culture parameters remained consistent, and 
standard fed-batch procedure was conducted using 3 L 
bioreactors for both groups.

The results showed that the cell growth under different culture 
conditions were basically consistent, with peak VCDs all exceeding 
20 × 106 cells/mL (Figure 2A) and viability at harvest remaining 
above 90.0% (Figure 2B). The profiles of lactate and osmolality 
showed the similar trends, the osmolality and lactate ranging from 
280 to 390 mOsm/kg and 0.2–1.9 g/L the throughout the whole 
culture period respectively (Figures 2C,D). The off-line 
pH decreased to about 6.8 with the increase of lactate 
concentration at the early stage of culture, after that, with 
consumption of lactate, the pH returned gradually to the upper 
limit (7.05 for the low pH group, and 7.2 for the control) (Figure 2E). 
Additional CO2 was required in the low pH group at the late stage of 
culture to maintain low pH, therefore, pCO2 went up continuously 
until reaching the pCO2 detection limit of the equipment 
(Figure 2F). The titer declined slightly, with the control group 
reaching 6.53 g/L and the low temp and low pH group achieving 
5.14 g/L (Table 4). CEX analysis confirmed that acidic variants were 
reduced under lower temp and pH conditions, with their proportion 
decreasing from 63.57% to 50.13% (Table 4), and the detailed CEX 
profiles are presented in Supplementary Material (Figures 2A,B). To
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FIGURE 2
Results of fed-batch CHOcell culture processes in the bioreactor conditions study. (A) Viable cell density. (B)Cell viability. (C) Lactate concentration.
(D) Osmolality. (E) Offline pH. (F) pCO2.

TABLE 4 The productivity and peak proportion in the bioreactor conditions study.

CEX (%)

Variable Group Titer (g/L) Acidic peak Main peak Basic peak Acidic peaks

Peak1 Peak2 Peak3 Peak4 Peak5 Peak6 Peak7

Temp & pH Control 6.53 31.38 19.24 12.95 16.51 4.64 5.85 9.42 63.57

Low Temp & pH 5.14 19.46 15.49 15.18 20.59 8.55 10.83 9.91 50.13
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The bioreactor exhibited comparable trends in terms of overall
growth and metabolic profiles to the lower temp and pH condition
described in Section 3.2 (Figures 4A–F), and the data on low tempe and
low pH obtained from Section 3.2 is reused as a control for the
combination study. The peak VCD, viability rate, lactate and
osmolality at harvest time were 22.8 × 106 cells/mL, 97.95%, 0.826 g/
L and 359 mOsm/kg, respectively. The off-line pH decreased to about
6.80 with the increase of lactate concentration at the early stage of
culture, and then the pH returned gradually to the upper limit of
7.05 with the consumption of lactate. pCO2 levels went up continuously
until day 7 reaching the pCO2 detection limit of the equipment. The
addition of L-Cys had no effect on the titer compared to the low temp
and low pH group described in Section 3.2, which remained constant at
5.16 g/L (Table 6). CEX analysis demonstrated that L-Cys addition
reduced the acidic peak proportion from 50.13% (low temp and low
pH group) to 32.12% (Table 6), and the acidic peak showed a
groundbreaking 50% reduction compared to the control group, the
detailed CEX profiles are presented in Supplementary Material
(Figure 2C). DIM confirmed a reduction in GSH capping to 10.6%,
compared to 39.3% in the group using traditional PTM regulation alone.
This was accompanied by a corresponding increase in Cys capping
(Table 7), and the detailed DIM profiles are presented in Supplementary
Material (Figure 3C). Additionally, PTM analysis focusing on
deamidation modifications (N388 and N393) indicated a 22.2%
reduction (Figure 5; Supplementary Table S3). This further
substantiates the dual formation mechanism of the acidic peak in
THIOMAB, with a definite degree of overlap between them.

In summary, the combined use of the additive L-Cys and the low
temp and low pH regulation strategy resulted in a remarkable 50%
reduction in the acidic peaks of THIOMABs. Successfully lowering them
to within the acceptable range of traditional antibodies. Specifically, the

GSH capping modification at engineered sites was downregulated, and
traditional PTMs were reduced as well. This research illustrates the dual
mechanisms and their overlapping effects on the formation of acidic
variants in THIOMABs. This combined strategy enhances the quality
attributes and stability of ADC antibody intermediates.

4 Discussion

In this study, a dual mechanism for the formation of acidic species
in THIOMABs was identified: GSH capping at cysteine-engineered
sites and traditional PTMs during cell culture. This mechanism was
found to exert overlapping effects on acidic species formation.
Notably, a significant reduction in acidic variants could only be
achieved through the simultaneous elimination of both influences.
Specifically, the joint application of L-Cys supplementation and a low-
temperature, low-pH regulation strategy resulted in a remarkable 50%
reduction in acidic peaks, successfully lowering their proportion
(Figure 6). This reduction aligns with the acceptable range for
traditional antibodies, thereby enhancing the quality attributes and
stability of the ADC intermediate. The construction methods of
molecules and cell lines in this study are general, and their
mechanism of action focuses on the engineered cysteine sites and
the post-translational modification process undergone by the
antibody itself. Therefore, this research holds typical guiding
significance and broad reference value for similar THIOMAB studies.

During the cell culture, the addition of the L-Cys led to a significant
replacement of GSH at engineered sites by L-Cys as revealed by DIM
analysis. This finding is consistent with established research indicating a
competitive replacement effect between L-Cys and GSH at engineered
sites (Chen et al., 2009), nevertheless, this study directly acts on the
antibody rather than involving the intracellular environment. Therefore,
our study provides the first evidence from a cell culture perspective on
the effectiveness of using the addition L-Cys during antibody expression.
This discovery also prompted to deeply consider the role of GSH in the
culture medium and how to remove GSH from the fermentation broth
to avoid GSH capping issues during antibody expression. Researches
have shown that GSH plays a crucial role in the growth andmetabolism
(such as participating in the TCA cycle and glucose metabolism,
activating various enzymes, and exhibiting antioxidant and
detoxifying effects) (Forman et al., 2009). However, as mentioned
previously, during the process of antibody expression, GSH can
undergo capping modification of the cysteine residues at the
engineered THIOMAB sites, leading to an increase in the number of
acidic groups and consequently causing an elevation in the acidic peak.
To prevent GSH from capping engineered sites during antibody
production, there are some illustrated potential solutions: 1)
Screening different media to identify one that supports cell growth
while minimizing GSH interference, actually, an initial culture medium

FIGURE 3
The percentage of deamidation in PTMs analysis by intact LC-MS
in the bioreactor conditions study.

TABLE 5 DIM analysis in the bioreactor conditions study.

DIM (%)

Variable Group Cys (1), GSH(3) Cys (2), GSH(2) Cys (3), GSH(1) Cys (4) GSH(4)

Temp & pH Control 22.5 42.6 27.0 7.9 —

Low Temp & pH 16.7 36.8 33.3 13.2 —

08



using additives and successfully replaced most of the GSH capping and
validating our hypothesis. This finding not only provides a novel
perspective on understanding the role of GSH during cell culture but
also offers new strategies for optimizing antibody expression processes.
Based on the section 3.1 results of this study, the proportion of acidic
peaks did not decrease after GSH at engineered sites was replaced,
according to the literature reports and AsymBio project experience, we
further speculated that the formation of acidic charge isomers in
THIOMABs is possibly related to traditional PTMs such as

FIGURE 4
Results of fed-batch CHO cell culture processes in the bioreactor condition and combined strategy study. (A) Viable cell density. (B)Cell viability. (C)
Lactate concentration. (D) Osmolality. (E) Offline pH. (F) pCO2.

screening experiment was conducted to verify the impact of different 
culture media on GSH component capping, and based on these 
screening results (Supplementary Table S4), competitive additives 
were introduced into the control medium for the investigative 
experiment presented in this study; 2) Additive substitution: Using 
excess L-Cys as a competitive agent to replace GSH at engineered sites; 
3) Using oxidants: Altering the intracellular redox status to affect GSH 
levels (Zhong et al., 2017; Liu et al., 2019; Pereira et al., 2018). In this 
study, we adopted the strategy of direct substitution at engineered sites
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deamidation (Banks et al., 2008; Harris et al., 2001; Yan et al., 2009),
which generates isoaspartic acid (isoAsp) or isoaspartamide (isoAsn)
through the deamidation reaction of asparagine (Asn), and these
products manifest as acidic variants in terms of their isoelectric
points (pIs) (Sydow et al., 2014). Indeed, in this research PTM
analysis confirmed the presence of deamidation (Supplementary
Tables S2, S3). Subsequently, by adjusting culture parameters
reduced the deamidation level of PTMs, the corresponding
proportion of acidic peaks showed a slight reduction.

We observed an intriguing phenomenon: a substantial and
acceptable reduction in the proportion of acidic peaks in
THIOMABs occurs only when both PTMs and GSH capping at
engineered sites are simultaneously minimized. This finding
highlights the complexity of acidic peak formation in
THIOMABs and underscores the crucial roles of these two
mechanisms. Specifically, when the proportion of GSH capping
modifications is reduced, the proportion of acidic peaks does not
decrease significantly. This indicates that regulating the GSH
capping mechanism alone is insufficient in reducing the
formation of acidic peaks. Similarly, although reducing
deamidation modifications in traditional PTMs lowers the acidic
peak proportion, the decrease is modest. This further demonstrates
that regulating a single mechanism cannot completely eliminate the
influence of the other mechanism on acidic peak formation
(Figure 7). Consequently, this study proposes a solution to the
dual formation mechanism of acidic peaks in THIOMABs and
provides a detailed explanation of the principles of action of
these dual mechanisms. This discovery offers a novel perspective
for understanding the formation of acidic peaks in THIOMABs.
Based on this, we can further explore how to more effectively
regulate these two mechanisms to maximize the reduction in the
proportion of acidic peaks, providing a valuable theoretical
foundation for subsequent antibody engineering and drug
optimization.

TABLE 6 The productivity and peak proportion in the bioreactor condition and combined strategy study.

CEX (%)

Variable Group Titer (g/L) Acidic peak Main peak Basic peak Acidic peaks

Peak1 Peak2 Peak3 Peak4 Peak5 Peak6 Peak7

Combination Low Temp & pH 5.14 19.46 15.49 15.18 20.59 8.55 10.83 9.91 50.13

Combination 5.16 15.11 6.56 10.45 20.42 7.47 26.45 13.55 32.12

The data of low temp & pH are reused as a control for the combination study.

TABLE 7 DIM analysis in the bioreactor condition and combined strategy study.

DIM (%)

Variable Group Cys (1), GSH(3) Cys (2), GSH(2) Cys (3), GSH(1) Cys (4) GSH(4)

Combination Low Temp & pH 16.7 36.8 33.3 13.2 —

Combination — — 42.5 57.5 —

FIGURE 5
The percentage of deamidation in PTMs analysis by intact LC-MS
in the bioreactor condition and combined strategy study.

FIGURE 6
The proportion of acidic peaks in CEX under different conditions
in 3 L bioreactors.

10



curation, Writing – review and editing. JX: Writing – review and
editing. KG: Writing – review and editing. ZW: Conceptualization,
Project administration, Writing – review and editing, Supervision.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the Shanghai Asymchem Biotechnology.

Acknowledgments

The author gratefully acknowledges the support of writing
guidance provided by Xiaoyang Wang.

Conflict of interest

Authors SZ, XC, XY, JX, KG, and ZW were employed by
Shanghai Asymchem Biotechnology Co., Ltd.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

FIGURE 7
Process outline.

5 Conclusion

This study successfully reduced the acidic peak ratio of 
THIOMABs to an acceptable level through comprehensive 
exploration and optimization of cell culture processes. 
Specifically, we introduced an innovative approach by combining 
the additive L-Cys with a low-temp and low-pH regulation strategy, 
achieving a remarkable 50% reduction in the acidic peak ratio. This 
advancement not only significantly improved the quality attributes 
of ADCs intermediates but also, for the first time, demonstrated the 
feasibility of reducing the proportion of acidic charge isomers in 
THIOMABs through cell culture strategies. This study helps lay the 
foundation for a deeper mechanistic understanding surrounding the 
formation of these acidic variants by revealing key factors which 
point to potential pathways that may be critically involved.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary Material, further inquiries can be directed 
to the corresponding author.

Author contributions

SZ: Conceptualization, Investigation, Methodology, Data 
curation, Formal analysis, Writing – original draft, Writing –
review and editing, Funding acquisition. XC: Data curation, 
Writing – original draft, Writing – review and editing. XY: Data

11



reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1615263/
full#supplementary-material

antibody. J. Chromatogr. B Biomed. Sci. Appl. 752 (2), 233–245. doi:10.1016/s0378-
4347(00)00548-x

Junutula, J. R., Raab, H., Clark, S., Bhakta, S., Leipold, D. D., Weir, S., et al. (2008).
Site-specific conjugation of a cytotoxic drug to an antibody improves the therapeutic
index. Nat. Biotechnol. 26 (8), 925–932. doi:10.1038/nbt.1480

Junutula, J. R., Flagella, K. M., Graham, R. A., Parsons, K. L., Ha, E., Raab, H., et al.
(2010). Engineered thio-trastuzumab-DM1 conjugate with an improved therapeutic
index to target human epidermal growth factor receptor 2-positive breast cancer. Clin.
Cancer Res. 16 (19), 4769–4778. doi:10.1158/1078-0432.ccr-10-0987

Landino, L. M., Moynihan, K. L., Todd, J. V., and Kennett, K. L. (2004). Modulation of
the redox state of tubulin by the glutathione/glutaredoxin reductase system. Biochem.
Biophys. Res. Commun. 314 (2), 555–560. doi:10.1016/j.bbrc.2003.12.126

Liu, X., Liu, H., Wu, W., Zhang, X., Gu, T., Zhu, M., et al. (2019). Oxidative stress
induced by metal ions in bioleaching of LiCoO(2) by an acidophilic microbial
consortium. Front. Microbiol. 10, 3058. doi:10.3389/fmicb.2019.03058

Mawatari, S., and Murakami, K. (2004). Different types of glutathionylation of
hemoglobin can exist in intact erythrocytes. Arch. Biochem. Biophys. 421 (1),
108–114. doi:10.1016/j.abb.2003.10.012

Neill, A., Nowak, C., Patel, R., Ponniah, G., Gonzalez, N., Miano, D., et al. (2015).
Characterization of recombinant monoclonal antibody charge variants using OFFGEL
fractionation, weak anion exchange chromatography, and mass spectrometry. Anal.
Chem. 87 (12), 6204–6211. doi:10.1021/acs.analchem.5b01452

Pereira, S., Kildegaard, H. F., and Andersen, M. R. (2018). Impact of CHOmetabolism
on cell growth and protein production: an overview of toxic and inhibiting metabolites
and Nutrients. Biotechnol. J. 13 (3), 1700499. doi:10.1002/biot.201700499

Procopio-Melino, R., Kotch, F. W., Prashad, A. S., Gomes, J. M., Wang, W., Arve, B.,
et al. (2022). Cysteine metabolic engineering and selective disulfide reduction produce
superior antibody-drug-conjugates. Sci. Rep. 12 (1), 7262. doi:10.1038/s41598-022-11344-z

Sievers, E. L., and Senter, P. D. (2013). Antibody-drug conjugates in cancer therapy.
Annu. Rev. Med. 64, 15–29. doi:10.1146/annurev-med-050311-201823

Sydow, J. F., Lipsmeier, F., Larraillet, V., Hilger, M., Mautz, B., Mølhøj, M., et al.
(2014). Structure-based prediction of asparagine and aspartate degradation sites in
antibody variable regions. PLoS One 9 (6), e100736. doi:10.1371/journal.pone.0100736

Talebi, M., Nordborg, A., Gaspar, A., Lacher, N. A., Wang, Q., He, X. Z., et al. (2013).
Charge heterogeneity profiling of monoclonal antibodies using low ionic strength ion-
exchange chromatography and well-controlled pH gradients on monolithic columns.
J. Chromatogr. A 1317, 148–154. doi:10.1016/j.chroma.2013.08.061

Yan, B., Steen, S., Hambly, D., Valliere-Douglass, J., Vanden Bos, T., Smallwood, S.,
et al. (2009). Succinimide formation at Asn 55 in the complementarity determining
region of a recombinant monoclonal antibody IgG1 heavy chain. J. Pharm. Sci. 98 (10),
3509–3521. doi:10.1002/jps.21655

Zhong, X., He, T., Prashad, A. S., Wang, W., Cohen, J., Ferguson, D., et al. (2017).
Mechanistic understanding of the cysteine capping modifications of antibodies enables
selective chemical engineering in live mammalian cells. J. Biotechnol. 248, 48–58. doi:10.
1016/j.jbiotec.2017.03.006

12

intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

Abdollahpour-Alitappeh, M., Lotfinia, M., Gharibi, T., Mardaneh, J., 
Farhadihosseinabadi, B., Larki, P., et al. (2019). Antibody-drug conjugates (ADCs) 
for cancer therapy: strategies, challenges, and successes. J. Cell Physiol. 234 (5), 
5628–5642. doi:10.1002/jcp.27419

An, Y., Zhang, Y., Mueller, H.-M., Shameem, M., and Chen, X. (2014). A new tool for 
monoclonal antibody analysis. MAbs 6 (4), 879–893. doi:10.4161/mabs.28762

Banks, D. D., Gadgil, H. S., Pipes, G. D., Bondarenko, P. V., Hobbs, V., Scavezze, J. L., 
et al. (2008). Removal of cysteinylation from an unpaired sulfhydryl in the variable 
region of a recombinant monoclonal IgG1 antibody improves homogeneity, stability, 
and biological activity. J. Pharm. Sci. 97 (2), 775–790. doi:10.1002/jps.21014

Beck, A., Goetsch, L., Dumontet, C., and Corvaïa, N. (2017). Strategies and challenges 
for the next generation of antibody-drug conjugates. Nat. Rev. Drug Discov. 16 (5), 
315–337. doi:10.1038/nrd.2016.268

Boswell, C. A., Tesar, D. B., Mukhyala, K., Theil, F. P., Fielder, P. J., and Khawli, L. A.
(2010). Effects of charge on antibody tissue distribution and pharmacokinetics. 
Bioconjug Chem. 21 (12), 2153–2163. doi:10.1021/bc100261d

Chen, X., Nguyen, M., Jacobson, F., and Ouyang, J. (2009). Charge-based analysis of 
antibodies with engineered cysteines. mAbs 1 (6), 563–571. doi:10.4161/mabs.1.6.10058

Chen, G., Gerrior, A., Hale, G., and Ghosh, R. (2019). Feasibility study of the 
fractionation of monoclonal antibody charge variants using a cuboid packed-bed 
device. Biochem. Eng. J. 147, 48–56. doi:10.1016/j.bej.2019.04.003

Chung, S., Tian, J., Tan, Z., Chen, J., Lee, J., Borys, M., et al. (2018). Industrial 
bioprocessing perspectives on managing therapeutic protein charge variant profiles. 
Biotechnol. Bioeng. 115 (7), 1646–1665. doi:10.1002/bit.26587

Dakshinamurthy, P., Mukunda, P., Prasad Kodaganti, B., Shenoy, B. R., Natarajan, B., 
Maliwalave, A., et al. (2017). Charge variant analysis of proposed biosimilar to 
Trastuzumab. Biologicals 46, 46–56. doi:10.1016/j.biologicals.2016.12.006

Deamidation of Proteins (2019). Co and post-translational modifications of 
therapeutic antibodies and Proteins. 39–49.

Dörmann, P., Börchers, T., Korf, U., Højrup, P., Roepstorff, P., and Spener, F. (1993). 
Amino acid exchange and covalent modification by cysteine and glutathione explain 
isoforms of fatty acid-binding protein occurring in bovine liver. J. Biol. Chem. 268 (22), 
16286–16292. doi:10.1016/s0021-9258(19)85418-2

Du, Y., Walsh, A., Ehrick, R., Xu, W., May, K., and Liu, H. (2014). Chromatographic 
analysis of the acidic and basic species of recombinant monoclonal antibodies. mAbs 4 
(5), 578–585. doi:10.4161/mabs.21328

Forman, H. J., Zhang, H., and Rinna, A. (2009). Glutathione: overview of its protective 
roles, measurement, and biosynthesis. Mol. Aspects Med. 30 (1-2), 1–12. doi:10.1016/j. 
mam.2008.08.006

Gupta, S., Jiskoot, W., Schöneich, C., and Rathore, A. S. (2022). Oxidation and 
deamidation of monoclonal antibody products: potential impact on stability, biological 
activity, and efficacy. J. Pharm. Sci. 111 (4), 903–918. doi:10.1016/j.xphs.2021.11.024

   Harris, R. J., Kabakoff, B., Macchi, F. D., Shen, F. J., Kwong, M., Andya, J. D., et al.
(2001). Identification of multiple sources of charge heterogeneity in a recombinant

https://www.frontiersin.org/articles/10.3389/fbioe.2025.1615263/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1615263/full#supplementary-material
https://doi.org/10.1002/jcp.27419
https://doi.org/10.4161/mabs.28762
https://doi.org/10.1002/jps.21014
https://doi.org/10.1038/nrd.2016.268
https://doi.org/10.1021/bc100261d
https://doi.org/10.4161/mabs.1.6.10058
https://doi.org/10.1016/j.bej.2019.04.003
https://doi.org/10.1002/bit.26587
https://doi.org/10.1016/j.biologicals.2016.12.006
https://doi.org/10.1016/s0021-9258(19)85418-2
https://doi.org/10.4161/mabs.21328
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1016/j.xphs.2021.11.024
https://doi.org/10.1016/s0378-4347(00)00548-x
https://doi.org/10.1016/s0378-4347(00)00548-x
https://doi.org/10.1038/nbt.1480
https://doi.org/10.1158/1078-0432.ccr-10-0987
https://doi.org/10.1016/j.bbrc.2003.12.126
https://doi.org/10.3389/fmicb.2019.03058
https://doi.org/10.1016/j.abb.2003.10.012
https://doi.org/10.1021/acs.analchem.5b01452
https://doi.org/10.1002/biot.201700499
https://doi.org/10.1038/s41598-022-11344-z
https://doi.org/10.1146/annurev-med-050311-201823
https://doi.org/10.1371/journal.pone.0100736
https://doi.org/10.1016/j.chroma.2013.08.061
https://doi.org/10.1002/jps.21655
https://doi.org/10.1016/j.jbiotec.2017.03.006
https://doi.org/10.1016/j.jbiotec.2017.03.006

	Dual formation mechanisms of acidic variants in cysteine-engineered antibodies and strategies for their reduction
	1 Introduction
	2 Materials and methods
	2.1 Cell lines
	2.2 Cell thawing and expansion
	2.3 Fed-batch procedure
	2.4 Bioreactor operations
	2.5 Study design
	2.6 Protein purification
	2.7 Online measurements and offline analysis
	2.8 Deglycosylated intact mass (DIM) analysis
	2.9 Post - Translational modification (PTM) analysis
	2.10 CEX peak classification analysis

	3 Results
	3.1 The effect of diverse additives on acidic variants
	3.2 The effect of diverse bioreactor parameters on acidic variants
	3.3 The combined effect of additives and bioreactor parameters on acidic variants

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




