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Post translational modifications (PTMs) have been shown to negatively impact protein
efficacy and safety by altering its native conformation, stability, target binding and/or
pharmacokinetics. One PTM in particular, shuffled disulfide bonds, has been linked to
decreased potency and increased immunogenicity of protein therapeutics. In an effort to
gain more insights into the effects of shuffled disulfide bonds on protein therapeutics’
safety and efficacy, we designed and further optimized a semi-automated LC-MS/MS
method for disulfide bond characterization on two IgG1 protein therapeutics—rituximab
and bevacizumab. We also compared originator vs. biosimilar versions of the two
therapeutics to determine if there were notable variations in the disulfide shuffling and
overall degradation between originator and biosimilar drug products. From our resulting
data, we noticed differences in how the two proteins degraded. Bevacizumab had a
general upward trend in shuffled disulfide bond levels over the course of a 4-week
incubation (0.58 ± 0.08% to 1.46 ± 1.10% for originator) whereas rituximab
maintained similar levels throughout the incubation (0.24 ± 0.21% to 0.51 ± 0.11% for
originator). When we measured degradation by SEC and SDS-PAGE, we observed trends
that correlated with the LC-MS/MS data. Across all methods, we observed that the
originator and biosimilar drugs performed similarly. The results from this study will help
provide groundwork for comparative disulfide shuffling analysis by LC-MS/MS and
standard analytical methodology implementation for the development and regulatory
approval of biosimilars.
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INTRODUCTION

Mass spectrometry has gained traction among the biologics community for its ability to identify a
myriad of protein modifications. Being able to identify, locate and quantify protein modifications is
paramount when developing new biologics and biosimilars. After all, certain modifications can be
indicators of protein degradation, immunogenicity, improper manufacturing conditions, etc. N and
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O-linked glycosylation is one example of a post translational
modification (PTM) that has been well-studied in recent years.
The presence of specific glycans can affect protein therapeutics’
potency by conferring stability, controlling conformation,
altering target binding, and increasing clearance rate (Kanda
et al., 2007; Matsumiya et al., 2007; Goetze et al., 2011; Zheng
et al., 2011; Hmiel et al., 2015; Thomann et al., 2016; Pereira et al.,
2018). Aside from glycans, there are other noteworthy PTMs that
influence protein activity and safety, including deamidation at
asparagine and glutamine residues, oxidation at methionine and
tryptophan residues, and disulfide bond shuffling (Strohl and
Strohl, 2012). Disulfide bond shuffling in IgG1 therapeutics,
namely bevacizumab and rituximab, is the main focus of this
research as, upon our literature search, we discovered a limited
number of publications studying this topic.

In IgG1s there are normally 16 disulfide bonds—4 interchain
and 12 intrachain (Figure 1). These bonds are critical in
maintaining proper protein folding and stability. Interchain
bonds are more susceptible to reduction and, therefore, are
more susceptible to an incomplete formation of bonds and
shuffling than intrachain bonds (Cordoba et al., 2005; Liu
et al., 2010; Ouellette et al., 2010; Liu and May, 2012; Hmiel
et al., 2015; Lakbub et al., 2018; Weinfurtner, 2018; Nie et al.,
2022). For example, the larger number and hinge region
arrangement of disulfide bonds an IgG2 increases its potential
for covalent dimerization, which leads to an increased binding
avidity (Moritz and Stracke, 2017; Weinfurtner, 2018). Similarly,
antibody-drug conjugates (ADCs) that are conjugated via thiol-
maleimide chemistry are dependent upon the partial reduction of
disulfide bonds. These bonds are then able to participate in
forming the connection between the antibody and the drug
(Liu-Shin et al., 2018). The success of ADCs in treating
diseases such as cancer is evidenced by the fact that 10 ADCs
are FDA approved and over 80 others are in clinical trials (Dean
et al., 2021).

Then again, sometimes unconventional disulfide bond
formation can be detrimental. Normally, cysteines pair with
their correct partner residue, but occasionally a cysteine or
“free thiol” will bond with a second cysteine in an unexpected
way. This unexpected, incorrect bonding of cysteines is referred
to as disulfide bond shuffling or scrambling. Usually disulfide
bond shuffling occurs as a protein is exposed to stressors such as
heat, oxygen radicals, high pH and agitation (Sung et al., 2016;
Moritz and Stracke, 2017; Resemann et al., 2018; Dong et al.,
2021). Disulfide bond shuffling can negatively impact a
therapeutic protein’s safety and functionality by increasing its
aggregation and degradation, modifying its folding, and/or
reducing its target binding (Zhang et al., 2011; Sung et al.,
2016; Weinfurtner, 2018). In addition to disulfide bond
shuffling, a rare modification called a trisulfide bond can occur
in IgGs. A trisulfide bond is described as the insertion of a third
sulfur between the cysteines of a disulfide bond. While trisulfide
bonds have not yet been shown to affect a protein’s safety and
functionality, they are indicators of unhealthy cell cultures being
used during protein production (Gu et al., 2010; Kshirsagar et al.,
2012).

Disulfide bonds are clearly important contributors to the
proper functioning of a therapeutic IgG1. When they are
shuffled, they can have detrimental effects on the protein’s
stability and, therefore, potentially its safety and potency as
well. Due to this, disulfide bonds are considered to be a subset
of a “cysteine form” critical quality attribute (CQA) for biologics.
Free thiols, unexpected linkages and modifications such as
trisulfides are embedded within this CQA (Alt et al., 2016).
The designation of disulfide bonds as CQAs is recognized by
regulatory bodies including the FDA, EMA and ICH (Christl,
XXXX; Lim, 2018; Guideline on similar biological medicinal
products containing biotechnology-derived proteins as active
substance: quality issues (revision 1), 2014; Teasdale et al.,
2018). Additionally, an ICH guidance states that scrambled/

FIGURE 1 | Schematic of expected disulfide bond locations for rituximab and bevacizumab. Fc region is shown in black and Fv region is shown in red. 12 intra-
chain (red) and 4 inter-chain (orange) bonds are typical for IgG1.
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exchanged disulfide bonds are a common protein degradation
mechanism (Teasdale et al., 2018).

It is especially important to quantify disulfide bonds during
biosimilar characterization as regulators note that disulfide bonds
affect the protein’s physicochemical properties and can influence
the efficacy of the product. In a comparison between Humira®
and a biosimilar, disulfide linkages were listed as CQAs and the
authors remarked that mismatched disulfide linkages could
impact the conformation and function of the drug (Zhang
et al., 2020). Others have conducted similar studies on
disulfide bond comparisons across biosimilar and originator
biologics to monitor and control changes in disulfide bond
number and position. Again, these studies were completed
because incorrect disulfide bond linkages can negatively affect
the activity, potency, immunogenicity and overall “similarity” of
biosimilars (Lu et al., 2020; Shion et al., 2016; Lamanna et al.,
2017).

However, despite all of the possible negative side effects of
shuffled disulfide bonds, there are more publications on the
issue for IgG2 and IgG4 as compared to IgG1. It is likely that
there are more publications for IgG2 and IgG4 because disulfide
bond shuffling occurs more frequently in them and can
sometimes be beneficial to the proper functioning of these
proteins. Likewise, disulfide bond shuffling is also frequently
discussed with regards to proteins derived from E.coli cells
because E.coli lack an endoplasmic reticulum. For proteins
produced in mammalian cell lines, such as the CHO cell
lines used to produce rituximab and bevacizumab, the
endoplasmic reticulum acts a center for disulfide bond
modulation, checking for the proper formation of bonds
(Zhang et al., 2011; Cai et al., 2021). Nevertheless, IgG1
therapeutics are not fully immune to disulfide bond shuffling.

Sung et al. (2016) have studied disulfide bond shuffling in
bevacizumab under different pH and enzymatic conditions.
While this research is useful in determining preferential
protein digestion conditions to minimize disulfide shuffling, it
does not discuss in great detail how the process of identifying
disulfide bonds can be optimized. Similarly, Nie et al. (2022)
analyzed two IgG1 proteins to suggest sample preparation
improvements to minimize the number of the disulfide bond
artifacts. Again, this group focused on sample preparation
conditions rather than disulfide bond identification and
quantification methods. Dong et al. (2021) studied disulfide
bond shuffling in the NIST monoclonal antibody, focusing on
generating a mass spectral library of disulfide linkages for the
monoclonal antibody rather than discussing method
optimization. Mass spectrometry instrumentation companies
such as Waters and Shimadzu have also characterized disulfide
bonds on biosimilar and originator IgG1 therapeutics to
showcase how they can detect any product/batch variability on
their latest platforms (Lu et al., 2020; Shion et al., 2016). None of
these reports emphasized optimizing a disulfide bond
identification and quantitation method, especially for shuffled
bonds, for multiple IgG1s. Nor did any group measure the effects
that normal vs. prolonged stressed conditions had on disulfide
bond shuffling and subsequent IgG1 biosimilar and originator
degradation.

To address this lack of knowledge, we have designed a semi-
automated, streamlined method for characterizing disulfide
bonds on two IgG1s, rituximab and bevacizumab, using an
Agilent AssayMAP Bravo liquid handling platform and LC-
MS/MS. Performing this method, in conjunction with typical
degradation analytical techniques (SEC and SDS-PAGE), allowed
us to increase our knowledge of how these two proteins are
modified and degraded overtime. This gave us insights into
antibody variability as antibodies can act differently, especially
when exposed to undesirable conditions (Nowak et al., 2017; Xu
et al., 2018; Halley et al., 2020). Additionally, we compared
originator and biosimilars versions of the drugs to determine
their batch comparability and biosimilarity levels when exposed
to various periods of stress. Previous research in our lab and in
other labs have shown structural and functional differences
between originators and biosimilars after forced degradation,
so we were curious as to how our treatment conditions may
impact the overall degradation and disulfide shuffling profiles of
the rituximab and bevacizumab originators and biosimilars
studied here (Pisupati et al., 2017; Dyck et al., 2019; Kang
et al., 2019; Shatat et al., 2021).

In sum, our analytical methodology provided us with a way to
preliminarily test our hypothesis that as proteins unfold during
degradation, exposing buried cysteine residues, they increase
their likelihood to form shuffled disulfide bonds. Although we
recognize that degradation and disulfide shuffling are not directly
proportional, completing these studies helps justify future
research and innovation in this space.

MATERIALS AND METHODS

IgG1 Drug Products
The following originator drugs were purchased and stored at 4°C
until analysis: Avastin® (Genentech) and Rituxan® (Genentech).
The following biosimilar drugs were purchased and stored at 4°C
until analysis: Acellbia® (Biocad) and Avegra® (Biocad). The two
rituximabs (Rituxan® and Acellbia®) are referred to as Rit
throughout the manuscript. The two bevacizumabs (Avastin®
and Avegra®) are referred to as Bev throughout the manuscript.
Originators are referred to as OR and biosimilars are referred to
as BS.

Digestion Reagents
Digestion reagents, including AccuMAP denaturing solution, 10x
low pH AccuMAP reaction buffer, N-ethylmaleimide (NEM),
Trypsin Platinum and AccuMAP low pH resistant rLys-C were
acquired from Promega Corporation. Sample plates for the
digestion reaction were purchased through Agilent.

Incubation of Proteins
Rituximab lots were aliquoted in 50 µl increments into 0.5 ml
Eppendorf tubes. Bevacizumab lots were diluted from 25 mg/ml
down to 10 mg/ml with water to match the aliquot concentration
of rituximab. Bevacizumab samples at 10 mg/ml were aliquoted
in 50 µl increments into 0.5 ml Eppendorf tubes. For each
timepoint (0, 2 and 4 weeks), there were three aliquots per lot
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of each mAb. Tubes were placed on an orbital shaker at 240 RPM,
incubating at 37°C for up to 4 weeks. 0-week samples were instead
left at 4°C and 2-week samples, upon removal from the incubator,
were moved to 4°C until the 4-week samples were finished
incubating.

LC-MS/MS
3 µl of 10 mg/ml antibody samples (0, 2, 4-week;N = 3 per sample
type) were added into a 96 well Eppendorf PCR plate and placed
on the Agilent AssayMAP Bravo liquid handling platform
(referred to herein as the “robot”). A single solution
containing Promega’s AccuMAP Denaturing Solution, 10x low
pH AccuMAP reaction buffer and 200 mM NEM were added in
32 µl aliquots into a 96 well Eppendorf PCR plate and placed on
the robot. The addition of 17 µl of this solution into the protein
plate, followed by a 30-minute incubation at 37°C, yielded
denatured mAbs with blocked free cysteines. Also on the
robot were two other plates, one containing an AccuMAP low
pH resistant rLys-C pre-digest and a second containing a
digestion solution comprised of 10x low pH reaction buffer,
AccuMAP low pH resistant rLys-C, Trypsin Platinum and
water. The robot added 35 µl of the pre-digest to the sample
plate, incubated for 2.5 h at 37°C, then added 81 µl of digestion
solution. Then samples were left at 37°C overnight. The pH for
the digestion reaction was 5.4. The next day samples were
acidified with 20% TFA and prepared for lyophilization prior
to reconstitution and MS injection.

The samples were analyzed using an Acquity LC (Waters)
interfaced to an Orbitrap Fusion Lumos mass spectrometer
(ThermoFisher). The sample peptides were loaded onto a
75 µm analytical trapping column packed with Luna C18 resin
(Phenomenex) then eluted at a flow rate of 350 nl/min. For the
LC, a 30-minute reverse phase gradient was used. For the MS, a
data dependent HCDmode was used withMS at a 60,000 FWHM
resolution and MS/MS at a 15,000 FWHM resolution. 3 s cycles
were used throughout the duration of the MS and MS/MS
run time.

LC-MS/MS Data Processing
Data was processed using the Byos disulfide bond workflow
(Protein Metrics, Inc.), accounting for trypsin and Lys-C
cleavage. Sequences were searched against existing library
data derived from the FASTA file of each protein. The
designation of disulfide bond type (i.e. expected vs. shuffled)
was based on FASTA protein sequences. By using the FASTA
protein sequence and existing databases, the software was able
to match the bonds detected from our samples with known,
expected disulfide bonds. Label free quantitation was used to
create an extracted ion chromatogram (XIC) from the
summation of the MS1 isotope area(s) over an elution time
range for the peptides resulting after digestion. The XIC is then
integrated to determine area under the curve, and this
integrated value is compared with other peptides to report
the relative abundances of the peptide. The label free
quantitation method we used in reporting our data was a
single isotope mechanism. This means that the integrated
XICs are representative of the monoisotopic, or most intense

isotope, peak detected for a peptide. These monoisotope peaks
can be compared with the unmodified peptides of the same
protein to identify modifications (i.e., disulfide bonds) on the
peptide.

For shuffled disulfide bonds, we reported the disulfide bond
data as the XIC sum contribution of all shuffled disulfide bonds
relative to the total XIC sum of all (shuffled and expected)
detected disulfide bonds. For the trisulfide bonds, we repeated
the same process looking at the total XIC sum of all trisulfides
bonds compared to the XIC sum of all detected disulfide bonds.
When analyzing the frequency of specific disulfide bond
locations, we normalized the number of times that each bond
type was measured relative to the total number of disulfide bonds.
All data was analyzed for statistical significance using a 2-way
ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Each
sample was run in triplicate and results were reported as averages
±standard deviation.

SEC
All samples were diluted down to 1.5 mg/ml with water. 10 µl of
1.5 mg/ml mAb samples were injected onto the column (Acquity
UPLC BEH 450 SEC 2.5 µm, 4.6 × 150 mm, Waters) attached to
an Acquity UPLC (Waters) and run for 10 min at a flow rate of
0.4 ml/min. The column was maintained at room temperature.
The mobile phase used for the isocratic method was 1x phosphate
buffered saline, pH 7.4 (Gibco, Fisher Scientific). Antibodies were
detected at dual wavelengths of 214 and 280 nm. Data was
reported as average % contribution of each peak type
(monomer, aggregate and fragment) ± standard deviation. For
the aggregate and fragment peaks, our average % contribution
data accounted for the summation of areas of all fragment and
aggregate peaks, when applicable. % contribution values were
based off of the entire area under the curve reported for each
sample type. Samples were run in triplicate. A 2-way ANOVA
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) was conducted
to compare the statistical significance of BS and OR results for the
same protein at the same timepoint.

SDS-PAGE
Representative samples from each antibody at each timepoint
(0, 2, and 4 weeks) were run on an Invitrogen NuPAGE 3%–8%
Tris-Acetate Gel. Protein samples were diluted from 10 mg/ml
down to 0.33 mg/ml with water. To each of the 0.33 mg/ml
samples, 5 µl of loading buffer (NuPAGE LDS Sample Buffer
4X, Invitrogen) were added, yielding 1:3 sample:loading buffer,
with a final antibody concentration of 0.25 mg/ml 10 µl of the
0.25 mg/ml antibodies were added into individual wells. 15 µl
of the ladder (HiMarkTM pre-stained protein standard,
Invitrogen) were added into well 1. The gel was run under
the following conditions: 150 V, 50 mA, 5 W for 1 h on a
PowerEase500 electrophoresis system (Invitrogen). Upon
completion of the run, the gel was washed 3 times with
water, shaking each time for 5 min. Then the gel was
washed with SimplyBlue SafeStain (Invitrogen) for 1 h with
shaking and with water for 1 h with shaking. The gel was
imaged using a FluorChem M Imaging System (Protein
Simple).
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RESULTS

Disulfide Bond Quantification and
Qualification by LC-MS/MS
To assess the extent and location of disulfide bond
shuffling in our monoclonal antibodies, we completed a
non-reduced protein digestion using a modified version of
the robot’s in-solution digestion protocol. After
identifying the measured bond locations via LC-MS/MS,
we used Protein Metrics’ Byos software to designate
whether each bond was an expected or shuffled disulfide
bond (Figure 2).

Aside from designating bond type, the Byos disulfide bond
workflow flags samples that need to be checked manually due
to concerns over threshold, recovery and/or scores
(Figure 2A). We confirmed that the samples marked as true
positives and false positives were indeed properly labeled or
changed them to true or false positives based on our manual
analysis. We did so by monitoring the MS1 isotope plots,
looking for the characteristic isotopic distribution for peptides,
and matching it to the charge state (Figure 2C). We also
confirmed that the MS1 plots were created by using both the
most abundant isotopic peak (apex identified within the pink
bar across the isotope on the isotope plot panel, Figure 2C)
and the MSMS scan location in relation to the retention time
(shown in the blue XIC intensity plot, Figure 2F). Users can
select whether an isotope or an averagine calculation is applied
for the label-free quantitation of samples. As described in the
methods section, we used a single isotope mechanism. If we
had chosen the averagine calculation, we would have
extrapolated the monoisotopic peak via the averagine
distribution, yielding a theoretical monoisotope (Mahon
et al., 2012). Finally, we assessed the MSMS and mass error
plots (Figures 2D,E) and ensured that we were seeing good
fragmentation and ion coverage. If samples did not meet these
criteria, they were marked as false positive and were not
included in our disulfide bond analysis.

From our LC-MS/MS data we determined that the unstressed,
0-week bevacizumab samples trended towards higher shuffled
disulfide bond levels initially when compared with rituximab
samples. This held true for both the originator and biosimilar
samples. As depicted in Figures 3A,C, we observed that over the
course of 4 weeks under stressed conditions, both rituximab
sample types had minor, possibly artificial increases in their
average relative percent contribution of shuffled disulfide
bonds: 0.24 ± 0.21% to 0.51 ± 0.11% for the originator and
0.27 ± 0.07% to 0.35 ± 0.08% for the biosimilar. The bevacizumab
originator sample had a more pronounced increase in the average
relative percent contribution of shuffled bonds, from 0.58 ± 0.08%
to 1.46 ± 1.10% after the 4-week incubation. The bevacizumab
biosimilar samples saw a marginal increase, potentially due to
analytical variability, between the 2-week (1.10 ± 0.50%) and 4-
week samples (1.25 ± 0.20%). According to our results, the
bevacizumab biosimilar 0-week samples had the highest level
of shuffled bonds (1.62 ± 0.78%) which is unexpected given other
trends, but this can be explained by analytical variability at such
low levels as well as the relatively small sample size (n = 3). None
of the four sample types had any statistical significance in the
relative percent contribution of shuffled disulfide bonds
measured across all of the timepoints. This suggests that there
are not any significant increases in the number of shuffled
disulfide bonds over time. However, since minimal disulfide
bond shuffling is expected when samples are treated at pH 7
or below (Sung et al., 2016; Dong et al., 2021), as ours were, seeing
these general upwards trends in shuffling supports our hypothesis
that disulfide shuffling occurs more frequently as a protein is
exposed to stress and begins degrading.

In addition to monitoring the relative contribution of the
shuffled disulfide bonds, we also monitored the location of the
shuffled bonds to see whether they would change over time
(Figure 3B). We studied this to see how protein residue
exposure and unfolding may differ after varying incubation
times. We also were curious as to whether the most
prominent shuffled disulfide bond locations would be

FIGURE 2 | (A) Schematic of the Byos disulfide bond workflow. (B) Highlighted bevacizumab shuffled disulfide bond used for representation of LC-MS/MS data
plots. Generated data depicted as a (C) MS1 plot; (D) MSMS plot; (E) Mass error plot; and (F) XIC intensity plot.
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intrachain or interchain. As mentioned in the introduction,
interchain bonds are more susceptible to reduction,
incomplete formation and, therefore, shuffling than intrachain
bonds. For rituximab originator and biosimilar, the shuffled bond
at position Cys96-Cys224 was the most prominent across all of
the timepoints. Position 224 is normally involved in an interchain
bond, which may be why it was participating in the most
prominent shuffled bond. Cys133-Cys148 was also relatively
prominent in across all timepoints, but more so in the
incubated samples. Cys193-Cys325 had a higher abundance
for the unstressed sample. These bonds are all normally
involved intrachain binding. There was no statistically
significant difference in the bond locations for the originator
vs. biosimilar.

A similar story played out for bevacizumab. Its most
prominent shuffled bond location was at Cys194-Cys373 for
all samples except bevacizumab originator at 4-weeks, whose
most prominent location was Cys214-Cys206. Cys194, Cys373
and Cys206 are typically involved in intrachain bonds but Cys214
is typically involved in an interchain bond. Other common
shuffled bond locations included Cys194-Cys327 (intrachain)
and Cys214-Cys206. Unlike rituximab, there were some
significant differences in the bond locations between the
originator and biosimilar. For the 4-week samples, Cys214-
Cys206 (80.97 ± 16.49) became the most prominent disulfide
bond location for the originator while Cys194-Cys327(42.20 ±
7.26) and Cys194-Cys373 (45.39 ± 8.10) were nearly equal in their
contribution for the biosimilar (Figure 3D). It should be noted
that given constraints in our current technology, we were unable
to determine whether these disulfide bonds were inter- or intra-
antibody.

Detection of Trisulfide Formation by
LC-MS/MS
We were also curious about the number of trisulfide bonds
present in the samples. By using the disulfide workflow in the
Byos software andmanually checking the outputs, we were able to
identify 5 unique trisulfides in the bevacizumab originator
samples and 8 unique trisulfides in the bevacizumab biosimilar
samples. The initial average levels of trisulfides, based on XIC
values for trisulfides bonds compared to all detected disulfide
bonds, were 0.07 ± 0.70% for the originator and 0.19 ± 0.14% for
the biosimilar. This level is low but is still worth mentioning
because it was significantly greater than rituximab, which had no
detectable trisulfides. These were most commonly found at
position Cys22-Cys96 in the variable region of the antibody,
which is an expected disulfide bond location (Figure 4B).

Protein Degradation Measurement by SEC
Since our research hypothesis hinges on the fact that stressed
proteins degrade and, in doing so, increase their propensity for
disulfide bond shuffling, we wanted to verify that we were indeed
seeing protein degradation via more traditional chromatography
methods. To track protein degradation over time, we measured
the changes in percent aggregates, fragments and monomer for
each sample type by size exclusion chromatography (Figure 5;
Table 1). In this study we observed a small increase in aggregates
from 0 to 4 weeks for the rituximabs—0.76 ± 0.02% to 1.37 ±
0.08% for the originator and 2.11 ± 0.05% to 2.41 ± 0.11% for the
biosimilar. We also measured more fragments than aggregates
initially in rituximab, with fragment formation in the rituximab
samples slightly increasing over time. The originator fragment

FIGURE 3 | Total shuffled bond contribution relative to the XIC sum of all identified disulfide bonds for (A) rituximab originator and biosimilar and (C) bevacizumab
originator and biosimilar. Prevalence of the shuffled bond locations normalized to the total number of shuffled bonds for (B) rituximab originator and biosimilar and (D)
bevacizumab originator and biosimilar (N = 3, mean ± SD, 2-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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contribution increased from 6.76 ± 0.24% (0 weeks) to 7.61 ±
0.24% (4 weeks) and the biosimilar fragment contribution
increased from 7.09 ± 0.05% (0 weeks) to 8.02 ± 0.38%
(4 weeks). Conversely, we observed that the bevacizumab
samples had more degradation in the form of aggregates.
From 0 to 4 weeks the relative contribution of aggregates for
the bevacizumab originator increased from 2.91 ± 0.39%
(0 weeks) to 7.09 ± 0.37% (4 weeks) and for the biosimilar,
3.30 ± 0.06% (0 weeks) to 10.60 ± 0.52% (4 weeks). There
were fragments present in the bevacizumab samples, but those
stayed relatively steady over time. The originator fragment

contribution was 1.76 ± 0.06% at 0 weeks and 1.78 ± 0.01% at
4 weeks. The biosimilar fragment contribution was 1.91 ± 0.07%
at 0 weeks and 1.75 ± 0.01% at 4 weeks.

We noticed that there was a greater decrease in the percent
monomer for bevacizumab compared to rituximab (Table 1). The
percent monomer for the rituximab originator changed from
92.48 ± 0.26% to 91.03 ± 0.26% and the biosimilar changed from
90.79% ± 0.01 to 89.57 ± 0.50% over the course of 4 weeks. The
percent monomer for the bevacizumab originator changed from
95.34 ± 0.33% to 91.14 ± 0.38% and the biosimilar changed from
94.78 ± 0.02% to 87.65 ± 0.53% over the course of 4 weeks. The

FIGURE 4 | Trisulfide bonds detected for bevacizumab samples by LC-MS/MS. (A) Total trisulfide bond contribution relative to the XIC sum of all identified disulfide
bonds for bevacizumab OR (0 week—peach, 2 weeks—orange, 4 weeks—red orange) and BS (0 week—teal, 2 weeks—green, 4 weeks—dark green). (B) Prevalence
of the shuffled bond locations normalized to the total number of shuffled bonds for bevacizumab OR (0 week–peach, 2 weeks—orange, 4 weeks—red orange) and BS
(0 week—teal, 2 weeks—green, 4 weeks—dark green) (N = 3, mean ± SD, 2-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

FIGURE 5 | Representative SEC chromatograms at 214 nm for 15 µg of antibody. (A) Rituximab OR at 0 (pink), 2 (red) and 4 (purple) weeks; (B) Rituximab BS at 0
(light blue), 2 (blue) and 4 (navy) weeks; (C) Bevacizumab OR at 0 (peach), 2 (orange), and 4 (brown) weeks; (D) Bevacizumab BS at 0 (teal), 2 (green) and 4 (dark green)
weeks. Stressed samples were shaking at 240 RPM, incubating at 37°C for 2 or 4 weeks. Chromatograms are zoomed in to depict the increase in aggregates and/or
fragments detected in each sample across each timepoint.
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larger reduction in percent monomer confirmed that the
bevacizumab degraded more over time relative to rituximab.
Given our hypothesis, this would be expected because
bevacizumab had higher levels of shuffled disulfide bonds.
With regards to biosimilar vs. originator comparisons, we
noticed more significant differences between the two for
bevacizumab than for rituximab. The biosimilar bevacizumab
had a larger formation of aggregates, thus a smaller average %
monomer, when compared to the originator bevacizumab.

While aggregation and fragmentation are both degradation
products, it is interesting that the two IgG1s had differing
degradation profiles. Then again, the two proteins varied in
their LC-MS/MS disulfide bond profiles. Bevacizumab had
more shuffled bonds appear over time under stressed
conditions compared to rituximab. This correlates with the
greater percent decrease in monomer for bevacizumab as
detected by SEC across the 4-week incubation. We also saw
similarities in the LC-MS/MS disulfide bond trends over time
between biosimilar and originator drugs for both rituximab and
bevacizumab. These trends were further confirmed by the
SEC data.

Protein Degradation Characterization by
SDS-PAGE
As an orthogonal method to SEC, we completed SDS-PAGE at
varying protein concentrations. Shown in Figure 6 is a gel that
contains data from all of the samples across the different stressed
and unstressed timepoints. The monomer bands are at ~150 kDa,
which matches the molecular weights of intact rituximab
(145 kDa) and bevacizumab (149 kDa).

We observed more aggregates in the bevacizumab samples at a
molecular weight of ~240 kDa compared to the rituximab
samples. The aggregate contributions also increased, yielding
darker gel bands, in the stressed samples for both the

bevacizumab originator and biosimilar. This matches our SEC
data and continues to exemplify how exposure to stressed
conditions degrades antibodies. We also saw fragments present
at ~115 and ~85 kDa in both proteins. Since we used SDS-PAGE
as a qualitative orthogonal method, we did not determine exactly
which fragments these bands corresponded to. The fragment
bands at 115 kDa were consistent and prominent for rituximab.
The fragment bands at 85 kDa increased, becoming darker, across
the 0, 2 and 4-week samples for rituximab. The fragment bands at
115 and 85 kDa were similar across the bevacizumab originator.
The fragments at 115 and 85 kDa were larger in the 0-week
bevacizumab biosimilar sample compared to the 2 and 4-week
sample, but this could be accounted for by differences in the
protein concentration loaded on the gel. In general, this SDS-
PAGE data matches the SEC data. Both protein types also have a
variety of other less abundant fragments below the main
monomer band at ~150 kDa.

DISCUSSION

By performing the semi-automated mass spectrometry method
for characterizing disulfide bonds, as well as the SEC and SDS-
PAGE methods, we were able to more seamlessly identify how
bevacizumab and rituximab differ in their disulfide bond
profile and degradation propensity. Low levels of shuffled
disulfide bonds were detected in both antibodies. The total
amount of shuffled bonds and changes in shuffled bond levels
over time differed between rituximab and bevacizumab.
Similarly, both antibodies showed degradation over the

TABLE 1 | SEC data depicted as average % concentration contributions of
monomer, aggregate, fragment peaks (N = 3, mean ± SD). Aggregates and
fragments include summations of multiple peaks, where applicable. Stressed
samples were shaking at 240 RPM, incubating at 37°C for 2 or 4 weeks. All
samples were diluted to 1.5 mg/ml to load 15 µg of antibody on the column.

% Monomer % Aggregates % Fragments

Rit OR 0w 92.48 ± 0.26 0.76 ± 0.02 6.76 ± 0.24
Rit OR 2w 91.15 ± 1.33 1.37 ± 0.61 7.49 ± 0.72
Rit OR 4w 91.03 ± 0.26 1.37 ± 0.08 7.61 ± 0.24

Rit BS 0w 90.79 ± 0.01 2.11 ± 0.05** 7.09 ± 0.05
Rit BS 2w 90.51 ± 0.63 1.89 ± 0.58 7.60 ± 0.40
Rit BS 4w 89.57 ± 0.50 2.41 ± 0.11* 8.02 ± 0.38

Bev OR 0w 95.34 ± 0.33 2.91 ± 0.39 1.76 ± 0.06
Bev OR 2w 92.43 ± 0.64 5.85 ± 0.78 1.71 ± 0.13
Bev OR 4w 91.14 ± 0.38 7.09 ± 0.37 1.78 ± 0.01

Bev BS 0w 94.78 ± 0.02 3.30 ± 0.06 1.91 ± 0.07
Bev BS 2w 89.88 ± 0.21**** 8.38 ± 0.21*** 1.74 ± 0.03
Bev BS 4w 87.65 ± 0.53**** 10.60 ± 0.52**** 1.75 ± 0.01

N = 3, mean ± SD, 2-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
*Denotes statistical significance of BS, compared to OR, at same timepoint for the same
protein type.

FIGURE 6 | SDS-PAGE of representative 0.25 mg/ml samples for
bevacizumab OR and BS and rituximab OR and BS depicting the
fragmentation and aggregation of the samples at each timepoint. Samples
were incubated 0, 2 or 4 weeks at 37°C, shaking at 240 RPM.
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course of the 4-week incubation, but the two varied in how
they changed over time.

Rituximab maintained relatively consistent, low levels of
disulfide bonds throughout the duration of the stress
experiment. At 4 weeks, we detected only 0.51 ± 0.11%
shuffled disulfide bonds for the originator and 0.35 ± 0.08%
for the biosimilar. Bevacizumab had higher levels of disulfide
bond shuffling initially, averaging 0.58 ± 0.08% relative
contribution for the originator and 1.62 ± 0.78% relative
contribution for the biosimilar. By 4 weeks, the average
relative percent contribution of shuffled disulfide bonds
reached 1.46 ± 1.10% for the originator and 1.25 ± 0.20% for
the biosimilar. We attribute the higher relative percent
contribution of shuffled bonds in the 0-week bevacizumab
biosimilar sample to analytical variability, especially given the
low levels at which we are measuring, and sample size (N = 3).We
did see an increase in shuffled bond contribution between the 2
and 4-week samples. This suggests that the biosimilar should
follow similar disulfide shuffling trends compared to the ones we
observed in the originator. We also identified trisulfide bonds in
all of the bevacizumab samples but none of the rituximab
samples. This perhaps points to poor bevacizumab
manufacturing conditions, as trisulfide bonds are indicative of
unhealthy cell cultures (Gu et al., 2010; Kshirsagar et al., 2012).

In the end, there was no statistically significant difference
across the timepoints and between the originator and biosimilar
for each protein. To further confirm this finding, we would need
to perform these studies on additional lots of each drug product.
However, that does not discount the fact that we were seeing
increases in the average relative percent contribution of shuffled
bonds, especially in the bevacizumab samples. After all, under
neutral or slightly acidic conditions, disulfide bond shuffling
should be minimal (Sung et al., 2016; Dong et al., 2021).
Therefore, increases in shuffled bond contributions at low
levels can still support our hypothesis—as a protein unfolds
during degradation, buried cysteine residues are exposed and
can participate in disulfide bond shuffling. Additionally, the
higher levels of shuffled disulfide bonds present in the
bevacizumab samples compared with the rituximab samples
suggest that bevacizumab is overall less stable, thus more
prone to degradation.

While the disulfide bond data indicated that bevacizumab has
lower stability and, subsequently, a greater chance for
degradation to occur, the SEC and SDS-PAGE data told their
own version of the story. As depicted in Figures 5, 6 and Table 1,
bevacizumab was more likely to aggregate than fragment when
exposed to stress while the opposite was true for rituximab. In
comparing biosimilars with their originators, we generally saw
similar trends. We detected more significant differences between
the bevacizumab biosimilar and originator with regards
degradation overtime when compared with rituximab.
According to our SEC data, the biosimilar bevacizumab had a
greater increase in the % contribution of aggregates after the 2-
and 4-week incubations. This also translated to an average lower
% monomer for the biosimilar bevacizumab compared with the
originator bevacizumab. It is not yet understood exactly why we
are seeing these differences in degradation patterns, both between

biosimilars and originators and across different IgG1s, but the
variability in degradation is interesting given that all of the
studied proteins are IgG1s. It should be noted, though, that to
further bolster our findings and ensure that intra- and inter-batch
variability are not dictating our results and theorized trends, we
need to perform these same studies on more than one lot per
originator and biosimilar. Nevertheless, these initial studies are
important for proof of concept and give us an idea of what trends
we may expect. They also exemplify the uniqueness and
complexity of protein therapeutics, as well as documents how
not all IgG1s can be expected to act similarly.

Although bevacizumab and rituximab differed in how they
responded to stress conditions, the broad applicability of our
methods made it possible to run samples from both proteins in
tandem. The disulfide bond LC-MS/MS method was
instrumental in showcasing how we can more efficiently
characterize unexpected disulfide bonds in monoclonal
antibodies. The established SEC and SDS-PAGE methods were
critical in demonstrating the variability in degradation pathways
across IgG1 therapeutics. By combining these methods, we were
able paint a full picture on the stability of IgG1 therapeutics
exposed to normal and stressed conditions.

In conclusion, our use of a semi-automated, streamlined
approach for identifying, characterizing and quantifying
disulfide bonds on rituximab and bevacizumab has allowed us
to more fully understand differences in the aggregation/
degradation propensity between drugs of the same IgG
subclass. Many published studies have characterized
aggregation/degradation profiles of these and other IgG1
therapeutics, but few have focused on providing, improving
and/or optimizing methods by which to measure disulfide
bond shuffling. Based on our data, disulfide bond shuffling
does occur in IgG1s, even when they are unstressed. As the
proteins are exposed to prolonged heat and shaking, a greater
level of shuffling occurs. Similarly, we noticed that disulfide bond
shuffling trends matched those of protein degradation, as
measured by SEC and SDS-PAGE. This bolsters our
hypothesis that as proteins unfold during degradation,
exposing buried cysteine residues, they increase their
likelihood to form shuffled disulfide bonds. While we
recognize that correlation is not causation and other factors
could be influencing IgG1 degradation propensity, this initial
study justifies our further exploration into how disulfide bond
shuffling and protein degradation may be linked.

The implementation of our semi-automated LC-MS/MS
method, SEC and SDS-PAGE during antibody development
can be useful to a number of stakeholders including the
pharmaceutical industry and regulatory agencies. By
identifying shuffled disulfide bonds upfront, companies can
save themselves the inevitable headache that will occur if a
product fails to meet its designated specifications. This would
be especially beneficial to the pharmaceutical industry as disulfide
bond characterization is a CQA that is monitored during the
development of new therapeutics and biosimilars. Companies can
also reduce project related time, money and operator variability
by implementing robotics and established MS data processing
workflows in their protein characterization. With regards to
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regulatory agencies, our experimental workflow can become a
standardized way to characterize expected and shuffled disulfide
bonds within a protein therapeutic. Providing a standardized
disulfide bond identification method in product specific
guidances would help streamline the approval of BLAs. In
sum, our methodology for identifying, quantifying and
characterizing disulfide bonds and protein degradation profiles
provides the groundwork necessary to further standardize such
methods across the pharmaceutical industry and regulatory
bodies.
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