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Abstract: Alterations in the biological activity of the molecules under stress conditions have not
been documented as widely in the literature yet. This study was designed to reveal the functional
impacts of various oxidation conditions on a model mAb, a commercial anti-VEGF IgG molecule.
The responses to antigen binding, cell proliferation, FcRn receptors, and C1q binding, which rarely
appear in the current literature, were investigated. The authors report peptide mapping data, post-
translational modification (PTM) analysis, cell proliferation performance, and antigen (VEGF), C1q,
and FcRn binding activities of the mAb under various stress conditions. The oxidation-prone site of
the mAb was determined as Met252 in the DTLMISR peptide. The VEGF binding activity and anti-cell
proliferation activity of the mAbs did not alter, while C1q and FcRn binding capacity significantly
decreased under oxidative stress conditions. The full report is vital for many scientific and industrial
processes about mAbs. The authors recommend performing functional analyses in addition to the
structural studies while investigating the impacts of stress factors on therapeutic mAbs.
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1. Introduction

Anti-VEGF Immunoglobulin G (IgG) antibody is a monoclonal antibody (mAb) explic-
itly developed for targeting the vascular endothelial growth factor (VEGF), which triggers
the formation of new blood vessels by interacting with VEGF receptors on the surface
of vascular endothelial cells [1]. Cells stimulate vascularisation by secreting VEGF at an
elevated level to reach the nutrient and oxygen levels required for cell survival, which
results in the growth and proliferation of cancer cells [2]. As a treatment strategy, the
interaction of VEGF with its receptor can be inhibited to prevent vascularisation [3]. The
mAbs developed against the VEGF inhibit this interaction; thus, tumour cells cannot receive
nutrients and oxygen to grow. Because of this, in addition to their many advantages, the
rapid development of biosimilar mAbs has gained attention worldwide [4]. The production
of biotherapeutics, including mAbs, is known to be more challenging compared with the
production of small molecular-weighted chemical drugs. The utilisation of mammalian cells
as host organisms to produce monoclonal antibody drugs primarily leads to heterogeneities
in post-translational modifications (PTMs) and glycosylation patterns of the mAbs [5].
In addition to the impact of the upstream process, even mild stress conditions during
the downstream process or storage can lead to alterations in the effectiveness, quality, or
half-life of the mAbs [6]. Hence, it is vital to reveal and report the structural and functional
alterations caused by stress conditions before regulatory authorities approve them [7].

Monoclonal antibodies are exposed to many environmental factors such as tempera-
ture, light, mechanical stress, humidity, and pH during almost all production steps, from
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the upstream to post-development processes such as packaging, shipping, and storage. As
a result of these environmental stresses, the biochemical structure of the antibodies can
be severely affected. The products may undergo various degradation pathways, which
causes them to lose their biological activity [8]. The degradation of recombinant mAbs
is an important parameter affecting the product’s quality, biological efficacy, and safety.
Forced degradation studies provide reliable data by imitating the potential stress factors via
elevated conditions in a short time instead of the more prolonged exposure to mild stress
conditions usually seen in production or post-production [9]. In addition, forced degra-
dation studies help understand the molecule’s biophysical and biochemical properties,
including the degradation mechanisms, in-depth [10].

Temperature is one of the crucial parameters in changing the critical quality attributes
(CQA) of mAbs [11]. The mAbs can form aggregates by being exposed to many different
temperatures (high and low values) during production, storage, and shipping. High
temperatures especially lead to irreversible aggregate structures in mAbs [12]. Since low
temperatures reduce hydrophobic interactions between solvents and proteins, a vital force
in protein folding [13], intermolecular hydrophobic regions between proteins interact,
increasing aggregates’ formation [14]. Another critical parameter that can change the
stability and structure of mAbs is pH [15]. In mAb production, during purification steps
such as protein A chromatography and virus inactivation, mAbs are exposed to low-pH
solutions. Therefore, antibodies’ structural changes and biological activities in a low-pH
environment should be determined. In addition, low-pH conditions during the purification
stage can be a reference point for forced degradation studies [8]. At low pH, the formation
of soluble [16] or insoluble aggregates [17,18] and fragmentation [19,20] is accelerated.
Low pH leads to the fragmentation of antibodies, generally in the hinge region, and
the formation of fragments of 40–50 kDa in non-reduced conditions and 20–30 kDa in
reduced conditions [21,22]. Recombinant mAbs are also exposed to oxidising environmental
conditions such as impurities from mAbs production, dissolved oxygen, oxygen in the
air, and free radicals formed due to reactions with metals. Forced oxidation studies are
also convenient for understanding how sensitive mAbs are to oxidation and observing
how their activities change. In particular, the backbone of these studies is the investigation
of antibodies’ potency and binding properties by oxidising residues in the regions. The
most common approaches used for these studies are treating the antibody with hydrogen
peroxide (H2O2) or tert-butyl hydrogen peroxide to investigate the oxidation of Met [23,24]
and the incubation of antibodies with 2,2′-Azobis (2-amidinopropane) dihydrochloride for
Trp oxidation [25].

Despite an enormous number of studies in the field, only a few studies are focused
on the functional effects of stress conditions on mAbs, and many studies were limited
to the effects of structural functions. In this study, the structural and functional charac-
terisation of a commercial anti-VEGF IgG molecule that was exposed to a certain degree
and duration of oxidation stress was reported. The essential structural characterisation,
including peptide mapping and PTM analysis, was performed using the tandem mass
spectrometry (UHPLC-MS/MS) technique. The functional characterisations that rarely
appear in the current literature, such as proliferation activity, antigen-binding performance,
response to FcRn receptors, and C1q binding, were also performed using different tech-
niques. The surface plasmon resonance (SPR) method was used to determine the binding
affinity of oxidative stress-exposed mAbs to VEGF and FcRn receptors. The enzyme-linked
immunosorbent assay (ELISA) method was used to determine the binding affinity of anti-
VEGF IgG molecules to the C1q protein. Moreover, the effects of oxidation stress on the
anti-proliferative performance of anti-VEGF mAbs were investigated using in vitro assays.
Although the effect of several stress conditions on the structure of anti-VEGF IgG molecules
has been previously reported [26,27], potential alterations in the biological activity of the
molecules under stress conditions have not been documented as widely and deeply yet.
The EMA public assessment reports and FDA product quality reports of originator drugs
(or biosimilars of anti-VEGF mAbs) do not present comprehensive information about the
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methodological details and receptor-binding behaviours of the mAbs upon stress exposure.
This study was designed to reveal and document the effect of various oxidation conditions
on mAbs, one of the most seen stress factors [28]. Therefore, the study’s full report is
important for many scientific and industrial processes.

2. Material and Methods
2.1. Material

HEPES, NaCl, Polysorbate 20 (P20), and Ethanol were supplied from Sigma, Ger-
many. EDTA was from AppliChem, Germany, and distilled water was from Merck Milli-
pore, USA. Anti-VEGF IgG was obtained commercially (Avastin, 33808339) from Roche,
Basel, Switzerland.

2.2. Generation of Oxidative Stress

Increased percentages of H2O2 (v/v) (Sigma, Darmstadt, Germany), 0.01, 0.05, 0.1,
0.3, 0.5, and 1, were used for 1 h at room temperature to examine the effect of H2O2
concentration on % oxidation of anti-VEGF IgG. In addition, the oxidation rate due to
incubation time was determined via incubation of 1 mg/mL anti-VEGF IgG in 0.1% H2O2
for half an hour, 1 h, 2, and 4 h. After incubation, a 100 µL formulation buffer was exchanged
using a single-use Amicon filter unit (Merck Millipore, Darmstadt, Germany).

2.3. Cell Culture Studies

The types of equipment used for cell culture experiments included a centrifuge (Ep-
pendorf, 5415D, Darmstadt, Germany), CO2 incubator (Thermofisher Scientific, Waltham,
CA, USA), microscope (Zeiss, Primo Vert, Germany), and Laminar flow (Heraeus, HeraSafe
HS 12, Hanau, Germany). F.B.S. and 200 mM L-glutamine solutions were supplied from
Thermo Fischer Scientific, USA. Cell counting was done with Trypan Blue (Sigma, Stein-
heim, Germany) and Hemocytometer (HBG Company, Giessen, Germany). Among the cell
culture consumables, culture flasks and serological pipettes were from Sarstedt, Germany,
and falcon tubes were from Eppendorf, Germany.

Primary Umbilical Vein Endothelial Cells (HUVEC) (ATCC PCS-100-013, ATCC, Man-
assas, VA, USA) were used for cell proliferation studies [29]. Cells were grown at 37 ◦C,
5% CO2 in Vascular Cell Basal Medium (ATCC® PCS-100-030, ATCC, Manassas, VA, USA)
supplemented with Endothelial Cell Growth Kit-VEGF (ATCC® PCS-100-41, ATCC, Manassas,
VA, USA). When the cells reached 80% confluency, subculture was performed. Cells were
washed via centrifugation at 300× g for 5 min with D-PBS (Sigma, Steinheim, Germany) and
resuspended with a complete medium. In total, 5 × 103 HUVEC cells/well were inoculated
into 96-well plates (Sarstedt, Nümbrecht, Germany) in 200 µL complete media and incubated
at 37 ◦C overnight to allow the cells to adhere. Then, the cell medium was changed to a
starvation medium, which was a vascular cell basal medium containing no growth factors:
vascular endothelial growth factor (VEGF), endothelial growth factor (EGF), and fibroblast
growth factor (FGF). Cells were inoculated within a starvation medium at 37 ◦C for 24 h to
lose the proliferative effect of the VEGF growth factor. Then, control and oxidatively stressed
anti-VEGF IgG were introduced into the cells at 5000 ng/mL concentrations. Then, VEGF was
added at a 20 ng/mL concentration. The control well included only the VEGF growth factor
and not the anti-VEGF IgG [30,31]. Cells treated with antibodies and VEGFs were incubated
at 37 ◦C for 24 h.

CellTiter 96® Aqueous One Solution Cell Proliferation Assay (MTS) (Promega G3582,
Madison, WI, USA) was used to determine the proliferation rates of cells after 24 h. The
assay is a commonly used test based on metabolic activity assay [32]. A total of 20 µL/well
of MTS reagent was added and incubated for 4 h at 37 ◦C. The blank was the reagent
placed in an empty well for the measurements. At the end of the incubation period,
absorbance values at 490 nm were measured using an ELISA microplate reader (Bio-Rad,
Hercules, CA, USA).
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2.4. Analyses

Target molecules were immobilised on CM5 chips (Cytiva, Marlborough, MA, USA)
to perform binding analyses with a Biacore T200 SPR Instrument (Cytiva) [33]. The car-
boxylate groups on the chip surface were activated via a standard 1-ethyl-3-(3-dimethyl
aminopropyl)carbodiimide/N-hydroxysuccinimide (EDC-NHS) (GE Healthcare, Uppsala,
Sweden) reaction to induce the interaction between the carboxylate groups and the amine
groups of the target molecules [34]. After all immobilisation processes, the remaining
activated carboxyl groups were blocked with the injection of 1M ethanolamine-HCl (Cy-
tiva). An ethanolamine-immobilised flow channel was considered the control surface in
the experiments. For all analyses, 1X HBS-EP buffer (10 mM HEPES, 150 mM NaCl, 3 mM
EDTA, 0.005% v/v polysorbate 20) at pH 7.4 was used as a running buffer. The data were
presented as the mean value, calculated from at least three measurements per sample.

2.4.1. Antigen (VEGF) Binding Assays

The VEGF165A (Sigma, Steinheim, Germany) protein was prepared with a 5 ng/µL in
pH 5.5 in 10 mM acetate buffer (GE Healthcare, Uppsala, Sweden) and immobilised onto
the CM5 chip surface. The anti-VEGF IgG molecules exposed to specified stress factors
at three concentrations (15 nM, 5 nM, and 1.66 nM) were prepared in a running buffer.
Single-cycle kinetic analyses were conducted at a 30 µL/min flow rate at 22 ◦C. Analytes
were injected for 120 s in the association phase and a dissociation phase of 1800 s with the
running buffer. For all experiments, the final immobilisation level of the active flow cell was
approximately 500 response units (RU). Blank measurements were performed on the active
and control flow channels by running buffer injections under identical conditions. The chip
surface was regenerated by injecting 10 mM glycine pH 1.5 buffer (GE Healthcare, Uppsala,
Sweden) for 90 s. The results were found by subtracting responses from the blank flow
cell and zero concentration analyte injection (running buffer) from the actual results. The
equilibrium dissociation constants (KD) were calculated by Biacore Evaluation Software
using a 1:1 Langmuir binding model [35,36].

2.4.2. Receptor (FcRn) Binding Assay

FcRn binding analyses of the samples were conducted on Anti-His IgG1 antibody (Cy-
tiva, Marlborough, MA, USA) iimmobilised CM5 chips (Cytiva). His-Tagged FcRn (Sigma-
Aldrich) anti-VEGF IgG was prepared in 1X HBS-EP (GE Healthcare, Uppsala, Sweden)
pH 6.0 running buffer with three-fold dilutions (15 nM, 5 nM, 1.66 nM). Recombinant His-
tagged FcRn molecule was captured on the active flow cell for 120 s with a 10 µL/min flow
rate at 22 ◦C. A blocked flow cell was used as a blank reference during all measurements.
Samples were injected over both flow cells (active and blank) at a 30 µL/min flow rate for
120 s, followed by a dissociation phase of 900 s with the running buffer. The chip surface
was regenerated with a running buffer for 60 s. Blank buffer injections were also performed
on both flow channels, later subtracted from the active surface data before the fitting. The re-
sults were evaluated with Biacore Evaluation Software using the steady-state and two-state
binding models [37–39].

2.5. Peptide Mapping Using LC/MS-MS

An Acquity UHPLC-ESI-Xevo G2-XS QToF (Waters, Milford, MA, USA) system was
used for peptide mapping analysis. All mobile phases (MS Grade water, formic acid,
acetonitrile) were supplied from Merck, Germany. Mobile phases A, B, and C were MS-
grade water, ACN, and 1% formic acid (FA). The instrument was calibrated using sodium
cesium iodide (NaCsI) (Sigma-Aldrich, Steinheim, Germany), and Glu-1-fibrinopeptide B
(Waters, Milford, MA, USA) was used as a lock-mass reference before running.

The 50 µg anti-VEGF IgG molecules exposed to oxidative stress were reduced through
incubation at 56 ◦C for 15 min with 1% sodium dodecyl sulfate (SDS) (Sigma-Aldrich) and
0.1M Dithiothreitol (DTT) (Sigma-Aldrich, Steinheim, Germany) in 50 mM AMBIC solution.
Then, samples were alkylated with 20 mM Iodoacetic acid (IAA) (Sigma-Aldrich, Steinheim,
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Germany) for 30 min in the dark at room temperature. After the alkylation process, all
samples were mixed with 8M urea (Sigma, Steinheim, Germany) and purified using 30 kDa
Molecular weight cut-off (MWCO) disposable filter units (Bedford, MA, USA) at 14,000 g
for 10 min, twice. The purified samples were treated with 1 µg MS-grade trypsin (Sigma,
Steinheim, Germany) in 75 µL AMBIC (1:50, w/w, enzyme to protein ratio) at 37 ◦C for
1.5 h. The tryptic peptides were collected by washing twice with 50 µL of 50 mM AMBIC at
14,000 g for 10 min. Finally, 1% formic acid was added to the samples before analysis [40].

The percentage of mobile phase C was fixed at 10%, and mobile phase B was increased
from 1% to 80% over 85 s of a total run time to analyse collected peptides. Data-independent
acquisition mode (DIA) was employed in sequential MS and MS/MS scans with a 0.5 s cycle
time. The mass range was set to 50–2000 m/z, and all ions within the range were fragmented
without any precursor ion selection in sensitivity mode. The raw data were processed by
applying the UNIFI peptide mapping workflow parameters. The anti-VEGF IgG sequence
as a reference was retrieved from the drug bank database. Trypsin was selected as a
digesting reagent with one missed cleavage maximum. Carbamidomethyl-C was set as a
fixed modification because of the alkylation step in the sample preparation, as opposed to
the other modifications such as oxidation of methionine, deamidation of asparagine, and
formation of succinimide intermediates and pyroglutamic acid from N-terminal glutamic
acid. The mass tolerance window was set within 10 ppm. The components greater than
10% matched primary ions (b/y ions), and mass errors smaller than 10 ppm, but no in-
source fragments were allowed for identification. The percentages of modifications were
calculated using the following equation: “%peptide = (Response of modified peptide/Total
response of the modified and unmodified peptide) × 100” [35].

2.6. C1q Binding Assays with ELISA

The direct ELISA method was used to evaluate the binding affinity of samples to
the C1q molecule. An Antibody Pair Buffer kit containing coating buffer, blocking buffer
(Assay buffer 5×), washing buffer (25×), chromogen, and stop solution was used (Invit-
rogen, Austria). Anti-VEGF IgG molecules (20–0.650 µg/mL) diluted in coating buffer
(contained 50 mM carbonate buffer and 0.1% azide, pH 9.4) to Nunc-Immuno 96-well plate
with high binding capacity (Thermo Scientific, Roskilde, Denmark) were placed in triplicate
and incubated overnight at +4 ◦C. After the plate was washed once with 1× wash buffer,
blocking was done with 1× assay buffer via agitation at 500 rpm for 1 h at room temper-
ature (RT) to block the remaining binding sites. Then, human C1q protein (C1740-Sigma
Aldrich) prepared in 1× assay buffer at a concentration of 2 µg/mL was added to the plate
and incubated for 2 h at RT. After washing the plate five times with 1× wash buffer, it
was treated with Horseradish Peroxidase (HRP)-conjugated anti C1q polyclonal antibody
(Invitrogen, Waltham, MA, USA) diluted 1:1000 at R.T. for 2 h. After washing with 1×wash
buffer five times, the substrate/chromogen mixture was added. The reaction was stopped
with a stop solution, and absorbance was measured at 450 nm using a microplate reader.

2.7. Statistical Analyses

Data were analysed using one-way ANOVA for multiple comparisons using GraphPad
Prism 9.0 (GraphPad Software, La Jolla, CA, USA) and Microsoft Excel (Microsoft). All the
data were presented as mean ± S.D. p-values smaller than 0.05 were considered significant,
and p-values smaller than 0.005 were considered highly significant.

3. Results

Forced degradation studies were performed to investigate the physicochemical and
functional stability of mAb candidates under various environmental stress factors. The
structural alterations in mAbs upon environmental stress conditions have been reported in
the literature, but the majority are based on Multiple Sclerosis (M.S.) studies, constituting
only a small portion of the required quality assessment criteria. The functional studies,
such as antigen-binding capacity, receptor binding performance, and cell proliferation
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activity after stress exposure, have not been investigated as widely. The present study
reveals anti-VEGF IgG molecules' structural and functional changes in response to various
oxidation conditions.

3.1. Peptide Mapping of mAbs Exposed to Various Oxidation Conditions

The peptide mapping (pep map) method was used to characterise the peptide sequence
and P.T.M.s on anti-VEGF IgG molecules under oxidative stress conditions. Considering the
previous studies regarding the effect of oxidative stress on mAbs imposed with different
percentages of H2O2, samples were incubated with various v/v percentages of H2O2
(0.01, 0.05, 0.1, 0.3, 0.5, and 1%) for 1 h at room temperature and buffer exchanged by
formulation buffer before the analysis. First, the amino acid sequence of anti-VEGF IgG
molecules under all oxidative conditions was identified by 100% coverage. In total ion
chromatography (T.I.C.) of the samples exposed to different H2O2 percentages, there was
no significant dissimilarity except for the peaks observed at the 25th min, identified as
oxidised methionine located on the DTLMISR peptide. Met oxidation was not observed in
the 0.01% H2O2 group, possibly due to low H2O2 availability for oxidation (Figure 1A).
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The next question was whether there was a correlation between the oxidation level
and exposure time at a certain amount of H2O2. For this aim, the samples were incubated
in 0.1% H2O2 for 0.5, 1, 2, and 4 h at room temperature. Briefly, 0.1% H2O2 was chosen
since it sufficiently oxidised methionine on DTLMISR at a measurable level. The TIC of
samples exposed to different incubation times in 0.1% H2O2 showed similar profiles, except
for the 1 h incubation period, which was insufficient to observe a detectable oxidation
signal (Figure 1B).

On the other hand, 20% of the DTLMSIR peptides were Met-oxidised in the 0.05%
H2O2 group, and the oxidation rate reached 99% at the maximum H2O2 concentration
(Figure 2A). Approximately 23% of DTLMSIR peptide oxidation was observed in 0.5 h
incubation, while it was 32% at 1 h, 42% at 2 h, and 64% at 4 h (Figure 2B). Interestingly, the
oxidation at longer incubation time was observed only on the DTLMISR peptide and not
on other methionine or tryptophane residues.
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Oxidation rate on DTLMISR peptide according to different incubation times in 0.1% H2O2 (B). The
letters marked in red are the amino acids with the modifications. The percentage values were
calculated by averaging their separate injections.

As stated in previous publications, the Met252 residue on the CH2 domain (DTLMISR)
and the Met428 residue on the CH3 domain (WQQGNVFSCVMHEALHNHYTQK) are the
most sensitive amino acids to oxidation [41,42]. High surface exposure is thought to be
the reason for the oxidation of these Met residues. Furthermore, oxidation can also occur
in the CDRs [43,44]. For example, it was shown that the Met34 residue in the CDR of the
orthoclone OKT3 antibody was oxidised under oxidative stress [45], and the antibody’s
biological activity was affected. All these studies showed that the most prone site to
oxidation was the Met252 residue [46]. In this study, we found no oxidation in the CDR
region of the anti-VEGF antibody, in contrast to the elevated oxidation observed in the Fc
region under various oxidative conditions.

3.2. Impact of Oxidation on C1q Binding

The ELISA method was used to understand the binding interaction between anti-VEGF
IgGs exposed to oxidative stress and C1q protein. The antibody concentration in ELISA
varied between 0.6 and 5.0 µL/mL for determining the change in C1q binding capacity
by measuring the absorbance values. Anti-VEGF IgG molecules not exposed to H2O2
were used as control samples, and the samples exposed to oxidative stress were evaluated
according to this reference. When the antibodies treated with specific percentages of H2O2
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for 1 h at room temperature were examined for their C1q binding affinities, it was observed
that the amount of C1q binding decreased significantly with the decrease in antibody
concentration (Figure 3A). Each percentage of H2O2 exposure resulted in decreased C1q
binding affinities relative to the reference antibody at all antibody concentrations. Hence,
the control sample showed the maximum C1q binding, while all other samples showed a
statistically significant decrease in binding signal compared with the control. When the
antibody concentration value of only 1.25 µg/mL was evaluated, it was seen that the affinity
of antibodies exposed to all H2O2 percentages to C1q decreased significantly compared
with that of the control (Figure 3B).
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When samples incubated with 0.1% H2O2 at room temperature for specific incubation
times were examined, it was observed that the amount of C1q binding decreased with
decreasing antibody concentrations (Figure 4A). Furthermore, even half an hour of exposure
to oxidative stress caused a significant decrease in the C1q binding affinity of the antibodies
when compared with that of the control group. However, when the effects of exposure
times were compared at a constant sample concentration, no direct relationship could be
identified under the tested experimental conditions (Figure 4B).

Since C1q interacts with the CH2 domain in the Fc part of the antibody, the PTMs
forming here may affect the C1q interaction [47]. Studies report that Met252 oxidation in
the Fc part reduces C1q binding affinity [48]. With the oxidation of the CH2–CH3 interface
region, a conformational change may occur here, affecting the binding of C1q. Furthermore,
our pep map data also showed that Met252 in the DTLMSIR peptide was oxidised, which
may partially explain the decrease in C1q binding upon H2O2 stress.
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3.3. FcRn Binding Analysis of Anti-VEGF IgGs Exposed to Oxidation

The S.P.R. method was used to determine the binding affinity of FcRn molecules and
the anti-VEGF IgG molecules exposed to varying oxidative stress conditions. KD values
calculated using a steady-state affinity model are presented in Figure 5A. The KD value
increased as the percentage of H2O2 increased. Therefore, the binding affinity of FcRn
showed a statistically significant decrease with increased exposure to oxidative stress. The
control anti-VEGF IgG sample (not exposed to stress) had the lowest and the best KD
value, calculated as 13.15 ± 0.36 nM, indicating the disruptive effect of oxidative stress on
the anti-VEGF IgG molecule's function. In addition to these results, the absolute binding
response values of the samples were determined in the flow channel. When the absolute
response values were examined at different amounts of H2O2 exposure, the control sample
had the highest binding activity (Figure 5B), indicating an exceedingly high number of
molecules bound on the chip surface due to high FcRn interaction. The absolute response
rate decreased with the increase in oxidative stress exposure; therefore, the FcRn binding
affinity also decreased.

Using the same steady-state binding model, the FcRn binding affinity of antibodies in-
cubated in 0.1% H2O2 was separately investigated. The control sample showed the highest
binding affinity with the lowest KD value, determined as 13.15 ± 0.36 mM (Figure 6A). The
FcRn binding affinities of the oxidised samples showed a statistically significant decrease
compared with the control sample's. Comparable results were obtained when the samples
were exposed to a fixed oxidative stress level at varying exposure times. The absolute
responses of the samples exposed to oxidative stress decreased as the exposure time in-
creased compared with that of the control sample (Figure 6B), leading to a reduced FcRn
binding affinity. As a result, the absolute response confirmed our results in the steady-state
binding model.
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the mean of at least three measurements. (B) Absolute response values of the samples on the flow
channel. For statistical analysis, one-way ANOVA analysis was applied.

The interaction between the crystal structure of the mAb Fc region and FcRn occurred
in the CH2–CH3 interface region, where Met252 and Met428 residues are present [49]. It
was previously shown that oxidative stress affected the function of mAbs, primarily due to
oxidised Met and Trp residues [48,50]. Met252 and Met428 in the Fc part of the mAb were
the two most oxidised residues, and their oxidation reduced the interaction of FcRn with
IgG [51], which agrees with the current results. Likewise, the serum half-life of antibodies
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decreased by approximately 20% when 79% of Met252 residues and 57% of Met428 residues
were oxidised in a previous study conducted in mouse models, showing the importance of
combined structural and functional studies during stress evaluation [52].

3.4. VEGF Binding Analysis of anti-VEGF IgGs Exposed to Oxidation

In this study, the SPR method was used to determine the affinity of VEGF towards
the anti-VEGF-IgG molecules exposed to various oxidative stress conditions. First, VEGF
binding analyses of antibodies exposed to different H2O2 percentages were performed
(Figure 7A). The KD value of the control sample, which was not exposed to any oxidative
stress condition, was determined as 32.60 ± 12.69 pM. There was no statistically significant
increase or decrease in the exposed samples' binding affinities compared to that of the
control sample; thus, the interaction of the mAbs with the target molecule was not impaired
in our studies. The binding affinities of antibodies incubated in 0.1% H2O2 at different
time intervals were also evaluated (Figure 7B). The KD value of the control sample was
determined as 41.2 ± 17.2 pM. Similar to the trend we observed with antibodies exposed to
different percentages of H2O2, the binding affinity of antibodies exposed to oxidative stress
for different time intervals did not show any statistically significant change compared to
the control sample.

Sci. Pharm. 2023, 91, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 7. VEGF binding analysis of mAbs exposed to oxidative stress via S.P.R. (A) The VEGF bind-
ing affinity values of mAbs exposed to different amounts of H2O2. (B) The VEGF binding affinity 
values of mAbs exposed to 0.1% H2O2 at different incubation times. Experiments were conducted in 
triplicate. For statistical analysis, a one-way ANOVA test was applied. Langmuir 1:1 binding model 
was used. 

Oxidative stress can have severe effects on the stability and function of mAbs. The 
impact of oxidation on the activity of the antibody may vary depending on the oxidation 
region. In particular, the oxidation that may occur in the CDRs can significantly affect the 
antibody’s activity since CDRs enable the antibody to recognise the target molecule. Few 
reports in the literature reveal the impact of various oxidation conditions on the antigen-
binding capacity of mAbs. For example, it was observed that Met oxidation in the CDR3 
decreased the target binding capacity [53]. In another study, the Met residue in the CDR 
was not oxidised in the presence of oxidative stress, and thus, the target binding activity 
did not decrease [44]. On the other hand, the oxidation of Trp in the CDR3 significantly 
reduced the binding of the antibody to the target molecule [54]. 

Similarly, Trp residue in the CDR1 of the recombinant IgG1 molecule was very sen-
sitive to oxidation [55]. The peptide mapping analysis conducted in this study showed 
that the antibodies exposed to oxidative stress could only oxidise the Met252 residue in 
the Fc region, and no oxidation or other PTMs in the CDRs took place. There are limited 
studies about the oxidation of the peptides in CDRs; the antibody’s target molecule bind-
ing property may change due to this event [56,57]. Therefore, it can be assumed that mild 
oxidation conditions may not severely affect the antibody’s binding affinity to the target 
molecule unless there is oxidation in the CDRs, which still requires detailed structural 
studies to conclude. 

3.5. Cell Proliferation Performances of mAbs Exposed to H2O2 
The mechanism of HUVEC proliferation was used to assess the alterations in the bi-

ological activities of the mAbs. HUVECs carry several VEGF receptors on their surface, 
which allow them to generate a proliferation signal in the presence of VEGF. Anti-VEGF 
IgG molecules prevent the interaction of VEGF with HUVECs by binding to VEGF to in-
hibit cell division. Hence, changes in the proliferation of HUVECs were investigated to 
understand whether anti-VEGF IgG molecules were affected by exposure to oxidative 
stress. The growth rates of cells treated with VEGF and antibodies (exposed to 0.1% and 

Figure 7. VEGF binding analysis of mAbs exposed to oxidative stress via S.P.R. (A) The VEGF
binding affinity values of mAbs exposed to different amounts of H2O2. (B) The VEGF binding affinity
values of mAbs exposed to 0.1% H2O2 at different incubation times. Experiments were conducted in
triplicate. For statistical analysis, a one-way ANOVA test was applied. Langmuir 1:1 binding model
was used.

Oxidative stress can have severe effects on the stability and function of mAbs. The
impact of oxidation on the activity of the antibody may vary depending on the oxidation
region. In particular, the oxidation that may occur in the CDRs can significantly affect the
antibody’s activity since CDRs enable the antibody to recognise the target molecule. Few
reports in the literature reveal the impact of various oxidation conditions on the antigen-
binding capacity of mAbs. For example, it was observed that Met oxidation in the CDR3
decreased the target binding capacity [53]. In another study, the Met residue in the CDR
was not oxidised in the presence of oxidative stress, and thus, the target binding activity
did not decrease [44]. On the other hand, the oxidation of Trp in the CDR3 significantly
reduced the binding of the antibody to the target molecule [54].

Similarly, Trp residue in the CDR1 of the recombinant IgG1 molecule was very sensitive
to oxidation [55]. The peptide mapping analysis conducted in this study showed that the
antibodies exposed to oxidative stress could only oxidise the Met252 residue in the Fc region,



Sci. Pharm. 2023, 91, 31 12 of 16

and no oxidation or other PTMs in the CDRs took place. There are limited studies about
the oxidation of the peptides in CDRs; the antibody’s target molecule binding property
may change due to this event [56,57]. Therefore, it can be assumed that mild oxidation
conditions may not severely affect the antibody’s binding affinity to the target molecule
unless there is oxidation in the CDRs, which still requires detailed structural studies
to conclude.

3.5. Cell Proliferation Performances of mAbs Exposed to H2O2

The mechanism of HUVEC proliferation was used to assess the alterations in the
biological activities of the mAbs. HUVECs carry several VEGF receptors on their surface,
which allow them to generate a proliferation signal in the presence of VEGF. Anti-VEGF IgG
molecules prevent the interaction of VEGF with HUVECs by binding to VEGF to inhibit cell
division. Hence, changes in the proliferation of HUVECs were investigated to understand
whether anti-VEGF IgG molecules were affected by exposure to oxidative stress. The
growth rates of cells treated with VEGF and antibodies (exposed to 0.1% and 0.5% H2O2)
were determined by measuring the absorbance values using the MTS method. The cells
treated with no antibodies were taken as the positive control. Since there was no antibody
binding to VEGF in the positive control sample, the proliferation effect of VEGF was at the
maximum OD value, representing the maximum cell proliferation. The samples treated
with naïve anti-VEGF IgG molecules were the negative control. The effect of anti-VEGF IgG
molecules exposed to oxidative stress on cell proliferation was determined by comparing
them with positive and negative control samples.

As presented in Figure 8, the negative control sample gave a low absorbance value,
indicating inhibited cell proliferation. The treatment with antibodies exposed to 0.1% and
0.5% H2O2 reduced the optical density of HUVECs as much as the negative control sample.
In other words, increased oxidative stress levels did not cause a statistically significant
change in cell proliferation rates under these experimental conditions, indicating that the
stressed anti-VEGF molecules continued to bind and neutralise VEGF molecules, which
agrees with the existing literature [58].
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4. Conclusions

The present study reveals anti-VEGF IgG molecules’ structural and functional changes
in response to various oxidation conditions. The pep map analysis of the samples exposed to
various oxidative stress conditions showed oxidation only in Met residue in the DTLMISR
peptide. The Met oxidation increased with the increase in the percentage of H2O2 and the
exposure time. Met252 and Met428 residues are the most prone sites to oxidation in the Fc
region of mAbs [41,59]. In the current study, oxidation was only seen in Met252 but not in
Met428 residue, and no other PTM types were observed. The C1q protein is responsible
for the CDC activity, one of the antibody's vital effector functions [60]. When exposed to
oxidative stress, the mAb samples showed decreased C1q binding affinity.

In addition, there was no correlation between the decreased C1q binding and the
increased level of H2O2 or stress exposure time. Even at the lowest H2O2 exposure, the C1q
binding reduced to a similar level for the highest H2O2 percentage compared to the control
group. The interaction of therapeutic antibodies with FcRn is of immense importance in
demonstrating the drug’s preclinic efficacy. The modifications on the CH2–CH3 domain
of the Fc region may prevent FcRn binding. The binding capacity of the mAbs with FcRn
decreased in the current study upon oxidation of the Met252 residue in the CH2 domain.
The binding affinity of VEGF molecules with the oxidised antibodies was also examined
using SPR, no significant change was observed in the target binding activity through the Fab
region. As expected, it was found that HUVEC cell proliferation was also not significantly
affected by the increased oxidative stress since Met252 was oxidised only in the Fc region
instead of the CDR. In conclusion, the authors recommend performing functional analyses
in addition to structural studies while investigating the impacts of the stress factors on
therapeutic mAbs.
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