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ABSTRACT
Controlling acidic charge variants is critical for an industrial bioprocess due to the potential impact on
therapeutic efficacy and safety. Achieving a consistent charge variant profile at manufacturing scale remains
challenging and may require substantial resources to investigate effective control strategies. This is partially
due to incomplete understanding of the underlying causes for charge variant formation during the cell culture
process. To address this gap, we examined the effects of four process input factors (temperature, iron
concentration, feed media age, and antioxidant (rosmarinic acid) concentration) on charge variant profile.
These factors were found to affect the charge profile by modulating the cell culture oxidative state. Process
conditions with higher acidic peaks corresponded to elevated supernatant peroxide concentration, intracel-
lular reactive oxygen species (ROS) levels, or both. Changes in glycation level were the primary cause of the
charge heterogeneity, and for the first time, supernatant peroxide was found to positively correlate with
glycation levels. Based on these findings, a novel mathematical model was developed to demonstrate that the
rate of acidic species formation was exponentially proportional to the concentrations of supernatant peroxide
and protein product. This work provides critical insights into charge variant formation during the cell culture
process and highlights the importance of modulating of cell culture oxidative stress for charge variant control.
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Introduction

Biologics comprised three of the top five drugs in revenue in
20161 and have steadily increased as a share of overall drug
approvals in the past 20 years.2 Investment into biopharmaceu-
ticals andmanufacturing capacity continues to grow due to good
profiles in both efficacy and safety, as well as high approval
rates.3,4 Concurrently, the Food and Drug Administration has
encouraged a quality-by-design approach, emphasizing consis-
tent product quality attribute (PQA) profiles during manufac-
turing. Taken together, these developments emphasize the
importance of focused efforts not only for increasing the product
titer, but also for refining product quality.

Charge variants are modified protein species that are sepa-
rated by charge-based methods5 and may result in different
efficacy and pharmacokinetics outcomes.6–9 In particular,
acidic species may affect the therapeutic efficacy: one study
showed that deamidation of an IgG1 molecule reduced anti-
gen binding by 14 fold in cynomolgus monkeys.10 As such,
acidic charge variants are often considered critical quality
attributes,11–13 and strategies for modulating charge profiles
are important aspects of the overall PQA control for the
commercial manufacturing bioprocess (see reference14 for a
recent review on managing charge variant profiles).

Controlling charge heterogeneity remains a major chal-
lenge for manufacturing of biological therapeutics. Reports
have shown that acidic variant levels may change when the
manufacturing process was scaled up or transferred to a
different facility,15 demonstrating the sensitivity of charge
profiles to process changes. Currently, knowledge regarding
the underlying mechanisms to these changes during cell cul-
ture remain limited because many process development
groups rely heavily on design-of-experiment (DOE) studies
to achieve the required product quality specifications.16–19

While these approaches are helpful in controlling the level
of charged species, they often do not directly address the root
causes of the charge heterogeneity.

There have been some reported strategies for reducing charge
variants: modulating process pH, temperature, and light
exposure;15,20,21 adjusting the concentration of medium addi-
tives including trace metals (e.g., copper or iron)18,22–27 or
antioxidants;25,28 and controlling glucose concentration for
glycation.29 These control strategies modulated the charge pro-
file typically by reducing the deamidation, glycation, or oxida-
tion levels, based on information from in-house peptide
mapping and literature reports.7,30–32 However, a clear and
direct link is still missing on how exactly these factors influence
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these modifications. These three reactions are all chemically
oxidative reactions that result in the loss of one electron and
formation of ammonia (deamidation) or water (oxidation and
glycation). We believed that these modifications may be related
to oxidative stress; thus, this study was conducted with the
hypothesis that reactive oxygen species (ROS), intracellular or
extracellular, catalyzed acidic charge variant formation.

Results

Higher level of acidic species is associated with increased
oxidative stress

Previous unpublished results showed that feed media (FM)
age was a significant factor in generating acidic charge var-
iants. To further investigate this phenomenon, we used aged
FM at 10 weeks shelf-life and evaluated the cell performance,
titer, and cell performance. The aged FM substantially low-
ered viable cell density (Figure 1A), viability (Figure 1B), and
titer (Figure 1C) and increased acidic charge variants, as
measured by imaged capillary isoelectric focusing (icIEF).
Aged FM appeared to have also affected the metabolic profiles

of glutamine, glutamate, lactate, and ammonia (Figure S1A-
F). Mass spectrometry (MS) analyses were performed for the
samples taken from culture day 12 to determine the modifica-
tions that contributed to the change in charge profiles.
Glycation levels were evaluated by intact mass analysis of
the whole molecule after enzymatic removal of N-linked oli-
gosaccharides with PNGase digestion (Figure S5).
Deamidation and oxidation levels were evaluated by tryptic
peptide mapping with liquid chromatography (LC)/MS/MS
detection. Higher glycation, deamidation, and oxidation levels
were observed in the Aged FM condition compared to the
Control, as shown in Figure 1E and Figure S5. Additionally,
the Control employed a temperature shift (TS) on day 6 of the
culture from 36.5ºC to 34ºC; removing the TS (no TS)
increased both the acidic charge variants and the titer slightly
(Figure 1D). Cell culture performance for the no TS condition
also exhibited minor changes during the late stages of the
culture process (day 10–12), including lower viability
(Figure 1B) and small differences in metabolic profiles
(Figure S1A-F). Notably, glycation percentage, as measured
by affinity chromatography, was found to correlate strongly
with acidic variant levels (Figure 1F, R2 = 0.8976) for day 12

Figure 1. Impact of feed media age and temperature on cell culture performance and acidic peak content. Profiles were shown for (A) Cell growth and (B)
viability. Acidic Peak Percent (on the left y-axis, measured by icIEF) and protein Titer (on the right y-axis, normalized to day 12 titer of the Control condition) were
depicted, comparing (C) the effect of Aged Feed Media (FM) to the Control condition and (D) the effect of the no temperature shift (no TS) condition. (E) Peptide
mapping of these conditions was conducted for the day 12 samples. (F) Day 12 glycation data, as measured by a boronate affinity column, showed good correlation
with the day 12 Acidic Peak.
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samples, suggesting that glycation was a major contributor to
the acidic species.

As deamidation, glycation, and oxidation are all oxidation-
reduction chemical reactions, we hypothesized that the cellu-
lar oxidative state may play a critical role in the formation of
acidic charge variants. Oxidative stress was characterized by
measuring supernatant peroxide, intracellular ROS, catalase,
and glutathione (GSH) (Figure 2, Table 1). The supernatant
peroxide concentration (Figure 2A) was higher for the Aged
FM condition compared to the Control at all time points. The
no TS condition exhibited no obvious differences in super-
natant peroxide levels to the Control, but intracellular ROS
levels (Figure 2B) mirrored changes in the acidic peak,
remaining similar on day 6 before deviating on days 10 and
12. Catalase levels (Table 1) were not statistically different
between the Control and the no TS conditions, whereas the
Aged FM condition displayed reduced catalase levels on day
10. The GSH concentration was elevated for the Aged FM on
day 6, yet was dramatically lower on day 10 compared to the
Control. This suggested that cells might have regulated cata-
lase or GSH activity in response to the oxidative stresses
caused by the tested conditions (Figure 2A-B).

Addition of antioxidant and iron modulated oxidative
stress and affected acidic species levels

The above results suggest the importance of controlling ROS
for modulating acidic variants, leading to the next study to
evaluate whether antioxidant addition may reduce acidic

charge variants. Previously, we identified rosmarinic acid
(RA) as a leading antioxidant for decreasing acidic charged
species and increasing protein titer. Based on those results,
0.36 g/L RA was added to the Control, the no TS, and the
Aged FM conditions. Conditions involving iron (80 µM,
+Iron condition) and peroxide (+Peroxide condition) were
also included to study their effects on charge variant forma-
tion. The peroxide level in the Aged FM conditions had
increased to 460 μM after the weeks of storage (data not
shown). Here, the fresh FM peroxide level was brought to
this peroxide concentration (+Peroxide condition) to deter-
mine whether this could replicate the increase in acidic
charged species observed with the Aged FM condition.

The addition of RA reduced the acidic variants percentage for
all conditions tested (Figure 3A-D). Supplementing RA to the
aged FM reduced acidic charge variants by 4.9% and substantially
increased the titer by 29.1% (Figure 3A). The addition of iron to
the Aged FM condition also reduced the acidic percentage and
enhanced the titer. The combination of iron and RA (Aged FM
+Iron +RA) performed similarly to the +RA condition in redu-
cing acidic variants for the Aged FM condition (Figure 3A). Iron
addition to the Control condition did not affect the acidic peak
percentage noticeably whereas RA addition to the Control
reduced acidic variants by 3–5% (data not shown). However, the
combination of iron and RA reduced the acidic variants by 10%
and had negligible effects on the titer compared with the Control
process (Figure 3B). The addition of iron, RA, or both to the aged
FM or the control condition also resulted in different cell culture
growth and metabolic profiles (Figure S2-3).

Figure 2. Oxidative state of cell culture caused by changes to feed media shelf-life and temperature. (A) Supernatant peroxide concentration was measured
for the Control, the Aged Feed Media (FM), and the no temperature shift (no TS) conditions. (B) Flow cytometry data measuring intracellular reactive oxygen species
(ROS) were shown for the Aged FM (red) and no TS conditions (red) against the Control condition (blue) on days 6, 10, and 12.

Table 1. Catalase and glutathione activity.

Day 6 Catalase (U/mL) Day 10 Catalase (U/mL) Day 6 GSH (μM) Day 10 GSH (μM)

Aged Feed Media 656.12 ± 433.48 714.80 ± 116.06 458.73 ± 14.28 248.24 ± 1.30
+ RA 887.57 ± 9.05 940.95 ± 141.51 411.42 ± 14.28 366.91 ± 18.26
+ Iron 933.26 ± 3.06 900.58 ± 122.78 366.75 ± 10.12 313.81 ± 0.76
+ Iron + RA 961.09 ± 17.14 853.43 ± 108.78 403.57 ± 15.32 357.65 ± 1.93

Control 737.77 ± 237.60 1039.44 ± 105.10 315.94 ± 1.32 454.41 ± 15.28
+ Iron + RA 928.54 ± 49.06 957.94 ± 75.80 424.79 ± 41.42 370.96 ± 7.17

no TS 791.81 ± 25.47 1074.40 ± 149.91 366.86 ± 4.28 427.29 ± 11.91
+ RA 962.35 ± 53.14 912.85 ± 128.90 451.41 ± 17.12 376.62 ± 0.85

Peroxide 939.11 ± 17.11 1036.09 ± 165.55 425.78 ± 35.64 406.86 ± 7.94
+ RA 953.03 ± 62.46 938.76 ± 218.07 465.64 ± 28.66 362.85 ± 5.02

*GSH = Glutathione; RA = rosmarinic acid; TS = temperature shift
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The acidic peak of the +Peroxide condition was not appre-
ciably different to that of the Control (Figure 3B and
Figure 3D). The supernatant peroxide concentration was
much higher for the Aged FM condition compared to the
+Peroxide condition (Figure 4A and Figure 4C) even though
both FM conditions started with the same hydrogen peroxide

concentration. Additions of iron, RA, or both to the Aged FM
condition all lowered supernatant peroxide concentration
(Figure 4A). For the Aged FM conditions, the supernatant
peroxide concentration corresponded directly with acidic
peak levels (Figure 3A and Figure 4A) and inversely with
the protein titer (Figure 3A and Figure 4A). Addition of

Figure 3. Rosmarinic acid and Iron reduced acidic peak percent. Acidic Peak (on the left y-axis) and Titer (on the right y-axis, normalized to day 12 titer of control
sample) were depicted, comparing the effect of the following additives: (A) Iron, Rosmarinic Acid (RA), and + Iron + RA on Aged Feed Media (FM); (B) + Iron + RA on
Control condition; (C) + RA on the no temperature shift (no TS) condition; (D) and + RA on the + Peroxide condition.

Figure 4. Rosmarinic acid and Iron reduced cell culture oxidative stress. Supernatant peroxide concentration was measured for characterizing the effect of the
following additives: (A) + Rosmarinic Acid (RA), + Iron, and + Iron + RA on Aged Feed Media (FM); (B) + Iron + RA on the Control; and (C) + RA on no temperature shift (TS)
and + Peroxide conditions. (D) Flow cytometry data comparing the intracellular reactive oxygen species (ROS) levels for the Control with or without + Iron + RA and the
Aged FM condition with or without RA on days 6, 10, and 12 of culture. (E) Peptide mapping of the tested conditions was conducted for the day 12 samples.
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iron and RA to the Control condition reduced the super-
natant peroxide levels throughout the culture duration
(+Iron +RA; Figure 4B). RA addition to the no TS and
+Peroxide conditions (Figure 4C) reduced the supernatant
peroxide levels on day 6, but no obvious difference was
observed on days 10 or 12. The addition of RA to the Aged
FM condition or iron and RA to the Control condition
reduced the intracellular ROS levels over the duration of the
culture (Figure 4D). Peptide mapping (Figure 4E) showed that
iron or RA addition reduced glycation for all conditions and
that the combination of iron and RA reduced glycation levels
even further than either as a single addition, highlighting the
significance of modulating oxidative stress for glycation
reduction (Figure 4E). RA addition also slightly decreased
deamidation levels and increased oxidation levels (Figure 4E).

Other measures of oxidative state also showed the altered
responses to different ROS levels. Catalase activity for the
Aged FM condition was significantly lowered on day 10
compared to the Control, but was partially restored with the
addition of iron, RA, or the combination (Table 1). Relative to
the Control condition, all conditions with RA addition exhib-
ited higher GSH levels on day 6, but lower levels on day 10
(Table 1). A similar trend for the GSH levels was observed
when iron and RA were added to the Control condition
(Table 1). Iron or RA addition to the aged FM brought the
GSH levels closer to the Control condition by decreasing GSH
levels on day 6 but increasing on day 10, relative to Aged FM
condition without additions (Table 1).

Root cause analyses with advanced statistics and
mathematical modelling

To identify the root causes for the acidic species, the previous
results were compiled with measured cell culture performance
across culture time points (Figure 1A-B and Figure S1-3) and
were evaluated using multi-variate analysis (MVA, see meth-
ods section). A partial least squares (PLS) model was built
using the test conditions and measurements of cell culture
performance (e.g., titer and viability) and oxidative state as the
input variables and the acidic peak percent, glycation, deami-
dation, oxidation, or supernatant peroxide levels as the
response variables (Table 2). Figure 5A-D highlighted the
process used to analyze the significant factors with glycation
as the response factor. First, the PLS model identified two
major principal components, t[1] and t[2], to explain the
differences in glycation levels. In particular, t[1] exhibited
good differentiation for glycation with lower glycation levels

on the left (blue dots), intermediate levels in the center (green
dots), and higher levels on the right (red dots) (Figure 5A).
The factors within t[1] were further examined, and the
weights representing the relationship between each of the
factors at the specific time point and the response were
calculated. The larger weights signified the greater impact of
the factor toward the response. Supernatant peroxide concen-
tration on days 5, 7, and 9–12 correlated strongly with
increased glycation levels (Figure 5B). Figure 5C-D depicts
the positive correlations of supernatant peroxide concentra-
tions with the day 12 glycation (Figure 5C) and levels of acidic
species (Figure 5D).

This method identified the significant factors and their
potential magnitude of impacts on the levels of glycation,
oxidation, deamidation, or acidic species (Table 2). As
expected, supernatant peroxide concentration and glycation
percent were among the most significant factors that posi-
tively correlated to acidic species levels. In agreement with a
literature report,28 viability had an inverse relationship with
the acidic peak (Table 2 and Figure S4). Similarly, tempera-
ture positively correlated with glycation levels and strongly
correlated with deamidation levels. FM age strongly corre-
sponded with increased acidic peak, glycation, and oxidation
levels. Supernatant peroxide concentration strongly
(weight> 0.1) influenced glycation and deamidation levels,
but not oxidation levels. RA correlated strongly with reduced
supernatant peroxide concentration and acidic species levels
and increased oxidation. Iron was inversely correlated to
supernatant peroxide concentration, glycation, and deamida-
tion levels. In addition, catalase showed negative correlation
with the acidic peak and the glycation levels, and GSH showed
negative correlation with glycation and deamidation levels.

The strong correlation between the acidic peak and the
glycation levels suggested that the reduction of acidic species
in this study was primarily caused by changes in the glycation
levels, which was tightly linked to the supernatant peroxide
concentrations. Factors that affected the supernatant peroxide
levels also modulated the glycation and the acidic species
levels. Based on these findings, Equation 2 was proposed for
modeling the charge variant formation; the 2-L bioreactor
experiment data (Figure 6C-E) were then employed to vali-
date this model. The Aged FM (6 weeks shelf-life), the
Control (FM with 3 weeks shelf-life), or the Control with
the RA and iron addition were then tested in the 2-L bior-
eactor culture model, as these conditions produced the high-
est, medium, and the lowest acidic variants percentage in the
shake flask study. The resulting model generated good

Table 2. PLS analysis of the impact of input factors, cell viability, and oxidative state on acidic modifications.

Input Factors Measurement of Cell Viability and Oxidative State Acidic Modifications

FM Age T Fe RA Viability Catalase GSH Supernatant Peroxide Glycation Oxidation Deamidation

Acidic Peak +++ – – – +++ +++ + ++
-Glycation +++ + - - – – – +++ ++ +++
-Oxidation +++ +++ – ++
-Deamidation +++ – – – ++ +++
Supernatant Peroxide ++ - - – – - +++ ++

+/ – = weight < 0.05
++/ – = 0.05 < weight < 0.1
+++/ – = weight > 0.1
* FM = feed media; T = temperature; Fe = ferrous sulfate; RA = rosmarinic acid; GSH = glutathione
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agreement between the predicted and the actual results
(Table 3 and Figure 5E, R2 = 0.773 either with Orthogonal
Fit or Bivariate Normal Ellipse Fit with P = 0.95). Notably, the
value of j, the exponent for supernatant peroxide concentra-
tion, was almost an order of magnitude higher than the value
of k, the exponent for glucose concentration, suggesting that
glucose concentration (1–8 g/L observed in the studies,
Figures S1-3) exerted much less impact on the increase in
glycation levels compared to the supernatant peroxide. The
exponent for protein concentration m presented similar value
to the parameter j, showing that improved productivity and
higher protein titer may possibly lead to increased acidic
species if cellular oxidative stress for the improved condition
is maintained at a similar level. The results align with litera-
ture report33 and our observations with multiple pipeline
molecules that acidic species content increased by 15 ~ 20%
when protein titers were improved by 100 ~ 200%.

Discussion

All of the factors that increased the acidic peak in this study
correlated with increased supernatant hydrogen peroxide concen-
tration or intracellular ROS activity. This increase in oxidative

stress appeared to trigger changes in endogenous antioxidant
activity, as shown by the altered catalase and GSH levels
(Table 1), and was negatively correlated to the glycation levels.
Similarly, catalase activity exhibited an inverse correlation to the
acidic peak (Table 2), suggesting that decreasing cellular oxidative
stress reduced the acidic peak formation. Nutrient deprivation
was shown to increase metabolic stress and ROS production,34

and may be one of the primary drivers of charge heterogeneity
shown here. Additionally, industrial FM are generally highly con-
centrated, raising stability concerns for specific components.-
33,35,36 Amino acid analysis showed that the cysteine, arginine,
histidine, and lysine concentrations were reduced by 30 ~ 75% for
the aged FM after 7 weeks’ storage (Table S1). On the other hand,
the addition of hydrogen peroxide to fresh FM did not signifi-
cantly change the concentration of these amino acids compared to
the fresh FM (Table S1) nor dramatically affect the cell culture
supernatant peroxide concentrations, the glycation, or the acidic
peak levels (Figure 3D, 4C and 4E). Collectively, this suggested
that the increase in acidic variants for the Aged FM conditionmay
have resulted from the increased cell culture supernatant peroxide
levels (Figure 4A) caused by nutrient starvation and not solely by
the peroxide produced in the Aged FM due to extended storage.
Indeed, the cell culture supernatant peroxide concentration was

Figure 5. Root cause analysis for charge variants formation. (A) Partial least square (PLS) model decomposed the collected data into two major principal
components, t[1] and t[2] with day 12 Glycation as the response factor in this example. Blue signified low levels of glycation, green signified medium levels, and red
signified high levels. (B) Significance (weight) of the supernatant peroxide concentration for affecting glycation was shown across different days in culture. Error bars
denoted confidence intervals. (C) Supernatant peroxide concentrations were plotted against the changes in glycation levels on day 12. Blue denoted low levels of
acidic peak, green denoted medium levels, and red denoted high levels. Green dotted lines signified the mean supernatant peroxide response, with the red dotted
lines as the confidence intervals, set at 3 standard deviations from the mean. Data points are plotted based on day 12 glycation levels, the only time point with
measured glycation values. (D) Supernatant peroxide concentrations were plotted against the acidic peak levels on days 6, 10, and 12. Blue denoted low levels of
acidic peak, green denoted medium levels, and red denoted high levels. Green dotted lines signified the mean supernatant peroxide levels, with the red dotted lines
as the confidence intervals, set at 3 standard deviations from the mean. While supernatant peroxide data was collected on days 4, 6, 10, and 12, charge variant data
was only collected only days 6, 10, and 12. Thus, the “Missing” reflected the acidic variant percent data that was not collected on day 4. (E) Fit of the calculated rate
of acidic increase (y-axis) based on experiment data against the model predicted rate of acidic increase (x-axis). The red line showed the orthogonal fit ratio, and the
green ellipse encompassed the 95% confidence limits. (F) Proposed schematic for the mechanism that the studied factors affect the acidic species. The studied
factors, temperature and feed media (FM), may lead to cellular oxidative stress, which in turn affects cell culture performance (growth, viability and titer) and
increases the supernatant peroxide concentration. The supernatant peroxide then interacts with the protein product and produces the modifications (glycation,
oxidation, and deamidation) that increase acidic charge variants. Cellular antioxidant defense response may reduce oxidative stress through altering intracellular
levels of glutathione (GSH) or catalase. Cell culture media additives such as iron or antioxidant rosmarinic acid (RA) decrease acidic charge variants by reducing the
intracellular oxidative stress and the supernatant peroxide concentration.
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much higher for the Aged FM condition compared to the
+ Peroxide condition (0.79–1.13 μM for Aged FM vs 0.40–
0.87 μM for +Peroxide on day 6 to 12 of culture; Figure 4A and
Figure 4C) even though both conditions had the same starting
hydrogen peroxide concentration in the FM. Cells trigger

antioxidant defensemechanisms by altering the intracellular levels
of antioxidants, e.g., GSH or catalase, in the presence of oxidative
stress. The GSH and catalase levels for the +Peroxide condition
were comparable to the Control condition on culture day 6 and
10, but much higher than that of the Aged FM condition

Figure 6. Evaluation of the impact of RA, Iron or aged FM on charge variants with a different clone or culture system. Acidic Peak (on the left y-axis) and
Titer (on the right y-axis, normalized to day 12 titer of control sample) were depicted: (A) impact of rosmarinic acid (RA) to a clone expressing an IgG1 Molecule 2;
and (B) supernatant peroxide levels of the cell line expressing Molecule 2 with or without RA. Validation of the results from the Control, Aged FM, and + Iron + RA
conditions was conducted through a scale-up study in a 2-L fed-batch bioreactor system with the following characterization data: (C) Acidic Species (on the left
y-axis) and the Titer (on the right y-axis); (D) supernatant peroxide; and (E) flow cytometry depicting the intracellular ROS.

Table 3. Parameter estimates from modelling.

SSE DFE MSE RMSE

0.1873 27 0.0069 0.0833

Parameter Estimate Approximate StdErr Lower CL Upper CL

a 0.5695 0.1407 0.3331 0.9645
j 0.5794 0.1125 0.3522 0.8112
k 0.0857 0.1356 −0.2061 0.3803
m 0.5021 0.1110 0.2809 0.7315

SSE = sum of squared errors; DFE = degrees of freedom; MSE = mean squared error; RMSE = root-mean-square error; StdError = standard error; CL = confidence limit
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(Table 1). Cells in the +Peroxide condition may have cleared the
peroxide in the FM through the increased levels of endogenous
antioxidants, resulting in comparable supernatant peroxide levels
to the Control condition. The Aged FM condition, however, may
have experienced greater oxidative stress due to nutrient deple-
tion, leading to higher peroxide levels in the cell culture super-
natant. The supernatant peroxide then catalyzed the protein
modifications that increased acidic species. Regardless of the
exact mechanism, there is a clear and direct association between
high levels of oxidative stress or supernatant peroxide and high
levels of acidic species (Aged FM) and vice versa (e.g., +Peroxide
condition, +RA conditions). Notably, the increased oxidative
stress for the Aged FM condition also impaired cell growth
(Figure 1A) and productivity (Figure 1C), as reported elsewhere.37

The dominant form of protein modification was glycation,
which correlated strongly with the supernatant peroxide con-
centration (Table 2). Interestingly, glucose concentration had
a minimal impact on glycation in this study as increased
glucose concentration did not noticeably increase the acidic
peak, as previous authors have shown.29 All tested conditions
had the same glucose action limits, and internal studies utiliz-
ing higher glucose levels (5–11 g/L vs 1–8 g/L in this study)
showed negligible impact (~1%) to the acidic variants content
(data not shown). Additionally, galactose and fructose levels
in the cell culture supernatant were likely negligible compared
to the glucose concentration, as neither galactose nor fructose
was present in the media formulations. Thus, changes in the
glycation were less likely to be caused by levels of glucose or
other sugars, but rather by supernatant peroxide levels. The
mathematical modelling also confirmed this observation and
showed that the glycation levels correlated more strongly with
the supernatant peroxide concentration than with the glucose
concentration. Studies investigating nonglycemic glycation38-
40 have reported a positive correlation between glycation and
malondialdehyde (MDA). MDA is a reactive lipid peroxide
species that may increase glycation by anchoring the glucose
and the protein target.41 Hydrogen peroxide may lead to the
formation of MDA and subsequently catalyze glycation.42 The
results shown here are consistent with the literature findings.

Iron is a critical medium component due to its role in
energy production via the respiratory chain.43,44 Higher iron
concentration has been reported to dramatically improve cell
culture performance for cell growth and productivity, espe-
cially when cells are adapted from serum- or hydrolysate-
containing media to chemically defined media.45–47 A recent
study showed that iron supplementation may also delay cell
aging by functioning similarly to catalase to decompose
ROS.48 These reports indicate that iron may modulate oxida-
tive stress and promote cellular functions, similar to results
shown here where addition of iron to the Aged FM condition
dramatically boosted productivity and reduced acidic species
(Figure 3A). This was likely achieved by reduced oxidative
stress as shown by the significantly lower supernatant perox-
ide levels in the presence of iron (Figure 4A). Iron addition to
the Control condition with fresh FM did not noticeably affect
the acidic peak percentage or the supernatant peroxide levels
(data not shown), suggesting there was sufficient iron in the
cell culture media and that additional iron may not further
improve cellular functions when cells are not under severe

stress. However, the combination of iron and RA added to the
Control condition further reduced both the acidic charged
species and the supernatant peroxide levels more than the
addition of iron alone, showing a synergistic effect of the
combination towards modulating oxidative stress and acidic
species (Figure 3B and Figure 4B).

RA reduced the acidic species, primarily through the
reduction of supernatant peroxide concentration, leading to
the reduction in glycation. RA may directly scavenge ROS49 or
also potentially generate ROS species through the interaction
with transition metals, such as iron or copper.50,51 In addition,
RA supplementation may trigger global changes in gene
expression and metabolism, specifically catalase activity, to
reduce cell culture oxidative stress and improve cell culture
performance (data not shown). Consistent with previous
observations, catalase and GSH activity were elevated on
days 6 when supplemented with RA (Table 1), suggesting
that RA may alter cellular antioxidant metabolism to reduce
supernatant peroxide levels. All conditions with RA showed
slightly increased levels of protein oxidation (Figure 4E),
which are primarily catalyzed by protein peroxides and not
hydrogen peroxide.52,53 The assay kit used in this study only
detected hydrogen peroxide and peroxynitrite in cell free
systems;54 the RA may have increased the concentration of
certain protein peroxides through the interaction with transi-
tion metals, leading to slightly higher total protein oxidation
levels. Nevertheless, the supernatant hydrogen peroxide levels
appeared to decrease in the presence of RA, which was also
inversely correlated with glycation levels and acidic variants
content (Figure 3–4). This was especially notable for Aged
FM, as Aged FM +RA showed similar amino acid composi-
tion as the Aged FM but still partially restored titer and acidic
charge profile (Figure 3A) via reduced supernatant peroxide
concentration (Figure 4A), intracellular ROS (Figure 4D), and
glycation levels (Figure 4E).

Findings from this study were tested across other systems.
RA addition decreased the acidic species by 5% in a shake
flask model with a Chinese hamster ovary (CHO) cell clone
expressing a different IgG1 molecule (Molecule 2; Figure 6A)
and the supernatant peroxide levels (Figure 6B). Additionally,
the Aged FM (6 week shelf-life), the Control (FM with
3 weeks shelf-life), or the Control with the RA and iron
addition were carried out in a 2-L bioreactor culture, with
the resulting acidic content trending similarly to that observed
with the shake flask culture model (Figure 1C). Here, the
Aged FM condition had the highest acidic levels and the
+Iron +RA condition had the lowest (Figure 6C). The differ-
ence between the Control and the Aged FM was not as
significant as that observed for the shake flask culture model
(Figure 1A), possibly due to the difference in the FM age
(6 weeks shelf-life for 2-L bioreactor culture vs. 10 weeks for
the shake flask culture). Measured supernatant peroxide and
intracellular ROS levels also trended similarly to that observed
in the shake flask model (Figure 6D-E).

Combining all the results and analyses, Figure 5F highlights
the proposed scheme by which the acidic modifications (glyca-
tion, deamidation, and oxidation) occur during production fed-
batch culture. In brief, modulating the cell culture parameters
such as culture temperature or cell culturemedia agemay elevate
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cellular oxidative stress. Meanwhile, cells may trigger an antiox-
idant response that alleviates this stress by shifting the metabo-
lism of GSH or the expression of catalase. Severe oxidative stress
may overcome this cellular self-defense, impairing cell culture
performance (e.g., growth profiles or protein titers) and produ-
cing excessive ROS, e.g., peroxides, that migrate into the cell
culture supernatant. The supernatant peroxides then interact
with the protein product and induce degradation modifications,
specifically glycation or deamidation, resulting in formation of
acidic charge variants. Antioxidant addition may reduce the
supernatant peroxide by directly scavenging the supernatant
peroxide and by reducing the intracellular oxidative stress that
produces the supernatant peroxide. This study showed the
importance of glycation in increasing acidic charged species.
This is also the first reported case of glycation caused by glu-
cose-independent factors in a bioreactor system. Additionally,
the mathematical model developed here describes, for the first-
time, a quantitative relationship between ROS and the change in
glycation and acidic charge variants, and indicates future direc-
tions in modulating charged species by controlling oxidative
stress during a fed-batch culture cycle. In summary, our study
has, for the first time, established the link between supernatant
peroxide concentrations to glycation levels in a bioprocess set-
ting. Although this study was primarily performed on a single
CHO cell line, preliminary studies on a separate CHO cell line
showed similar trends in acidic peak and ROS reduction with the
addition of RA (Figure 6). This suggests that nonglycemic glyca-
tion, likely caused by oxidative stress, may be a common phe-
nomenon that leads to increased acidic charge variants in
mammalian bioprocessing.

Materials and methods

Cell culture

CHO cell lines expressing IgG1 monoclonal antibodies (mAbs)
were cultured in shake flasks or 2-L bioreactors in fed-batch
mode. These cell lines utilized the glutamine synthetase gene
expression system and were fed with proprietary chemically
defined basal media (BM) and FM. RA and ferrous sulfate-
EDTA were used as supplements to the FM and BM, respec-
tively. Cell viability was measured by Vi-Cell XR Cell Counters
(Beckman Coulter). Cellular metabolites were measured by
Cedex Bio HT Analyzers (Roche, Basel, Switzerland). Titer
values were normalized to the manufacturing process titer.

Generating conditions for studying charge variants

Either 0.36 g/L RA or 80 µM ferrous sulfate was used for the
study and was added to FM (fresh or aged) prior to use. In
addition, aged FM was held at room temperature but pro-
tected from light for up to 10 weeks (7 weeks storage and
3 weeks for cell culture use).

Charge variant detection

Cell culture supernatant was filtered by 0.22 µm filters before
Protein A chromatography, using the MabSelect Resin (GE
Healthcare). The purified samples were then analyzed by

icIEF with a fluorocarbon-coated capillary cartridge within
the iCE3 Instrument with Alcott 720NV auto sampler
(Protein Simple). Detection was achieved by whole column
UV imaging (280 nm).

Glycation analysis

Glycation analysis by mass spectrometry
After Protein A purification, the samples were de-N-glyco-
sylated by PNGase F and injected into a size-exclusion
chromatography (SEC)/MS system for mass analysis. SEC
separation was conducted using a Waters Aquity UPLC
system with a BEH200 SEC column (1.7 μm,
4.6 × 150 mm) under isocratic conditions, at 200 μL/min
and ambient temperature, with 5 mM ammonia formate
and 0.5% acetic acid in 80% water/20% acetonitrile as the
stationary phase. The SEC eluant was directed onto a Xevo-
G2 XS quadrupole time-of-flight mass spectrometer (Waters
Corporation) at 3.0 kV capillary voltage, with source and
desolvation temperature at 150°C and 500°C, respectively.
The instrument was scanned from m/z 500 to 4000 Da.
Deconvolution of multiply-charged ions was performed
using MaxEnt 1 program in the MassLynx software package
(Waters Corporation). Relative quantification of the gly-
cated mAb was based on the peak heights of the non-
glycated and glycated species.

Glycation analysis by affinity chromatography

Affinity chromatography was used to quantify glycation level.
The UV diode-array detector was set at 280 nm. A TSKgel
boronate-5PW affinity column (7.5 mm x 75 mm, Tosoh
Bioscience) was equilibrated with buffer A containing
100 mM HEPES, 70mM Tris, 200 mM NaCl, pH 8.6. The
mAb samples were injected onto the column and eluted with
buffer B (0.5 M sorbitol in buffer A) gradient over 5 min. The
glycation level was determined by calculating the percentage
of retained peak area versus total peak area.

Peptide mapping for deamidation and oxidation analysis

The Protein A purified samples were denatured by guanidine
hydrochloride, reduced by dithiothreitol, alkylated by iodoa-
cetamide and digested with trypsin. The tryptic digest was
chromatographically separated using a Waters ACQUITY
UPLC system (Milford, MA U.S.A.) before being analyzed
by ThermoScientific Orbitrap Q-EXACTIVE™ PLUS mass
spectrometer (Bremen, Germany). A Waters Acquity BEH
C18 column (1.7 µm, 2.1 × 150 mm) was used for separation
(at 45°C). A linear gradient of 1% to 80% mobile phase B over
105 mins was used to elute the peptides (mobile phase A: 0.1%
formic acid in water; mobile phase B: 0.1% formic acid in
acetonitrile) at a flow rate of 0.2 mL/min.

The Q Exactive Plus mass spectrometer was operating in
data-dependent mode to switch between MS and MS/MS
acquisition. Ions were generated using a sheath gas flow rate
of 40, an auxiliary gas flow rate of 10, a spray voltage of 3 kV,
a capillary temperature of 275°C, and an S-Lens RF level of 60.
Resolution was set at 70,000 (AGC target 3e6) and 17,500
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(AGC target 1e5) for survey scans and MS/MS events, respec-
tively. The dynamic exclusion duration of 10 s was used with a
single repeat count.

Relative quantitation of oxidation and deamidation levels
was achieved by dividing the peak areas of modified peptides
by the sum of native peptides and modified peptides in
selected ion chromatograms.

Assessing the oxidative state

Cell culture medium was withdrawn and centrifuged to obtain
the cell-free supernatant. The supernatant was then measured,
without dilution, for peroxide concentration by the Amplex
Red (Cat# A22188, Thermo Fisher) kit, according to the
manufacturer’s instructions, using the SpectraMax M3
(Molecular Devices). For intracellular ROS measurements,
cells were incubated at 36.5°C for 10 minutes with the
CellRox dye (Cat# C10444, ThermoFisher) before analysis
with the Guava easyCyte 8HT (EMD Millipore) flow cyt-
ometer. The cells were lysed before measurement with the
catalase (Cat# A22180, Thermo Fisher) and glutathione (Cat#
ab138881, Abcam) kits. Manufacturers for each of these kits
provided sample dilution buffers, and samples were diluted
4000 fold for the catalase assay and 100 fold for the glu-
tathione assay before measurement with the SpectraMax M3.

Statistical analysis

MVA was conducted using SIMCA (CAMO Software, Oslo,
Norway) software to assess the significance of the studied
factors. First, the three-way series data were unfolded to a
two-way table where each column represented a parameter at
a specific time point. A batch level model (BLM) was con-
structed with Principal Component Analysis (PCA) or PLS.
Score plot and loading plot were used as MVA outputs. The
weight was calculated which represents the magnitude of the
contribution of a specific factor within the major component
at each time point.

Mathematical modelling

Based on the observation that glycation was the primary cause
of the acidic species content, glycation was modeled as func-
tions of unmodified protein species, supernatant peroxide,
and glucose concentrations, resulting in a reaction scheme
(Equation 1) for acidic species formation and its subsequent
rate equation (Equation 2).

m Pu þ j ROSþ k Gluc ! Pa (1)

d Pa½ �
dt

¼ a ROS½ �j gluc½ �k Pu½ �m (2)

Pu = protein species that were not acidic (main species plus
the basic species); Gluc = glucose; Pa = acidic protein species;
m, k, and j = stoichiometric reaction coefficients; t = culture
time. Units used were μM for ROS, hour for t, and g/L for
glucose, Pa, and Pu.

Between days 5 and 12, the acidic species percent, ROS,
glucose concentrations, and protein titers were either

measured or extrapolated, assuming a linear correlation with
time between the two closest measured values. The values
used for Equation 2 were calculated with Equations 3–6.

d Pa½ �
dt

¼ Yn � An% � Vn � Yn�1 � An�1% � Vn�1

tn � tn�1ð Þ � Vn þ Vn�1ð Þ=2 (3)

ROS½ � ¼ ROS½ �n þ ROS½ �n�1

2
(4)

Gluc½ � ¼ Gluc½ �n þ Gluc½ �n�1

2
þ FVn�1 � Gluc½ �F

Vn�1
=2

þ Vglucn�1 � 300
Vn�1

=2 (5)

Pu½ � ¼ Yn � ð100%� An%Þ � Vn þ Yn�1 � 100%� An�1%ð Þ � Vn�1
VnþVn�1

2

 !
=2

(6)

n = current time point; n-1 = previous time point; Y = protein
titer; A = acidic species; V = culture volume; FV = feed
volume; [Gluc]F = FM glucose concentration; Vgluc = volume
of glucose stock (300 g/L)

Abbreviations

BLM batch level model
CHO Chinese Hamster Ovary
DOE design-of-experiment
FM feed media
GSH Glutathione
icIEF imaged capillary isoelectric focusing
IgG immunoglobulin G
LC liquid chromatography
mAbs monoclonal antibodies
MDA malondialdehyde
MS Mass Spectroscopy
MVA multi-variate analysis
PCA Principal Component Analysis
PDA Process Development Analytics
PLS partial least squares
PQA product quality attribute
RA rosmarinic acid
ROS reactive oxygen species
SEC size-exclusion chromatography
SIMCA soft independent modeling of class analogy
TS temperature shift
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