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ABSTRACT
Objectives Infliximab, trastuzumab and bevacizumab
are among the most frequently prescribed therapeutic
proteins, and like most other therapeutic proteins, are
glycosylated. As differences in glycosylation may
significantly change the safety and efficacy of therapeutic
glycoproteins, it is extremely important to control
N-glycosylation consistency. In the first part of this study,
the batch-to-batch consistency of the N-glycosylation of
infliximab, trastuzumab and bevacizumab was analysed.
In the second part, the consistency of the N-glycosylation
of bevacizumab stored in polycarbonate syringes (for off-
label drug use) for 3 months was examined.
Methods N-glycans were (i) enzymatically released
using peptide-N-glycosidase F, (ii) reduced, and (iii)
analysed using hydrophilic interaction liquid
chromatography coupled with high-resolution mass
spectrometry. Mass spectrometry data were interpreted
using principal component analysis combined with two-
way analysis of variance and Tukey post hoc tests. The
biological activity of infliximab and trastuzumab was
examined using enzyme-linked immunosorbent assays.
Results The results of both studies make important
contributions to the field of hospital pharmacy. All
batches of the studied therapeutic glycoproteins
(infliximab, trastuzumab and bevacizumab) varied
considerably (especially in galactosylation), while the
N-glycosylation of bevacizumab remained unchanged
during 3-month storage.
Conclusions Threshold values for batch-to-batch
N-glycosylation variations should be established and
batch-to-batch glycosylation consistency should be
regularly tested. In our study, samples with significantly
different N-glycosylation profiles showed no significant
variations in biological activity, suggesting that the
differences are probably not therapeutically significant.

INTRODUCTION
Therapeutic proteins are growing in importance
due to their efficacy for treating diseases such as
cancers, immune disorders and infections.1 2 The
majority of therapeutic proteins are glycosylated
and even minor changes in the structure of the
attached glycans can have a crucial impact on their
safety, efficacy and quality, highlighting the import-
ance of N-glycosylation quality control.3–5

In the present study, we investigated the
N-glycans of three widely used therapeutic glyco-
proteins: infliximab, trastuzumab and bevacizumab.
Infliximab is a chimeric monoclonal antibody tar-
geting tumour necrosis factor α (TNF-α) and is

used in the treatment of autoimmune diseases, such
as Crohn’s disease, rheumatoid arthritis and psoria-
sis.6 Infliximab is the most extensively studied
therapeutic glycoprotein in the context of biosimi-
lar products.7 Trastuzumab is a recombinant huma-
nised monoclonal antibody binding the HER2/neu
receptor and is used in the treatment of certain
breast cancers.8 Finally, bevacizumab is a recombin-
ant humanised monoclonal antibody against vascu-
lar endothelial growth factor, and is used in the
treatment of metastatic colorectal cancer as well as
ovary, breast, lung and kidney cancer. Bevacizumab
is also used off-label to treat neovascular
age-related macular degeneration.9

N-glycans released from infliximab, trastuzumab
and bevacizumab have different structures. In
general, N-glycans are classified into three groups:
high mannose glycans, complex glycans and hybrid
glycans (see figure 1). The high mannose glycans
contain several mannose units attached to
N-acetylglucosamine. The complex glycans are
usually terminally galactosylated, terminally sialy-
lated and/or core-fucosylated.10 The hybrid glycans
have some high mannose glycans features and some
complex glycans features. In this article, the
Oxford Glycobiology Institute (University of
Oxford) notation has been used (see figure 1) to
describe the monosaccharide sequences and
linkages.11

It is extremely challenging for the biopharmaceut-
ical industry to obtain consistent N-glycosylation
profiles since glycosylation is the most complex
post-translational modification. As N-glycosylation
consistency ensures the efficacy and safety of thera-
peutic glycoproteins,4 12 the N-glycosylation
batch-to-batch consistency has to be regularly tested.
The first aim of our study was to examine whether

there were differences in the N-glycosylation profiles
of several batches of infliximab (12 batches), trastuzu-
mab (9 batches) and bevacizumab (7 batches). Our
second aim was to monitor the N-glycosylation stabil-
ity of reconstituted bevacizumab solution over
12 weeks as N-glycosylation may change during
storage. Hospital pharmacies prepare bevacizumab
solutions for injection in ready-to-use syringes for the
treatment of age-related macular degeneration (off-
label drug use). Recently, an extensive study con-
ducted to assess the stability of bevacizumab packed
in plastic syringes found the primary, secondary and
tertiary structures of bevacizumab were unchanged.13

In contrast, another study claimed that the activity of
bevacizumab stored in plastic syringes may slightly
degrade over time.14 However, the stability of the
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N-glycosylation of bevacizumab during storage has not yet been
comprehensively studied.

MATERIALS AND METHODS
Reagents and chemicals
Sodium phosphate, sodium dodecyl sulfate (SDS), potassium
hydroxide, monosodium phosphate dihydrate and potassium
chloride were obtained from Merck (Darmstadt, Germany).
Ammonium acetate, 2-mercaptoethanol, sodium borohydride,
PNGase F (from Elizabethkingia meningoseptica, P7367) and
trifluoroacetic acid were purchased from Sigma-Aldrich
(Steinheim, Germany). Acetic acid and ammonium formate were
obtained from VWR International (Leuven, Belgium), aceto-
nitrile and methanol from Fluka (Steinheim, Germany),
Nonidet P40 from Roche Diagnostics (Vilvoorde, Belgium),
Nanosep 10K omega spin filters from Pall Corporation
(New York, USA) and PGC-SPE columns from Supelco
(Bellefonte, Pennsylvania, USA). The pharmacy of Saint-Pierre
University Hospital (Brussels, Belgium) provided samples of the
approved drugs infliximab, trastuzumab and bevacizumab pre-
pared as mentioned in the Summary of Product Characteristics
(SPC).

Sample preparation
In the present study, the N-glycosylation of 12 batches of inflixi-
mab, nine batches of trastuzumab and seven batches of bevacizu-
mab was analysed. Each product was prepared as recommended
by the manufacturer. For the bevacizumab stability study, the
drug was transferred under aseptic conditions from the original
vial into syringes (1 mL Luer Lok, TDS-309628) obtained from
BD (Rolle, Switzerland). The barrels and plunger rods of the

syringes are made of polycarbonate, the stoppers of latex-free
elastomer, and the lubricant of medical grade silicone oil. The
bevacizumab syringes were stored at 4°C for 3 months. Each
week, one syringe was withdrawn as a sample and frozen at
−80°C until preparation of N-glycans for analysis. The stability
study experiments were repeated three times over 3 months.

The method for glycan preparation from proteins was
adapted from our previously established protocol.15 Briefly, each
glycoprotein sample (equivalent to 1 mg protein) was first dena-
tured using SDS, 2-mercaptoethanol and Nonidet P40. PNGase
F was then added to release N-glycans. Proteins were removed
by centrifugation and using Nanosep 10K omega spin filters.
N-glycans were then reduced by sodium borohydride in KOH.
Samples were cleaned using porous graphitised carbon car-
tridges (100 mg, 1 mL tubes). Dried samples were dissolved in
50 mL of water/acetonitrile (50/50, v/v) before injection on to
an LC-MS system.

HILIC coupled to electrospray ionisation-MS
The method for the separation and detection of N-glycans was
adapted from our previously established protocol.15 Briefly, ana-
lyses were performed using a 1200 series rapid resolution liquid
chromatograph coupled to a 6520 series electrospray ionisation
(ESI)-quadrupole time-of-flight (QTOF) mass spectrometer
from Agilent Technologies (Waldbronn, Germany). Separation
of the glycans was performed using an XBridge BEH Amide
column (130 Å, 2.5 mm, 150 mm×2.1 mm ID) obtained from
Waters (Zellik, Belgium). Data acquisition and data analysis
were carried out using MassHunter Acquisition software for
QTOF (V.B.04 SP3) and MassHunter Qualitative Analysis
(V.B.06) software (both from Agilent Technologies).

Figure 1 Schematic representation of N-glycans using the Oxford Glycobiology Institute (University of Oxford) notation, showing the structures of
high mannose glycans, complex glycans and hybrid glycans.
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ELISA procedure
The binding of infliximab and trastuzumab to their targets was
tested using an Infliximab ELISA Kit (ABIN2862648) and a
Trastuzumab ELISA Kit (ABIN1540259), both from Anticorps
(Aachen, Germany). Infliximab (batches 5 and 12) and trastuzu-
mab (batches 5 and 6) samples were diluted 10 000 times before
the manufacturer’s instructions were followed.

Data handling
Data pre-processing
Before data analysis, the data were organised in an n×p data
matrix X (n=number of samples and p=number of N-glycans).
The relative abundance of a given N-glycan is presented for
each matrix cell. Depending on the examined data, the relative
abundances of some or all N-glycans (using integrated areas
under the curve for related peaks) were considered as variables.
M5, FA2, FA2G1, FA2G2, A2, A2G1, A1, FA1, FA1G1 and
FM5A1G1 were considered as variables for infliximab; M5,
M6, M7, M8, A1, A2, A2G1, A2G2, FA1, FA2, FA1G1,
FA2G1, FA2G2, FA2G2S1 and FA2G2S2 for trastuzumab; and
FA2, FA2G1, FA2G2, A2, A1, FA1, FA1G1 and M5 for bevaci-
zumab. No pre-processing was performed.

Principal component analysis
As previously described,15 principal component analysis (PCA)
was applied to determine whether it was possible to identify dif-
ferences in the N-glycosylation profile between the infliximab,
trastuzumab and bevacizumab batches, and between different
weeks in the bevacizumab stability study.

Two-way analysis of variance and Tukey post hoc test
Two-way analysis of variance (ANOVA)16 17 was applied to
analyse whether there were differences in the N-glycosylation of
the therapeutic glycoproteins between batches or between weeks
(stability study). When a difference was observed, a Tukey17

post hoc test was performed to determine which batches or
weeks (stability study) differed. In all analyses, α was set at 0.05
and p values ≤0.05 were considered significant.

T-test
A t-test18 was applied to analyse whether there were differences
between the infliximab batches (batches 5 and 12) and trastuzu-
mab batches (batches 5 and 6) in binding to their targets.
p Values ≤0.05 were considered significant.

Software
PCA was performed using Past 3.x (Windows, zipped exe,
V.3.11). Two-way ANOVA, Tukey post hoc tests and t-tests were
performed using a trial version of IBM SPSS Statistics V.22.

RESULTS
Infliximab batch-to-batch study
Twelve different batches of infliximab were analysed. Three
replicates of each batch were prepared and each sample was
injected three times on to the LC-MS system. The relative abun-
dances of major N-glycans (M5, FA2, FA2G1, FA2G2, A2,
A2G1, A1, FA1, FA1G1 and FM5A1G1) were compiled.

PCA was performed on the infliximab data (108 observa-
tions×10 N-glycans as variables). Separation along PC1
(92.25%) was mainly caused by variables FA2G1, FA2 and FA1,
while separation along PC2 (6.50%) was mainly caused by FA2,
FA1 and M5, as determined by loading plots (not shown). Two
groups of infliximab batches were revealed by the PC1–PC2
score plot (figure 2) with batches 1, 2, 7, 8, 9 10 and 12
forming one cloud (first group) and batches 3, 4, 5, 6 and 11
forming another cloud (second group).

The data revealed that batches 1, 2, 7, 8, 9, 10 and 12 con-
tained a higher relative abundance of complex N-glycans (galac-
tosylated: FA2G1 and FA2G2) and lower amounts of simple
N-glycans (M5, A1 and A1G1). The amount of FA2 N-glycan
varied between the batches by about 8% (see online supplemen-
tary table S1).

There was a statistically significant difference between batches
for all main N-glycans as determined by two-way ANOVA
(p≤0.001). One batch from the first group (batch 5) and one
batch from the second group (batch 12) were selected and statis-
tically compared. A Tukey post hoc test comparing batches 5
and 12 revealed that the relative abundances of FA2G1, FA2G2,

Figure 2 PC1–PC2 score plot of 12
batches of infliximab: data profile of
10 N-glycans from 108 observations of
infliximab (12 batches×3 replicates×3
injections). The differences between
the 12 batches of infliximab are
indicated. No pre-processing was
performed. The 95% confidence
ellipses are marked for each class.
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M5, A1 and A1G1 N-glycans all differed significantly
(p≤0.001). These statistical results confirmed our predictions
obtained by observing the PC1–PC2 score plot and raw data.

Trastuzumab batch-to-batch study
Nine trastuzumab batches were analysed. Three replicates of
each batch were prepared and each sample was injected three
times on to the LC-MS system. The relative abundances of
major N-glycans (M5, M6, M7, M8, A1, A2, A2G1, A2G2,
FA1, FA2, FA1G1, FA2G1, FA2G2, FA2G2S1 and FA2G2S2)
were compiled.

PCA was performed on the trastuzumab data (81 observa-
tions×15 N-glycans as variables). Separation along PC1
(84.24%) was mainly caused by variables FA2, FA2G1 and
FA2G2, while separation along PC2 (10.79%) was mainly
caused by FA2G1 and M5, as determined by loading plots (not
shown). The PC1–PC2 score plot (figure 3) indicated that the
trastuzumab batches varied. All batches formed individual
clouds with batch 6 varying the most along PC1.

Raw data showed that batch 6 differed regarding the
N-glycans FA2, FA2G1 and FA2G2 and that it contained more
FA2 N-glycan and therefore less FA2G1 and FA2G2 N-glycans.
The data also revealed that the most variable N-glycans were
FA2 (variation between batches of around 8%) and FA2G1
(variation between batches of around 5%) (see online supple-
mentary table S2).

Two-way ANOVA showed that there was a statistically significant
difference between batches for all main N-glycans (p≤0.001).
Batches 6 and 5 were selected and statistically compared. The
Tukey post hoc test revealed that the relative abundances of FA2,
FA2G1 and FA2G2 N-glycans all differed significantly (p<0.001).
These statistical results confirmed our predictions obtained by
observing the PC1–PC2 score plot and raw data.

Bevacizumab batch-to-batch study
Seven batches of bevacizumab were analysed. Three replicates of
each batch were prepared and each sample was injected three
times on to the LC-MS system. The relative abundances of
major N-glycans (FA2, FA2G1, FA2G2, A2, A1, FA1, FA1G1
and M5) were compiled.

PCA was performed on the bevacizumab data (63 observa-
tions×8 N-glycans as variables). Separation along PC1
(88.94%) was mainly caused by the variables FA2, FA2G1 and
FA2G2, while separation along PC2 (9.49%) was mainly caused
by FA2G1, FA2G2 and FA2, as determined by loading plots
(not shown). The PC1–PC2 score plot (figure 4) of the seven
batches revealed that the bevacizumab batches varied.

Raw data showed that batch 7 contained more FA2 N-glycan
and less FA2G1 and FA2G2 N-glycans. Online supplementary
table S3 reveals that the most variable N-glycans were FA2 (vari-
ation between batches of around 8%) and FA2G1 (variation
between batches of around 5%).

In order to confirm the PCA and raw data observations,
two-way ANOVA and Tukey post hoc tests were conducted.
There was a statistically significant difference between batches for
all the main N-glycans (p≤0.001). Batches 7 and 3 were then
selected and statistically compared. The Tukey post hoc test
revealed that the relative abundances of FA2, FA2G1 and FA2G2
N-glycans differed significantly (p≤0.008). Again, these statistical
results confirmed our findings from the PCA and raw data.

Bevacizumab stability study
We tested the N-glycosylation stability of the bevacizumab
stored in syringes for 3 months. The relative abundances of
major N-glycans (FA2, FA2G1, FA2G2, A2, A1, FA1, FA1G1
and M5) were compiled.

PCA was performed on the bevacizumab data (117 observa-
tions×8 N-glycans as variables). Separation along PC1
(92.02%) was mainly caused by the variables FA2 and FA2G1,
while separation along PC2 (4.80%) was mainly caused by
FA2G1, FA2G2 and FA2, as determined by loading plots (not
shown). From the PC1–PC2 score plot (figure 5), it can be seen
that N-glycosylation of bevacizumab remained unchanged
during the studied period. Raw data confirmed that
N-glycosylation of bevacizumab remained the same during the
12 weeks (see online supplementary table S4).

To confirm that N-glycosylation of bevacizumab remains
unchanged, we performed two-way ANOVA and post hoc tests
(Tukey tests). The Tukey post hoc test revealed that there was no
statistically significant difference between the weeks for all main
N-glycans (p>0.05), except for some N-glycans in week 10.

Figure 3 PC1–PC2 score plot of nine
batches of trastuzumab: data profile of
15 N-glycans from 91 observations of
trastuzumab (9 batches×3 replicates×3
injections). The differences between
nine batches of trastuzumab are
indicated. No pre-processing was
performed. The 95% confidence
ellipses are marked for each class.
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However, we can conclude that N-glycosylation of bevacizumab
does not change over a 12-week period.

ELISA test for infliximab and trastuzumab
In the present study, as significant differences in N-glycosylation
between some batches were found, we investigated whether

those differences affect antibody binding to antigens. Two statis-
tically different batches of infliximab (batches 5 and 12) and two
statistically different batches of trastuzumab (batches 5 and 6)
were selected and binding to their two targets (TNF-α and
HER2/neu receptor) was examined using an Infliximab ELISA
Kit and a Trastuzumab ELISA Kit, respectively. Results showed

Figure 5 PC1–PC2 score plot of the stability study of bevacizumab: data profile of 8 N-glycans from 117 observations of bevacizumab (control and
12 weeks×3 replicates×3 injections). The differences between the 12 weeks of storage at 4°C are indicated. No pre-processing was performed.
The 95% confidence ellipses are marked for each class.

Figure 4 PC1–PC2 score plot of
seven batches of bevacizumab: data
profile of 8 N-glycans from 63
observations of bevacizumab (7
batches×3 replicates×3 injections). The
differences between the seven batches
of bevacizumab are indicated. No
pre-processing was performed. The
95% confidence ellipses are marked
for each class.
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that samples with significantly different N-glycosylation patterns
still bind their targets successfully. A t-test revealed that inflixi-
mab batches 5 and 12 do not differ significantly (p=0.8693,
n=5) and that trastuzumab batches 5 and 6 do not differ signifi-
cantly (p=0.1022, n=5) (figure 6).

DISCUSSION
Some earlier studies examining the batch-to-batch
N-glycosylation consistency of infliximab19 and trastuzumab20 21

have been identified but no extensive studies on bevacizumab
have been found. In the infliximab study of three batches, the
authors detected minor batch-to-batch variability in M5, A2 and
FA2G1 N-glycans.19 In the two studies investigating trastuzu-
mab, the authors identified significant glycosylation differences
between batches. One study compared three batches of trastuzu-
mab20 and the other four batches.21 However, a comparison of
three or four batches may be too small to determine consistency
between batches. Consequently, in our study we examined a
larger number of batches (12 of infliximab, nine of trastuzumab
and seven of bevacizumab) and also analysed the binding effi-
ciency of two batches of trastuzumab and two batches of inflixi-
mab to determine if differences in N-glycosylation between
batches affect biological activity.

Results showed that N-glycosylation varies between inflixi-
mab, trastuzumab and bevacizumab batches. The N-glycans
showing the most variability are FA2, FA2G1 and FA2G2,
which means that batches differ in terminal galactosylation.
These results suggest that some batches might undergo poorer
synthesis of complex (galactosylated) N-glycans during
production.

The N-glycan variability between the trastuzumab and bevaci-
zumab batches can be explained by the fact that these thera-
peutic proteins are produced in Chinese hamster ovary (CHO)
cells. CHO cells are a preferred host cell line due to sufficient

expression of the sialylated N-glycans. Nevertheless, the main
disadvantage of CHO mammalian cells is that glycosylation is
not constant as hundreds of enzymes are involved in the glyco-
sylation process.22 This results in different glycosylation pat-
terns, as observed in our study.

Regarding batch-to-batch differences in therapeutic glycopro-
teins, the European Medicines Agency only reports that ‘Minor
differences among the materials investigated were identified in
C-terminal heterogeneity, glycosylation pattern and charge het-
erogeneity but studies performed showed that these differences
are unlikely to affect the safety and efficacy of the product’.23

From our study, it is evident that N-glycosylation varies by up
to 8% for individual N-glycans, so we wondered whether
N-glycosylation differences affect the safety and efficacy of
therapeutic glycoproteins. Therefore, we used ELISA kits to
examine how successful infliximab and trastuzumab were in
binding to their targets. Samples with significantly different
N-glycosylation both bound their targets successfully with no
statistical differences, suggesting that the N-glycosylation varia-
tions between the batches (shown in our study) could be accept-
able and are in accordance with biological variability. However,
further studies are recommended to confirm this and to deter-
mine if safety is affected.

To conclude, differences between 12 batches of infliximab,
nine batches of trastuzumab and seven batches of bevacizumab
were studied as changes in glycosylation profiles influence the
safety, efficacy and quality of therapeutic glycoproteins.5 For
example, changes in terminal galactosylation and/or sialylation
affect the half-life and the efficacy (anti-inflammatory effect) of
therapeutic glycoproteins,24 changes in core fucosylation may
alter their anti-inflammatory effects,25 and changes in mannosy-
lation can affect their half-life and cause off-target hepatic tox-
icity.26 Pharmaceutical companies must continue to monitor
N-glycosylation batch-to-batch consistency, as N-glycosylation
can be significantly changed by slightly altered culture condi-
tions during production. Pharmaceutical companies should also
establish threshold values for N-glycosylation variations between
batches as they have not yet been specified. Moreover,
batch-to-batch studies should always be conducted on a suffi-
cient number of batches.

The N-glycosylation stability study of bevacizumab samples trans-
ferred from vials into plastic syringes and refrigerated for 3 months,

Figure 6 Infliximab and trastuzumab ELISA tests: two batches of
infliximab and two batches of trastuzumab with significantly different
N-glycosylation were compared using the ELISA activity test. A t-test
revealed that infliximab batches 5 and 12 do not differ significantly
(p=0.8693, n=5) and that trastuzumab batches 5 and 6 do not differ
significantly (p=0.1022, n=5).

What this paper adds

What is already known on this subject
▸ Previous batch-to-batch N-glycosylation consistency studies

of infliximab and trastuzumab revealed minor
N-glycosylation batch-to-batch variability.

▸ However, those studies were conducted on only three or
four batches, which is certainly not enough.

What this study adds
▸ Three extensive N-glycosylation consistency studies of

infliximab, trastuzumab and bevacizumab showed that
batches vary considerably (especially in galactosylation),
although there were no significant differences in biological
activity.

▸ An N-glycosylation stability study of bevacizumab stored in
polycarbonate syringes showed that N-glycosylation
remained unchanged over 3 months.
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shows that N-glycosylation of bevacizumab remains unchanged
during 3-month storage. This is important for the quality of the
product as are other factors including biological activity, purity and
detection of the conjugated products. All important quality
characteristics should be monitored in order to ensure the quality
of biological products is maintained during storage.
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