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Abstract Therapeutic proteins are among the top selling
drugs in the pharmaceutical industry. More than 60 %
of the approved therapeutic proteins are glycosylated.
Nowadays, it is well accepted that changes in glycosyl-
ation may affect the safety and the efficacy of the ther-
apeutic proteins. For this reason, it is important to char-

acterize both the protein and the glycan structures. In
this study, analytical and data processing methods were
developed ensuring an easier characterization of
glycoprofiles. N-glycans were (i) enzymatically released
using peptide-N-glycosidase F (PNGase F), (ii) reduced,
and (iii) analyzed by hydrophilic interaction liquid chro-
matography coupled to a high-resolution mass spectrom-
eter (HILIC-HRMS). Glycosylation changes were ana-
lyzed in human plasma immunoglobulin G samples
which had previously been artificially modified by
adding other glycoproteins (such as ribonuclease B and
fetuin) or by digesting with enzyme (neuraminidase).
Principal component analysis (PCA) and classification
through soft independent modelling by class analogy
(SIMCA) were used to detect minor glycosylation
changes. Using HILIC-MS-PCA/SIMCA approach, it
was possible to detect small changes in N-glycosylation,
which had not been detected directly from the extracted-
ion chromatograms, which is current technique to detect
N-glycosylation changes in batch-to-batch analysis. The
HILIC-MS-PCA/SIMCA approach is highly sensitive
approach due to the sensitivity of MS and appropriate
data processing approaches. It could help in assessing
the changes in glycosylation, controlling batch-to-batch
consistency, and establishing acceptance limits according
to the glycosylation changes, ensuring safety and
efficacy.
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Introduction

Glycosylation characterization of therapeutic glycoproteins
has rapidly gained importance in the pharmaceutical industry
[1]. Therapeutic glycoproteins, such as monoclonal antibod-
ies, antibody drug conjugates, Fc-fusion proteins, enzymes,
hormones, and clotting factors, are undoubtedly one of the
fastest growing fields in terms of pharmaceutical production
because of their successful use in treatments of severe diseases
such as cancers, immune disorders, and infections [2, 3].More
than 60 % of those therapeutic proteins are glycosylated.
Today, it is widely accepted that changes in the structure of
glycans can have a major impact on the safety, efficacy, and
quality of therapeutic glycoproteins [4]. For example, the
changes in the terminal monosaccharide residues (galactose,
fucose, mannose, and sialic acid) may alter the functioning of
the therapeutic glycoproteins, such as their half-life, immuno-
genicity, toxicity, stability, and solubility [5–7]. Therefore,
special attention should be paid to the detection of changes
in the glycosylation patterns. The arrival of biosimilars on the
market due to the expiry of many patents of therapeutic pro-
teins emphasizes the need for strong analytical tools for gly-
cosylation characterization [8].

Oligosaccharides are attached to the therapeutic proteins
either through the nitrogen atom binding, the asparagine ami-
no acid residue (N-glycans), or the oxygen atom binding, the
serine, or the threonine amino acid residue (O-glycans). The
N-glycans have been more widely studied than the O-glycans,
although the latter also play an important role [9]. The N-
glycans are classified into groups, such as high mannose gly-
cans and complex glycans (see Electronic Supplementary
Material (ESM) Fig. S1) [10, 11].

Glycosylation characterization is a relatively recent re-
search area. The guidelines, containing protocols and methods
for the glycosylation characterization and defining reports of
glyco-analysis, are still in progress. The European Medicines
Agency (EMA) guidelines only suggest that Bparticular atten-
tion should be paid to the degree of mannosylation,
galactosylation, fucosylation, and sialylation^ and that Bthe
distribution of the main glycan structures should be
determined^ [12]. For a biosimilar comparability exercise,
EMA only suggests that the Bproposed biosimilar and the
reference product are highly similar in terms of primary, sec-
ondary, and (to the extent possible) tertiary and quaternary (if
any) structure, taking into account glycosylation and other
post-translational modifications^ [13]. Considering the fact
that the changes in glycosylation can crucially affect the safety
and the efficacy of the therapeutic proteins, more extensive
glycosylation studies should be performed for each of the
therapeutic glycoprotein.

Different protocols and methods are in use in order
to obtain glycosylation characteristics of therapeutic
glycoproteins. Commonly, the glyco-analysis begins

with the release of the N-glycans from the proteins
us ing a pept ide-N-glycos idase F (PNGase F) .
Subsequently, the N-glycans are separated either by
liquid chromatography (LC) or by capillary electro-
phoresis (CE), coupled to appropriate detection instru-
ments, including fluorescence spectrophotometry or
mass spectrometry (MS) [14–16]. Nowadays, LC using
hydrophilic interaction chromatography (HILIC) en-
ables one of the best separations of N-glycans and
fluorescence or MS detectors are considered to be a
gold standard for N-glycan analysis [17–20].

Data acquisition and data analysis software are usually
used to determine the distribution of the main N-glycans.
Absolute or relative abundances of the N-glycans are
displayed in huge tables that are often difficult to interpret
(see ESM Table S2–S4). However, it is not straightforward
from those tables to conclude whether any changes in glyco-
sylation occurred.

In our study, principal component analysis (PCA)
and classification through soft independent modelling
by class analogy (SIMCA) were applied in order to
interpret the mass spectrometry results easier. The pos-
sibility to detect differences in N-glycosylation be-
tween different IgG samples that had artificially been
modified by adding different glycoproteins (ribonucle-
ase B or fetuin) or by digesting with an enzyme
(neuraminidase) was evaluated. The developed ap-
proach was finally applied to the batch-to-batch stud-
ies, including three batches of human plasma IgG and
three batches of trastuzumab.

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), ri-
bonuclease B (R7884), fetuin (F6131), neuraminidase (from
Clostridium perfringens, N2876), and trifluoroacetic acid
were purchased from Sigma-Aldrich (Steinheim, Germany).
Acetic acid and ammonium formate were obtained from
VWR International (Leuven, Belgium), acetonitrile and meth-
anol from Fluka (Steinheim, Germany), Nonidet P40 from
Roche Diagnostics (Vilvoorde, Belgium), Nanosep 10K ome-
ga spin filters from Pall Corporation (New York, USA), and
PGC-SPE columns from Supelco (Bellefonte, PA, USA).

Saint-Pierre University hospital (Brussels, Belgium) kindly
donated samples of trastuzumab (Herceptin®) and human
plasma immunoglobulin G (IgG) (Multigam®).
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Sample preparation

Glycan preparation from proteins was adapted from previous-
ly established protocols [21, 22]. Briefly, each glycoprotein
sample (equivalent of 1 mg of protein) was first incubated for
15 min at 100 °C in 220 μL of 50 mM sodium phosphate (pH
7.5) containing 5 % SDS and 1 % 2-mercaptoethanol. After
cooling to room temperature, Nonidet P40 was added (22 μL)
at a concentration of 10 %. Samples were diluted with 50 mM
sodium phosphate to the final volume of 484 μL. Then, 5 μL
PNGase F (0.5 U/μL) was added to release N-glycans.
Afterwards, samples were incubated for 20 h at 37 °C.
Proteins were removed by Nanosep 10K omega spin filters
(Pall Corporation, New York, USA) using centrifugation at
10,400×g for 20 min. Samples were then dried using a centri-
fuge vacuum, and N-glycans were then reduced by adding
20 μL of 1 M sodium borohydride in 50 mM KOH for 3 h
at 50 °C. Reduction was stopped by adding 2 μL acetic acid
(100 %). After addition of 1 mL 0.1 % trifluoroacetic acid,
samples were cleaned by PGC-SPE (100 mg, 1 mL tubes).
Methanol (twice 1 mL) was used for column activation,
trifluoroacetic acid (0.1 %) for column washing (3 times
1 mL), and a mixture of acetonitrile/0.1 % trifluoroacetic acid
(40/60, V/V) for glycans elution (1 mL). Samples were then
dried by means of vacuum centrifugation, and dried samples
were dissolved in 50 μL solution of water/acetonitrile (50/50,
V/V) prior to injection into the LC-MS system.

In this study, the IgG glycoprofile was artificially modified
by adding other glycoproteins or enzymes. Then, it was tried
to detect the created changes in glycosylation by LC-MS. We
prepared 35 samples, i.e., 5 replicates for 7 sample types or
IgG glycoprofile modifications (see ESM Table S2). Briefly,
neuraminidase (50 μL, 0.35 U/mL) was added to create the
first set of five modified IgG glycoprotein samples (1 mg).
Neuraminidase was used to digest and remove terminal sialic
acid of the IgG samples. Fetuin (1 mg) was added to form the
second set of five modified IgG samples (1 mg). Fetuin is a
glycoprotein which, compared to IgG, includes different
sialylated complex N-glycans. Glycans A2G2S2 and
A3G3S3 (see ESM Fig. S1) are largely present in fetuin but
are not in IgG. Ribonuclease B was added in three different
concentrations (1, 10, and 50 % (RiboB/IgG, m/m)) to create
the third, fourth, and fifth set of five IgG-modified samples
(1mg). Ribonuclease B is a glycoprotein rich in highmannose
N-glycans, such as M5, M6, M7, M8, and M9 (see ESM
Fig. S1).

For the samples treated with neuraminidase (to artificially
remove sialic acid), digestion was performed before the dena-
turation of the glycoproteins. Samples containing 1 mg glyco-
protein (IgG) were diluted by adding 450 μL 50 mM ammo-
nium acetate (pH 5.3). Then, 50 μL neuraminidase (0.35 U/
mL) was added. Neuraminidase was prepared in 25 mM po-
tassium chloride and 10 mM monosodium phosphate

dihydrate (pH 6.3). Samples were incubated with neuramini-
dase for 10 h at 37 °C.

HILIC coupled to ESI-MS

Analyses were performed using a 1200 series rapid resolution
liquid chromatograph (RRLC) coupled to a 6520 series
electrospray ionization (ESI)-quadrupole time-of-flight
(QTOF) mass spectrometer from Agilent Technologies
(Waldbronn, Germany). Separation of the glycans was per-
formed using an XBridge BEH Amide column (130 Å,
2.5 μm, 150 mm × 2.1 mm I.D.), obtained from Waters
(Zellik, Belgium). The column temperature was set at 35 °C.
The mobile phases used in all experiments were composed of
10 mM ammonium formate (solvent A) and acetonitrile (sol-
vent B). The applied gradient was as follows: 0–25 min, 68 %
B, 0.5 mL/min; 25–26 min, 57 % B, 0.5 mL/min; 26–31 min,
20 % B, 0.25 mL/min; 31–35 min, 68 % B, 0.25 mL/min; and
35–40 min, 68 % B, 0.5 mL/min. ESI-QTOF parameters were
as follows: negative mode, high-resolution (4 GHz) mode,
mass range 100–3200m/z, gas temperature 325 °C, drying
gas flow 5 L/min, nebulizer pressure 6 psi, and capillary volt-
age 3500 V. Nitrogen was used as the nebulizer gas. Data
acquisition and data analysis were carried out by
MassHunter Acquisition® software for QTOF (Version B.04
SP3) and MassHunter Qualitative Analysis® (Version B.06)
software (both from Agilent Technologies). N-glycans from
IgG, ribonuclease B, and fetuin were analyzed by extraction of
ions (m/z values recorded in ESM Table S1). Major ions ob-
served for glycans were [M-H]−, [M-H+COOH]−, [M-2H]2−,
[M-H+COOH]2−. Each N-glycan was quantified using inte-
gration (area under the curve) of the merged m/z peak corre-
sponding to the glycans in extracted-ion chromatogram (EIC
m/z ± 0.01). Areas of the N-glycans were recorded. For data
analysis, relative abundances of the N-glycans were taken into
account.

Chemometric approaches

According to the chemometric approaches, PCA and SIMCA
were selected. In the present study, PCA was applied to test
whether it is possible to visualize N-glycosylation differences
between the modified IgG sample types and between the
batches of human plasma IgG and trastuzumab. PCA, which
is a simple data analysis technique, allowed us to rapidly eval-
uate whether N-glycosylation changes between the sample
types appeared. Moreover, PCAwas applied to help identify-
ing within which N-glycans changes occurred. SIMCA,
which is a more complex data analysis technique, was applied
to build and validate a classification model that is able to
distinguish the modified IgG sample types according to the
sample type. SIMCAwas also applied to verify whether it is
possible to use this model to classify real samples, in our case
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samples of batches of human plasma IgG and trastuzumab.
PCA and SIMCA chemometric approaches were so combined
to (1) quickly visualize N-glycosylation changes (PCA) and
(2) determine, e.g., if a released batch is assigned to the same
model class as the reference product (SIMCA).

Data pre-processing

Prior to data analysis, the data were organized in an n × p data
matrix X (n = number of samples and p = number of N-gly-
cans). In each cell of the matrix, the relative abundance of a
given N-glycan is presented (see ESM Table S2–S4).
Depending on the examined data, the relative abundances of
some or all N-glycans (using integrated areas under the curve
for related peaks) from IgG, Ribo B, and fetuin (FA2, FA3,
FA2G1, FA3G1, FA2G2, FA3G2, FA2G1S1, FA2G2S1,
FA3G2S1, FA2G2S2, FA3G2S2, A2, A2G1, A2G2, M5,
M6, M7, M8, M9, A2G2S1, A2G2S2, A3G3S3, and
A3G3S4) were considered as variables. Column centering
was applied as data pre-processing for PCA and for SIMCA.

PCA

PCA is an unsupervised multivariate data analysis technique
used for exploratory data analysis purposes [23]. PCA creates
so-called latent variables or principal components (PCs).
These PCs are new axes defined in the initial data space.
PC1 is constructed in such a way that it describes the largest
possible data variation. PC2 describes the largest possible re-
maining data variation, etc. All PCs are orthogonal to each
other. A score is a linear combination of the original variables
and represents the projection of an object (sample) on the
considered PCs. The weights used to make the linear combi-
nation are called the loadings on the considered PCs. The
loadings represent the importance (weights) of the individual
variables in the score. A 2D score plot represents the scores on
two PCs, respectively, and provides information regarding the
data structure, for instance, on the (dis)similarity of the sam-
ples [23].

Selection of a training set and test set

The MS data were divided according to the Duplex algorithm
in a training set, used to build the model, and a test set, used to
estimate the prediction accuracy of the model [24]. For the
gathered IgG controls (IgGa and IgGb), 22 samples were se-
lected for the training set and 8 for the test set, while for the
artificially modified sample types (IgG+N, IgG+F, IgG+R1,
IgG+R10, and IgG+R100), 11 were chosen for the training set
and 4 for the test set. This method starts by selecting the two
profiles furthest from each other (Euclidean distance) and puts
them both in a first set, i.e., the training set. Then, the next two
profiles furthest from each other in the remaining data set are

put in a second set, i.e., the test set. The procedure then con-
tinues by alternatively placing objects in the training and test
set. Finally, when the test set contains the specified number of
objects, the remaining samples are added to the training set
[24].

SIMCA

SIMCA is a supervised multivariate classification technique
that is especially used for data with high within-class variabil-
ity. SIMCA requires a training set of data in order to build the
training classes. For each of the training classes, the optimal
number of PCs to consider is determined using cross-
validation [25]. The Euclidean distance and Mahalanobis dis-
tance define a restricted space around the samples of the train-
ing classes [26]. Objects from the test set are assigned to a
given training class, if they are situated within the restricted
space around the samples of the respective training classes.
Confidence limits were 95 %.

Software

PCA was performed using m-files written for Matlab 2013b
(The Mathworks, Natick, MA). SIMCAwas performed using
a trial version of PLS Toolbox 8.1 (Eigenvector Research,
Manson, WA).

Results

Detection of glycosylation changes in IgG samples

N-glycans were detected using HILIC-HRMS, as previously
established protocols [21, 22, 27]. At first, it was tried to find
possible changes in glycosylation directly from the chromato-
grams of IgG samples, which had previously been artificially
modified by adding other glycoproteins or enzymes (such as
ribonuclease B, fetuin, and neuraminidase). EICs, where all
N-glycans were merged into one chromatogram, were record-
ed. Then, the EICs of modified IgG sample types were com-
pared to EIC of the control IgG (see Fig. 1). The EICs of
modified IgG sample type, where ribonuclease B in the
amount of 1 % of the IgG amount had been added, was very
similar to the control EIC, which means that we are unable to
detect small changes in N-glycosylation (a change of only
1 %) by comparing EICs. However, compared to the control
EIC, two new clearly visible peaks in the EIC were noticed,
where ribonuclease B in the amount of 10 % of the IgG
amount had been added. These two peaks appeared due to
the increased amounts of M5 and M6 N-glycans. In the EIC
of the sample, where fetuin had been added to IgG, two major
peaks appeared, representing A2G2S2 and A3G3S3 N-gly-
cans. In the last EIC sample, which had been digested with
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neuraminidase, differences in the second part of the EIC were
observed. Accordingly, the peak representing FA2G2 in-
creased, because of the prior removal of the sialic acid residue
from FA2G2S1 and FA2G2S2.

Then, we extracted the N-glycans of interest in EICs (using
m/z values presented in ESM Table S1). Peaks corresponding
to the N-glycans were selected and integrated (taking into
account the area under the curve for each N-glycan). Areas
under the curve were collected for N-glycans of interest, and
the relative abundances of those N-glycans were determined
(see ESM Table S2). Then, the relative abundances of the
modified IgG sample types N-glycans were compared to the
relative abundances of the control IgG N-glycans. In ESM
Table S2, differences in relative abundances of high mannose
N-glycans (M5, M6, M7, M8, and M9) were noticed for sam-
ples, where ribonuclease B was added. In samples artificially
modified with fetuin, four new complex N-glycans were

detected, which do not contain core-fucose. These four N-
glycans are A2G2S2, A3G3S3, A2G2S1, and A3G3S4.
Finally, the treatment with neuraminidase decreased the rela-
tive abundances of the sialylated glycans, such as FA2G1S1,
FA2G2S1, FA3G2S1, FA2G2S2, and FA3G2S2. These de-
creases are reflected by the increase of the relative abundances
of N-glycans, which previously lost sialic acid, such as
FA2G2 and FA3G2.

Furthermore, PCAwas applied in order to more easily de-
tect the changes in glycosylation between the modified IgG
sample types and the control IgG. Figure 2 represents the
clustering of the IgG sample types (IgG, IgG with addition
of neuraminidase, IgG with addition of fetuin, and IgG with
addition of three different concentrations of ribonuclease B) in
the PC1–PC2 score plot. The IgG sample types with modified
glycoprofiles are clearly separated from the IgG control sam-
ples (black spots and dark blue spots, two controls). The
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samples containing the smallest amount of the ribonuclease B
(light blue spots) are the most similar to the control samples as
already observed in Fig. 1.

The contribution of the original variables to the scores in
the different PCs can be observed on 2D loading plots (see
ESM Fig. S2). Separation along PC1 is mainly caused by
variables M5 and M6 and also by variables FA2G1, FA2,
and FA2G2. Separation along PC2 is mainly caused by
A2G2S2, A3G3S3, and also by variables FA2G1, FA2,
FA2G2, M5, and M6.

Figure 3 represents the SIMCA-predicted class plot of the
test set samples (IgG, IgG with addition of neuraminidase,
IgG with addition of fetuin, and IgG with addition of three
different concentrations of ribonuclease B). All test samples
are assigned to their real class, except one sample of the IgG+
R1 sample type (addition of ribonuclease B to the IgG in the
amount of 1 % of IgG amount), which is predicted as a control
IgG sample (class model 1). This sample is not assigned to the
IgG+R1 sample type (class 4), because its probability of being
a class 4 member is below the 95 % confidence limit. These
results show that we were able to differentiate minor modifi-
cations of the glycoprofiles of the modified IgG sample types.
Therefore, this approach could be applied to the real samples,
such as different batches of therapeutic glycoproteins, in order
to assess batch-to-batch consistency, described below.

Glycosylation characterization of different batches
of human plasma IgG and trastuzumab

One possible application of the LC-MS-PCA/SIMCA ap-
proach is the detection of changes in glycosylation between

batches. Three batches of human plasma IgG and three
batches of trastuzumab were tested.

Data of the human plasma IgG batches and data of the
trastuzumab batches were added to the PCA score plot intro-
duced in Fig. 2. From the PC1–PC2 score plot in Fig. 4, it can
be observed that samples of human plasma IgG (lot 1, lot 2,
and lot 3) correspond to the control IgG, while samples of
trastuzumab (lot 1, lot 2, and lot 3) differ largely from the
control IgG. Moreover, there is no difference between the
human plasma IgG batches, while the zoom on PC1–PC2
score plot reveals that the trastuzumab batch-to-batch differ-
ences are slightly larger than the within-batch differences.
ESM Table S4 reveals that trastuzumab batches differ in the
quantity of certain N-glycans, such as FA2, FA2G1, and M5
(e.g., relative abundance of M5 in lot 1 is about 1.2 %, in lot 2
it is about 2.5 %, and in lot 3 it is about 2.9 %).

Finally, the SIMCA class model, which was created in the
previous experiment (see Fig. 3) for the six classes, was used
to test data of the human plasma IgG batches and data of the
trastuzumab batches. All test samples of the human plasma
IgG were predicted as a control IgG (class 1, control IgG),
while trastuzumab test samples were not predicted in any of
the six classes.

Discussion

Nowadays, huge amounts of data are obtained by glyco-
analysis of therapeutic glycoproteins. Therefore, it is neces-
sary to find an approach that simplifies the way of describing
the entire glycoprofile of the therapeutic glycoproteins. This
problem was pointed out before. Gervais et al. introduced two
parameters describing the glycosylation of human recombi-
nant gonadotrophins [28]. The first parameter, named the hy-
pothetical charge Z number, characterizes the terminal
sialylation level and is calculated as the sum of the areas under
the curve for related glycans each multiplied by the corre-
sponding charge (due to the sialylation). The Z number is
currently used by the European Pharmacopoeia (eighth edi-
tion) to characterize the glycosylation of follitropin. The sec-
ond parameter, called the hypothetical antennarity index A,
describes the antennarity level and is calculated as the sum
of the areas under the curve for related glycans eachmultiplied
by the corresponding number of antennas. Calculated values
of both parameters were used in order to assess consistency
between the different batches of the human recombinant go-
nadotrophins describing the terminal sialylation and the
antennarity level [28].

Describing the terminal sialylation and the antennarity
levels is not enough to assess the safety and the efficacy of
the therapeutic glycoproteins. As mentioned before, also ter-
minal galactosylation, core-fucosylation, and mannosylation
may change the functioning of the therapeutic glycoproteins.
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For example, an increase in terminal galactosylation largely
increases clearance (decreases half-life) from the blood circu-
lation due to the asialoglycoprotein receptor in the liver. This
receptor binds and removes glycoproteins containing terminal
galactose or N-acetylgalactosamine [29–31]. Moreover, an in-
crease in terminal galactosylation increases the anti-
inflammatory effect due to the stronger binding of the thera-
peutic glycoprotein to the Fc receptors expressed on natural
killer cells [32]. Therapeutic glycoproteins lacking in core-
fucosylation are also associated with a much higher anti-
inflammatory effect (for the same reason as terminal
galactosylated therapeutic glycoproteins). Therefore,
afucosylated therapeutic glycoproteins can potentially be-
come the next-generation therapeutic glycoproteins with im-
proved efficacy in certain applications [33, 34]. It was also
described that an increased presence of high mannose glycans
is associated with an increased clearance of the therapeutic
glycoproteins (due to the mannose binding receptor in the
liver) and with off-target hepatic toxicities. At the same time,
an increased presence of high mannose glycans can indicate
the unfinished synthesis of the complex glycans, because high
mannose glycans are highly presented in the first stages of the
synthesis of complex glycans [35]. In this context, new ap-
proaches are required for a better discrimination of glycosyl-
ation which take into account all characteristics (terminal
sialylation, terminal galactosylation, core-fucosylation, and
mannosylation) in a simple and unique analysis process.

In this study, we illustrated that a simple comparison of
chromatographic profiles (see Fig. 1) without a good data
handling is insufficient to detect changes in glycosylation de-
spite the fact that this approach is widely used by pharmaceu-
tical industries. For instance, a small increase in high mannose
glycans could not be observed when 1 % of ribonuclease B
was added to IgG. Indeed, it is crucial to find and use an

approach which is capable to detect small changes in relative
glycan amount, which may occur during the industrial recom-
binant production. Therefore, we continued with the chemo-
metric analysis of our data hoping to be able to discriminate
glycosylation changes according in only 1 %. Application of
PCA and SIMCA analyses allowed to distinguish between all
modified IgG sample types. It means that the PCA and
SIMCA developed tools are capable to detect even very small
changes in glycosylation (1 %).

Using PCA, it is possible to observe differences in
glycoprofiles (changes in mannosylation, galactosylation,
sialylation, and fucosylation) (see Fig. 2). PCA allows to de-
termine within which N-glycans the changes in glycosylation
occurred (see ESM Fig. S2). In this study, the largest differ-
ences (described by PC1) were detected between the M5 and
M6N-glycans and also between the FA2G1, FA2, and FA2G2
N-glycans, which means that PCA detected the major changes
within mannosylation and galactosylation. Furthermore, PC2
detected the changes between the A2G2S2 and A3G3S3
which suggests that PCA detected the changes within
sialylation as well. The largest advantage of the developed
approach compared to previously described approaches is that
the LC-MS-PCA approach allows the detection of changes in
glycosylation taking into account all characteristics (terminal
sialylation, terminal galactosylation, core-fucosylation, and
mannosylation) simultaneously.

Using SIMCA, it is also possible to observe a difference in
glycosylation between all modified IgG sample types (see
Fig. 3). Accordingly, all test samples match the SIMCA class
models, except one sample of the IgG+R1 sample type, which
was found most similar to the control IgG. This classification
approach can be used to verify whether a new released batch
has the same glycoprofile than a referenced batch and could be
used for quality control statements.
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Like Gervais’ approach [28], PCA and SIMCA help to
assess consistency between the different batches of therapeu-
tic glycoproteins monitoring all glycosylation changes. In
present study, three batches of human plasma IgG and three
batches of trastuzumab were selected in order to test PCA and
the SIMCA model, which were created in the previous exper-
iment of the artificially modified IgG sample types (IgG con-
trol, IgG+N, IgG+F, IgG+R1, IgG+R10, and IgG+R100).
PCA and SIMCA suggest that all samples of the human plas-
ma IgG batches match the control IgG sample type. However,
the samples of trastuzumab batches are badly predicted using
previously developed SIMCA model, because the
glycoprofile of the trastuzumab greatly differs from the
glycoprofiles of all modified sample types (see PCA score plot
Fig. 4). The results also suggest that there is no difference
between the three human plasma IgG batches, while the dif-
ferences between the trastuzumab batches are slightly larger
than the within-batch differences. The differences in glycosyl-
ation between the trastuzumab batches can be explained by
the fact that trastuzumab is produced in Chinese hamster ova-
ry recombinant cells. While IgG is extracted from human
plasma, recombinant production of therapeutic glycoproteins
is definitely more demanding than obtaining therapeutic gly-
coproteins from human plasma (as human plasma IgG). In
recombinant production, glycosylation patterns are highly
sensitive to the culture conditions (e.g., nutrient levels, dis-
solved oxygen level, pH, and temperature) [36]. Further stud-
ies are needed in order to evaluate the acceptable variation
limits in relative abundances of certain N-glycans between
the batches in order to ensure the safety and the efficacy of
the therapeutic proteins. Accordingly, mathematical and sta-
tistical approaches should be used as illustrated in the present
study.

Conclusions

In conclusion, LC-MS-PCA/SIMCA approach was intro-
duced for the characterization of glycosylation of the thera-
peutic glycoproteins. This approach enables to apply MS re-
sults of glyco-analyses of therapeutic glycoproteins to PCA
score and loading plots. Furthermore, it also enables to build
SIMCA models using MS data. By evaluating the PCA plots,
it is possible to detect small changes in glycosylation of the
therapeutic glycoproteins (a change of only 1 % in relative
glycan amount), which cannot be detected using the classical
chromatographic profile comparison. PCA can also help to
identify within which N-glycans changes occurred.
Furthermore, the SIMCA model allows classification of the
differently glycosylated profiles when the representative train-
ing set is available. SIMCA can be used to determine if a
released batch is assigned to the same class as the reference
product. Certainly, the proposed LC-MS-PCA/SIMCA

approach can help manufacturers in assessing the changes in
glycosylation between different batches of therapeutic glyco-
proteins as well as establishing acceptation limits for the gly-
cosylation changes.

According to the N-glycosylation changes of the therapeu-
tic proteins, pharmaceutical industry needs robust and fast
answers, because even small N-glycosylation changes can af-
fect the safety and the efficacy of the therapeutic proteins. The
present approach (HILIC-MS-PCA/SIMCA) contributes to
the N-glycosylation characterization in a way that it facilitates
N-glycosylation data interpretation. In this manner, N-
glycosylation data interpretation could become more and
more automated. Thanks to the better data handling ap-
proaches, LC-MS analysis could gain even more important
place in the N-glycosylation analysis.

Determination of glycosylation changes is indispensable
for providing safety, efficacy, and quality of the therapeutic
glycoproteins. In the future, optimization of the glycan sample
preparation and data processing should also be investigated,
focusing on getting the results in a shorter timeframe, because
in our study, sample preparation and data extraction were still
time consuming.
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