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In this work, a monoclonal antibody, adalimumab, and an Fc-fusion protein, etanercept,
were studied and compared to one of their biosimilars. Samples submitted to stress
conditions (agitation and high temperature) were used for method development. The
developed methods were also applied to samples reduced by beta-mercaptoethanol
to evaluate their capability to distinguish the expected species. Capillary gel
electrophoresis (CGE), reversed-phase liquid chromatography (RPLC), and size-
exclusion chromatography (SEC) methods coupled with UV detection were used to
analyze the biopharmaceuticals. Their complementarity was investigated. For further
molecular weight determination, SEC-multi angle light scattering and RPLC-quadrupole
time-of-flight were occasionally used. For adalimumab, a larger amount of fragments and
aggregates was observed in the biosimilar compared with the reference product. For
etanercept, more related species were found in the reference product. Those three
separation techniques showed good complementarity. Indeed, RPLC enabled the
separation of hydrophilic and hydrophobic degradation products. CGE provided good
selectivity for several adalimumab fragments, and SEC was useful for the analysis of
aggregates and certain fragments that cannot be separated by the other approaches.
Moreover, those formulations were submitted to mild stress conditions (30°C, 300 rpm for
4 h) that mimic shipping conditions. No additional peak was found under these conditions
for the two studied biopharmaceuticals.

Keywords: adalimumab, etanercept, capillary gel electrophoresis, reversed-phase liquid chromatography, size-
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1 INTRODUCTION

Over the last decade, biopharmaceuticals have represented one of the fastest growing classes of
human therapeutics. According to the International Council for Harmonization of Technical
Requirements for Pharmaceuticals for human use (ICH), biopharmaceuticals are defined as
molecules that are produced in various biological systems and are used to diagnose, treat, or
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prevent diseases. This category includes hormones, receptors,
enzymes, cytokines, and monoclonal antibodies (mAbs) (ICH,
2021).

mAbs represent a major class among protein therapeutics.
Indeed, around 80 therapeutic mAbs are currently approved by
the European Medicines Agency (EMA) and around 100 by the
Food and Drug Administration (FDA) (Antibody society, 2021).
mAbs are now standard therapeutics in oncology, transplantation,
and chronic inflammatory diseases (Davis et al., 2013). They are
highly complex glycoproteins of approximately 150 kDa that
belong to the immunoglobulin supergene family. They are
composed of two identical heavy chains and two identical
shorter light chains. These chains are interlinked by a variable
number of disulfide bonds (Liddell, 2013).

New classes of proteins derived frommAbs are emerging, such
as antibody–drug conjugates, bispecific antibodies, and Fc-fusion
proteins (Davis et al., 2013). Fc-fusion proteins are molecules
formed by the fusion of the crystallizable fraction (Fc) of the IgG
antibody with different molecules, such as extracellular receptor
domains, enzymes, or peptides, to increase their half-life and
stability (Duivelshof et al., 2021). Among the biopharmaceuticals
approved by the EMA or FDA, 13 are Fc-fusion proteins
(Duivelshof et al., 2021).

With the expiration of the patents for those products,
biosimilars have emerged on the market. Biosimilars are
defined as products that are highly similar to the reference
product (Gherghescu and Delgado-Charro, 2021). The first
biosimilar was approved by the EMA in 2006 and by the FDA
in 2015. By June 2021, 66 biosimilars had been approved by the
EMA (European Medicines Agency, 2021) and 29 by the FDA
(Food and Drug Administration, 2021). Among them, 38 are
biosimilars of five mAbs (adalimumab, bevacizumab, infliximab,
rituximab, and trastuzumab) and four are biosimilars of one Fc-
fusion protein (etanercept) (European Medicines Agency, 2021;
Food and Drug Administration, 2021). In the coming years, the
number of biosimilars is expected to increase significantly.

To assess the biosimilar comparability between two products,
comparability studies need to be performed. Those studies include
the determination of physicochemical and immunochemical
properties, biological activity, purity, and quantity. If differences
are observed between the two products, further clinical and
nonclinical evaluations are required to evaluate the impact of
those changes on the final product (European Medicines
Agency, 2014). Reliable analytical techniques are, thus, essential
to demonstrate the biosimilar comparability.

A U.S. Pharmacopeia chapter provides the panel of analytical
procedures for IgGmAb analysis. A size-exclusion chromatography
(SEC) method is recommended for high-molecular-weight (MW)
species assessment and a capillary gel electrophoresis (CGE)
method under nonreduced and reduced conditions for
fragments assessment. For the oligosaccharide analysis, capillary
electrophoresis (CE) or high-performance liquid chromatography
(HPLC) coupled with fluorescence detection is recommended for
N-linked oligosaccharides analysis and HPLC with amperometric
detection for sialic acid determination. The principles described in
the chapter can be applied to other types of antibodies, such as Fc-
fusion proteins (FDA, 2021).

In this work, three separation techniques [CGE, reversed-
phase liquid chromatography (RPLC), and SEC] were used to
analyze a monoclonal antibody (adalimumab) and an Fc-fusion
protein (etanercept). CGE was used as a complementary
technique to SEC for fragment analysis. Both drugs neutralize
the tumor necrosis factor (TNF)-α, which is a pro-inflammatory
cytokine (Goldenberg, 1999; Bang and Keating, 2004). They are
used to treat diseases, such as rheumatoid arthritis and
inflammatory bowel diseases (Mitoma et al., 2018).

Degraded samples using strong stress conditions and samples
submitted to reducing conditions were used to optimize the
separation conditions. Those methods were then applied to
compare the reference products [Humira® (adalimumab) and
Enbrel® (etanercept)] with their biosimilars [CinnoRA®
(adalimumab) and Erelzi® (etanercept)] (see Table 1).

2 MATERIAL AND METHODS

2.1 Chemicals
Trifluoroacetic acid (TFA)ULC-MS, and formic acid (FA) ULC-MS
were acquired from Biosolve (Dieuze, France). Boric acid, sodium
dihydrogen phosphate (NaH2PO4), sodium dodecyl sulfate (SDS),
and hydrochloric acid (HCl) were purchased from Fisher
(Loughborough, Leicestershire, United Kingdom). Sodium
hydroxide pellets, ethylenediaminetetraacetic acid (EDTA),
disodium hydrogen phosphate (Na2HPO4), potassium chloride
(KCl), and glycerol were obtained from VWR (Leuven, Belgium).
Ultrapure water was obtained from a Millipore Milli-Q Academic
System from Merck (Darmstadt, Germany). Ultra Gradient HPLC-
grade acetonitrile (ACN) was obtained from JT Baker (Deventer,
Netherlands). Tris base Ultrol Grade was purchased from Merck.
Polyethylene oxide (PEO) with an MW of 200,000, phosphoric acid
(H3PO4), sodium chloride (NaCl), dextran from Leuconostoc
mesenteroides (MW 1,500,000–2,800,000), beta-mercaptoethanol
(BME), lysozyme, and iodoacetamide (IAM) were acquired from
Sigma-Aldrich (St. Louis, MO, United States). SDS sample buffer
and SDS-MW Size Standard (10, 20, 35, 50, 100, 150, and 225 kDa
proteins) were purchased from Beckman Coulter (Fullerton, CA,
United States). An mAb size variant standard was obtained from
Waters (Milford, MA, United States). The formulations used in this
study [Enbrel® (expiration date: 12/2020), Erelzi® (expiration date:
04/2021), Humira® (expiration date: 08/2020) and CinnoRA®
(expiration date: 01/2020)] were provided by a partner.

2.2 Instrumentation
SEC was performed on an Agilent 1200 HPLC system (Agilent
Technologies, Waldbronn, Germany). RPLC was performed on an
Agilent 1100 HPLC system for method evaluation (section 3.1)
and on an Agilent 1200 HPLC system for biosimilar comparability
exercises (section 3.2). Detection was carried out with a diode-
array detector. SEC multiangle light scattering (MALS) was
performed on a 1260 Bio-Inert HPLC coupled with a Bio-Dual
Angle LS/DLS (Agilent). CGE-UV separations were carried out on
a G7100 CE system (Agilent) coupled to a diode-array detector.
For RPLC quadrupole time-of-flight (QTOF) experiments, a
UHPLC system coupled to a DTIMS-QTOF mass spectrometer
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6,560 (Agilent) was used. A Dual Agilent Jet Stream ESI was used
as electrospray ionization source.

2.3 Operational Conditions
2.3.1 CGE
An uncoated fused-silica capillary with a length of 33 cm (50 μm
ID, 24.5 cm effective length) was used to perform all separations
(Polymicro Technologies, Phoenix, AZ, United States).
Hydrodynamic injection was used for all samples by applying a
pressure of 4 bars for 2 s at the inlet. During the run, the pressure
was set at 2 bars at both ends. The separation voltage was set at
20 kV and the UV detection wavelength was set at 220 nm. The
temperature of the cassette was maintained at 25°C. Instrument
control and data acquisition were achieved by using the Agilent
OpenLab CDS C.01.07 (27) software.

A new capillary was first conditioned by flushing water,
followed by 1 M NaOH, 0.1 M NaOH, and water again for
5 min each. The capillary was then flushed with 1 M NaOH
for 5 min followed by 1 MHCl for 10 min, water for 10 min, PEO
0.2% for 5 min, and finally water for 5 min. Between each run, the
capillary was rinsed with water for 3 min, 0.1 M HCl for 3 min,
0.2% PEO for 5 min, and finally with the gel for 10 min at 4 bars
for each fluid. The gel was made up of 0.6 M Tris-borate buffer
(pH 8.1), 0.005 M EDTA, 10% dextran (w/v), 0.2% SDS (w/v),
and 10% glycerol (v/v) (Liu et al., 2008).

2.3.2 RPLC
RPLC-UV: Three columns were used: BioResolve® Polyphenyl
(2.1 × 100 mm, 2.7 µm particle size, 450 Å) (Waters), Biozen®
intact C4 (2.1 × 50 mm, 3.6 µm particle size, 200 Å)
(Phenomenex, Torrance, CA, United States), and Biozen®
intact XB-C8 (2.1 × 50 mm, 3.6 µm particle size, 200 Å)
(Phenomenex). The column compartment was set at 80°C for
the three columns. The detection wavelength and the flow rate

were, respectively, set at 280 nm and 0.4 ml/min. The injection
volume was set at 10 µl. Agilent OpenLab CDS C.01.08 (210)
software was used for system control and data acquisition. Mobile
phase A consisted of water with 0.1% of TFA, and mobile phase B
consisted of acetonitrile with 0.1% of TFA. The gradient started at
75%A and was carried out as follows: 0–20 min, from 75% to 55%
A; 20–20.1 min, from 55% to 20% A.

RPLC-MS: For MS detection, the BioResolve® (polyphenyl)
column was used. The same mobile phase, gradient, column
temperature, and injection volume as for RPLC-UV were used.
The reference masses (m/z 121.04 and 922.01) were infused at
0.1 ml/min. The Dual Agilent Jet Stream ESI source was set at a
drying gas temperature and flow of 290°C and 13 L/min,
respectively. The sheath gas temperature was set at 400°C and
the corresponding flow at 12 L/min. The nebulizer was fixed at
20 psi. The capillary voltage was set at 5000 V and the nozzle
voltage at 2000 V. The m/z range was set from 100 to 7000, and the
scan rate was set at one spectrum/s. The spectra were deconvoluted
using the maximum entropy algorithm in MassHunter
BioConfirm software (Agilent).

2.3.3 SEC
SEC-UV: BioResolve® SEC mAb column (7.8 × 300 mm, 2.5 µm
particle size, 200 Å) (Waters) with a BioResolve® SEC mAb
Guard column (4.6 × 30 mm, 2.5 µm particle size, 200 Å)
(Waters) were used. The column compartment was
thermostated at 20°C, and the wavelength was set at 280 nm.
The flow rate and injection volume were set at 0.5 ml/min and
10 μl, respectively. Agilent OpenLab CDS C.01.08 (210) software
was used for system control and data acquisition. The mobile
phase was composed of 50 mM phosphate buffer (pH 7) and
200 mM KCl.

SEC-MALS: For MALS detection, the same column and mobile
phase as for SEC-UV were used. The column compartment was

TABLE 1 | Studied biologics.

Molecule Type Structure Davies,
(2016)

Molecular weight (kDa)
Goldenberg, (1999);

EMEA, (2003);
Lee et al.
(2019)

Reference
product

Biosimilar

Adalimumab A recombinant human IgG 148 Humira® CinnoRA®

Etanercept Fc-fusion protein 150 Enbrel® Erelzi®
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thermostated at 30°C, and the LS wavelength was set at 658 nm.
The flow rate was set at 0.5ml/min. The dn/dc ratio andUV extraction
coefficient were found in the literature and were set at 0.185ml/g and
1.42ml/(mg.cm), respectively (Gokarn et al., 2015) formAb size variant
standard, at 0.185ml/g and 1.39ml/(mg.cm) for adalimumab, and at
0.172ml/g and 0.912ml/(mg.cm) (Miranda-hernández et al., 2015) for
etanercept. Agilent Bio-SEC software was used for system control and
data acquisition. The injection volume was 30 µl for mAb size variant
standard, 40 µl for adalimumab, and 10 µl for etanercept.

2.3.4 Sample Preparation
2.3.4.1 CGE
CinnoRA®, Enbrel®, andErelzi® formulationswere diluted 20 times in
Tris-HCl buffer at pH 9.0 with 1% of SDS (SDS sample buffer)
containing 6mM of iodoacetamide. Humira® was diluted
40 times in the same medium. All samples (at a final concentration
of 2.5mg/ml) were then heated at 70°C for 10min. For the reduction,
each formulation was diluted 50 times in a solution of 5% BME in
SDS sample buffer and then heated for 15min at 70°C.

2.3.4.2 RPLC
RPLC-UV: CinnoRA®, Enbrel®, and Erelzi® were diluted
100 times in 0.1% FA to obtain a concentration of 0.5 mg/ml.
Humira® was diluted 200 times in the same solvent to reach the
same concentration. For the reduction, 2 µl of CinnoRA®/
Enbrel®, 10 µl of BME, and 188 µl of water were mixed. The
samples were then heated for 15 min at 70°C.

RPLC-MS: CinnoRA® and Humira® were diluted 100 and
200 times in 0.1% FA, respectively, and 500 µl of samples were
centrifuged in Vivaspin 500® Centrifugal Concentrator of 10 kDa
(Sartorius, Goettingen, Germany) during 5 min at 12,000 rpm.
Then, 20 µl of the nonfiltered liquid was collected, and 180 µl of
water containing 1% FA was added.

2.3.4.3 SEC
SEC-UV: CinnoRA®, Enbrel®, and Erelzi® were diluted
100 times in water, and Humira® was diluted 200 times to
achieve a final concentration of 0.5 mg/ml. For the reduction,
2 µl of formulation were diluted 100 times in a 10% BME solution
and then heated for 15 min at 70°C.

SEC-MALS: CinnoRA® and Enbrel® were diluted 25 times in
water to reach a concentration of 2 mg/ml.

2.3.4.4 Forced Degradation
For this, 350 µl of CinnoRA® and 200 µl of Enbrel® were
subjected to stirring (600 rpm) at 60°C for 2 h. These samples
were then prepared as mentioned above.

2.3.5 Calibration
2.3.5.1 CGE
Standard of MW preparation: 5 µl of the SDS-MW size standard
(10, 20, 35, 50, 100, 150, and 225 kDa proteins) were mixed with
5 µl of BME and 70 µl of SDS-sample buffer. The standard was
heated at 100°C for 3 min.

The waters mAb size variant standard preparation: The waters
mAb size variant standard was diluted two times in SDS-sample
buffer before injection.

CGE calibration curve: The curve was made using proteins
from the standard of MW at 20 and 35 kDa and the main peak at
148 kDa from the waters mAb size variant standard (see
Supplementary Figure S1).

2.3.5.2 SEC
TheWatersmAb size variant standardwas composed ofmain peak
(148 kDa) low-MWspecies around 50 and 100 kDa, and high-MW
species larger than 300 kDa were used for MW estimation.

2.4 Statistical Analysis
Statistical analyses were performed using GraphPad Prism 6
(GraphPad Software, Inc. La Jolla, CA). Two-way ANOVA
tests were performed.

3 RESULTS AND DISCUSSION

3.1 Method Evaluation Using Samples
Submitted to Stress and Reducing
Conditions
Adalimumab and etanercept were submitted to forced degradation
conditions. Usually, forced degradation studies are performed to
determine the degradation pathways of biopharmaceuticals and
their stability (Venkataraman and Manasa, 2018). Here, we used
degraded samples to assess the selectivity of the analytical methods
(ICH, 1996). Each formulation was submitted to high temperature
(60°C) and agitation (600 rpm) for 2 h. This process was expected
to denature the proteins and generate aggregates, fragments,
oxidation, and deamidation products (Tamizi and Jouyban,
2016; Nowak et al., 2017; Le Basle et al., 2020).

Moreover, BME, a reducing agent, was added to adalimumab
and etanercept samples to cleave the disulfide bridges of the proteins
(Müller and Winter, 2017). Intact adalimumab MW is
approximately 148 kDa (EMEA, 2003; Lee et al., 2019). The
treatment with BME was supposed to give two peaks for
adalimumab corresponding to the light (25 kDa) and heavy
(50 kDa) chains. Intact etanercept MW is approximately 150 kDa
(Goldenberg, 1999). For etanercept, two fragments of about 75 kDa
should be generated (see Supplementary Figure S2).

For method optimization, adalimumab biosimilar and
etanercept reference product formulations were used. They
were analyzed before and after stress conditions (temperature
and agitation) and reduction by CGE, RPLC, and SEC.

3.1.1 RPLC
Three core-shell columns with a solid core and a porous outer
layer were tested by RPLC. The stationary phases of the Biozen®
columns (C4 and XB-C8; 3.6 µm particles) are grafted with alkyl
groups and endcapped with trimethylsilyl groups. This reduces the
interaction between the positive charges of adalimumab and
etanercept and free silanols that may be negatively charged at a
pH above 3. The BioResolve® column is functionalized with
polyphenyl groups. This type of grafting has recently been used for
the separation of antibodies and derived products (Bobály et al., 2018).
The particles have a diameter of 2.7 µm. Moreover, the BioResolve®
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column used in this study is two times longer than the Biozen®
columns.

Gradient slope and flow rates were optimized (data not
shown). Not surprisingly, the BioResolve® column offered the
best performance. As shown in Supplementary Figure S3, the
column was thermostated at 80°C as it is well known that a high
temperature decreases the phenomenon of adsorption of
monoclonal antibodies on the stationary phase (François and
Guillarme, 2020). Working at 60°C was not high enough because
an additional peak was still observed (Supplementary Figure
S3A). At 80°C, this additional peak almost disappeared. This
phenomenon was much less pronounced for etanercept samples
(Supplementary Figure S3B).

Figure 1 shows the chromatograms obtained for adalimumab
and etanercept under reducing and stress conditions. Under stress
conditions, the small peaks already present in adalimumab (peaks
4 and 5) were still present, but the shoulder before the main peak
(peak 2) corresponding to hydrophilic species disappeared.

After reduction, the chromatogram of adalimumab shows that
the light (peak 1) and heavy chains (peak 5) are well separated
(Figure 1A). The light chain, which is more hydrophilic, elutes
first. The heavy chain elutes after the intact antibody (Bobály
et al., 2018). This suggests that hydrophobic moieties in the heavy
chain are hidden when the light chain is bound. Once the two
chains are separated, these hydrophobic moieties could be

exposed, which might explain the higher retention of the
heavy chain compared with the intact antibody.

Etanercept was analyzed under stress conditions as well. A
major peak, more retained than the main peak of untreated
etanercept, was generated (peak 8). For this recombinant
protein, BME cleaves the disulfide bridges at the hinge region.
The molecule should be divided into two identical fragments of
about 75 kDa (see Supplementary Figure S2). Because there are
intrachannel disulfide bridges, the three-dimensional
conformation of the fragments is also modified. As can be seen
in Figure 1B, the generated peak is slightly more retained than the
major peak observed in the nondegraded sample.

In sum, RPLC gave information on the hydrophobic character
of recombinant proteins and their degradation products.
Moreover, this technique was able to separate the species
obtained after sample reduction. Further investigations
concerning the identity of these species are discussed in
section 3.2 dedicated to the biosimilar comparability study.

3.1.2 CGE
AnSDS-CGEmethod previously developed for the study of protein
aggregation was used (Demelenne et al., 2019). The nature of the
sample dilution solvent was optimized using adalimumab. This
solvent appeared to have a tremendous impact on antibody peak
shape (see Figure 2). Samples were first diluted in a Tris-HCl buffer
at pH 9.0 with 1% of SDS and then heated. SDS is a denaturing
agent that binds to the hydrophobic residues of the protein and
disrupts noncovalent bonds and secondary and tertiary structures
(Duivelshof et al., 2021). Covalent bonds, such as disulfide bridges
or peptide bonds, remain intact (Schmid et al., 2017). SDS is used to
give uniform charge to the molecules, allowing for a size-based
separation in SDS-CGE.

Figure 2 shows the impact of the composition of the dilution
solvent on adalimumab peak shape. As can be seen in this figure,
it was necessary to block the free thiol groups of cysteine to
analyze intact antibodies. Indeed, free thiol groups can reduce
neighboring disulfide bonds, which can lead to the formation of
unwanted species (Zhang et al., 2010). IAM is an alkylation
agent that binds specifically to free thiol groups and blocks them.
IAM prevents, thus, the formation of intermolecular disulfide
bridges and the cleavage of existing disulfide bonds (Salas-
Solano et al., 2006). Without IAM in the sample buffer, two

FIGURE 1 | Chromatograms of treated (stressed and reduced) and
untreated samples of adalimumab (A) and etanercept (B) obtained by RPLC.
See Material and methods for additional information on chromatographic
conditions. 1. Light chain; 2. More hydrophilic species; 3. Adalimumab;
4. More hydrophobic species; 5. Heavy chain; 6. Etanercept; 7.75 kDa
fragment; 8. More hydrophobic species.

FIGURE 2 | Influence of the dilution solvent on adalimumab peak shape
in SDS-CGE. Comparison of samples diluted 20 times in water, in 5 mM IAM,
in SDS buffer, and in a mixture of SDS buffer and IAM. See Material and
methods for additional information about CGE conditions.
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peaks were detected, and with IAM in the buffer, one main peak
was detected.

Adalimumab and etanercept were, thus, analyzed under those
conditions. Lysozyme was used as an internal standard to correct
peak areas andmigration times. Adalimumab had amigration time
of 27.2 min, and etanercept migrated at 31.5 min (see Figure 3).
TheMWs of the studied biopharmaceuticals were estimated using a
calibration curve (seeMaterial andmethods). MWs of adalimumab
and etanercept were estimated at 146.7 and 272.6 kDa, respectively.
This is pretty close to the actual MW for adalimumab (148 kDa)
but not for etanercept (150 kDa). This could be explained by the
extended conformation of the sugar on etanercept. As etanercept is
highly glycosylated, the protein could be not fully recovered by SDS,
and the migration time is, thus, longer than for a molecule of
similar MW with less glycosylation. This results in a biased MW
determination (Wang et al., 2017). Moreover, etanercept appears as
a broad peak due to the heterogeneity of the glycans that represent
one third of its total MW.

For the samples treated with BME, two peaks (at 15.5 and
19.5 min) were observed for adalimumab as expected. MWs for
the light and heavy chains of adalimumab were estimated at 27.3

and 49.1 kDa, respectively. For etanercept, the treatment of the
sample with BME provided only one peak estimated at 83.0 kDa.

As can also be seen in Figure 3, the sample of adalimumab
submitted to stress generated species between 25 and 150 kDa
(27.2, 31.5, 83.2, 116.8, and 123.9 kDa). The 27.2 kDa
corresponds to the light chain of the antibody. The 123.9 kDa
species could be related to the antibody without one of its light
chains (theoretical value of 125 kDa).

In the untreated sample, the light chain of the antibody was
found as well. Moreover, the 96.8 kDa species could correspond
to the antibody with two heavy chains and no light chains
(theoretical value of 100 kDa).

For etanercept, a peak estimated at 148.3 kDawas observed after
agitation at 60°C for 2 h. Moreover, there is a loss of almost 50% of
the normalized peak area (ratio of the peak area to its migration
time corrected with the ratio of the peak area of the internal
standard to its migration time). This low recovery suggests some
precipitation of etanercept before injection (but a low recovery
would also be observed with other techniques in that case), some
adsorption of the high-MW species to the capillary wall, or some
impossibilities for the high-MW species to enter into the gel.

FIGURE 3 | Electropherograms of treated (stressed and reduced) and untreated samples of adalimumab (A) and etanercept (B) obtained by SDS-CGE. Molecular
weights were estimated using a calibration curve. See Material and methods for additional information on the CGE conditions. *: lysozyme (internal standard).
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No peak of higher MW than adalimumab or etanercept was
found. Indeed SDS-CGE is not a suitable technique for the
detection of noncovalent aggregates because they would be
dissociated by SDS present in the buffer and in the sample
(Duivelshof et al., 2021). However, CGE was able to distinguish
between species of various sizes in adalimumab and etanercept.

3.1.3 SEC
Adalimumab and etanercept were analyzed by SEC coupled to UV
and MALS using a previously described method (Waters, 2020). The
SEC analysis was performed on a BioResolve® SEC mAb column of
2.5 µmparticle size and 200 Åpore size of 30 cmwith 7.8mm internal
diameter. The mobile phase was composed of 50mM phosphate
buffer (pH 7) and 200mM KCl (Waters, 2020). An mAb standard
was used for MW estimation by SEC-UV (see Section 2.3.5.2).

As can be seen in Figure 4, a difference in retention time
between adalimumab and etanercept was observed. Adalimumab
eluted in 13.7 min, and etanercept eluted after only 11.7 min. This
suggests that etanercept is a larger protein than adalimumab
although they have almost the same molecular weight
(∼150 kDa). Using a calibration curve obtained from mAb
standard species, etanercept MW was estimated at 300 kDa.
This is consistent with the value observed in CGE in which
etanercept MW was estimated at 260 kDa, much larger than
expected. It is described in the literature that sugars may have an

important effect on elution in SEC and, thus, that SEC-UV may
not be suitable for MW determination of highly glycosylated
proteins (Wen et al., 1996).

The analysis of the species obtained after BME reduction
showed one single peak at 50 kDa, which corresponds to the
heavy chain. The light chain could not be detected or coeluted
with the heavy chain. For reduced etanercept, four peaks were
observed instead of the expected single peak.

MALS was then used as an absolute approach to assess the MW
of untreated adalimumab and etanercept and after stress conditions.
Adalimumab (peak 3, corresponding to the intact product), has an
estimated MW of 152 kDa. This is close to the expected MW of
148 kDa. The MW of the species related to peak 1 in the stressed
solution could correspond to a complex of approximately 5
adalimumab molecules (819 kDa). Peak 2 species could
correspond to a trimer (455 kDa). Peak 4 species could
correspond to a mixture of antibodies that have lost at least one
light chain (115 kDa). Peaks 5 and 6 species could correspond to the
antibody that has lost its two light chains (109 kDa). As two peaks
were observed, it should probably correspond to two populations of
two heavy chain antibodies with small differences in their MW. It is
interesting to note that peak 4 represents only 1% of the main peak
in the untreated adalimumab sample but 6.6% of the main peak in
the degraded sample. The percentage of high-MW species was
almost identical in both samples (the sum of peaks 1 and 2
represents 3.3% of the main peak in the untreated sample and
3.2% of the main peak in the degraded sample).

For etanercept, the MW of peak 11 species, corresponding to
intact etanercept, was estimated at 151 kDa. For etanercept
submitted to stress conditions, a significant increase of the
aggregated species (peak 8) was observed. Indeed, this peak
represents 6.5% of the main peak (peak 11) in the reference
product although it represents 166% of peak 11 in the stressed
sample. The MW of this aggregate was found at 3451 kDa, which
might correspond to the aggregation of 23 Fc-fusion proteins. In the
untreated sample, peak 9 was estimated to correspond to a trimer
(464 kDa), and peak 10 was estimated to correspond to a dimer
(266 kDa). Peaks 12–15 species correspond to lower MW species.

In sum, aggregates could be nicely separated from
adalimumab and etanercept fragments by SEC. For
adalimumab, the light chain of the antibody could not be
detected. MALS, which is an absolute approach, was necessary
to estimate the MW of etanercept accurately.

3.2 Biosimilar Comparability Exercise
In the second part of this study, biosimilars of adalimumab and
etanercept were compared with the reference products to evaluate
their comparability. It should be noted that both the biosimilar and
the reference product of adalimumab were outdated. However,
they had expired less than a year previous to the time of analysis.

The formulations were compared in their initial state and after
submission to a mild stress supposed to mimic biopharmaceuticals
shipping conditions, i.e., agitation at 300 rpm for 4 h at 30°C.

3.2.1 Adalimumab
As can be seen in Figure 5A,D, few differences were observed in
RPLC between the biosimilar and its reference product for the

FIGURE 4 | Chromatograms of treated (stressed and reduced) and
untreated samples of adalimumab (A) and etanercept (B) obtained by SEC.
See Material and methods for additional information on chromatographic
conditions. 1, 2. Higher MW species of adalimumab (≥300 kDa); 3.
Adalimumab (∼150 kDa); 4. Lower MW species of adalimumab (∼100 kDa); 5,
6. Lower MW species of adalimumab (∼50 kDa); 7. Adalimumab fragment; 8,
9. Higher MW species of etanercept; 10. Etanercept; 11–15. Lower MW
species of etanercept.
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formulations in their initial state. The sum of the more hydrophilic
impurities represents 3.3% of the sum of the peak areas for the
biosimilar, and it represents 4.5% of the sum of the peak areas for the
reference product. In particular, the peak at 10.1 min was more
abundant in the biosimilar compared with the reference product,
and the peak at 12.0 min was more abundant in the reference
product than in the biosimilar (see Supplementary Table S1).
Concerning the more hydrophobic impurities, they were slightly
more abundant in the biosimilar as they represented 15.6% of the
sum of the peak areas compared with 13.1% for the reference
product. The repeatability of the method was evaluated from
three injections of each product. RSDs below 0.3% were found
for the retention time and peak area of the main peak for both the
biosimilar and the reference product (see Supplementary Table S2).

Samples were also analyzed by RPLC-QTOF to determine the
exact mass of the main peak of the reference product and that of
the biosimilar. Antibodies are often characterized by their
N-glycan composition. G0F glycoform is one of the most
frequent types and represents oligosaccharides that contain
fucose with no terminal galactosylation (Tebbey et al., 2015).

Moreover, adalimumab is present as three major isoforms
depending on the number of C-terminal lysine (0, 1, or 2)
carried by the molecule (EMEA, 2003). The main peak for the
reference product of adalimumab was detected at 148,092.25 Da
and could be attributed to adalimumab G0F/G0F glycoform with
no terminal lysine on the C terminal chain (Füssl et al., 2019). The
main peak for the biosimilar of adalimumab was detected at
almost the same MW (148,093.20 Da).

In CGE, a shoulder can be seen after the main peak in the
biosimilar but not in the reference product. This shoulder
represents around 8.6% of the sum of the peak areas. Moreover,
the peak corresponding to the 125 kDa fragment was more
abundant in the biosimilar than in the reference product (see
Figure 5B,E; Supplementary Table S1). RSDs below 0.5% were
found for migration times of the main peak. For peak area, 9.1%
and 4.3% of variation were observed, respectively, for the reference
product and the biosimilar (See Supplementary Table S2).

In SEC, a higher proportion of aggregates was found in the
biosimilar than in the reference product (2.6% vs. 0.5%).Moreover,
an aggregate was found at 11.0 min in the biosimilar that was

FIGURE 5 | Comparison between adalimumab reference product and its biosimilar by RPLC (A–D), CGE (B–E), and SEC (C–F). Chromatograms (A–C) and
percentage of the peak compared to the sum of the peaks in function of the retention/migration time (n � 3) (D–F). For CGE, the peak areas of the peaks were corrected
by their migration times. *** represents statistically different results with a p-value <0.001. **** represents statistically different results with a p-value <0.0001. See Material
and methods for additional information on experimental conditions.
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not present in the reference product. Concerning the fragments,
there were no significant differences between the two
biopharmaceuticals (see Figure 5C,F; Supplementary Table
S1). RSDs on retention time and peak area of the main peak
were below 0.1% for the reference product and the biosimilar (See
Supplementary Table S2).

For samples of the reference product and biosimilar subjected
to a temperature of 30°C and a stirring speed of 300 rpm for 4 h,
no change in the chromatographic and electrophoretic profiles
was observed (data not shown). This indicates a similar stability
of the product under those conditions.

3.2.2 Etanercept
In RPLC, small differences were observed between the reference
product and the biosimilar (see Figure 6A,D). A shoulder can
be seen before the main peak in the biosimilar but not in the
reference product. This shoulder corresponds to more
hydrophilic species and represents 8.7% of the sum of the
peak areas. Moreover, another hydrophilic species eluting
just before the shoulder was also present only in the
biosimilar and represented 1.6% of the sum of the peak
areas. The percentage of the peak eluting just after the main
peak (a 75-kDa fragment) was almost two times higher in the
reference product than in the biosimilar (see Supplementary
Table S3). RSDs below 0.1% were found for the retention time
of the main peak and below 0.5% for its peak area for both the
biosimilar and the reference product (see Supplementary
Table S4).

Samples of etanercept were also analyzed by RPLC-QTOF to
determine the exact mass of the main peak of the reference product
and that of the biosimilar. Unfortunately, no exact mass
measurement could be extracted from the acquired data. Indeed,
the high heterogeneity of Fc-fusion proteins due to the presence of
multiple glycosylation sites makes the analysis by MS particularly
challenging (Duivelshof et al., 2021). The exactmassmeasurement of
the protein is, thus, not possible without prior deglycosylation with
an enzyme such as PNGase (Zhu et al., 2014).

In CGE, a higher percentage of the lower MW species was
observed in the reference product compared to the biosimilar (4.8
vs. 2.1%) (see Figure 6B,E; Supplementary Table S3). The RSDs
were below 0.2% for the migration time of the main peak and
below 3.7% for its peak area (see Supplementary Table S4).

In SEC, a lower quantity of fragments and aggregates was
found in the biosimilar compared with the reference product.
Moreover, two groups of fragments and aggregates were observed
for the reference product although there was only one group of
fragments and aggregates for the biosimilar (see Figures 6C,F). A
higher proportion of fragments (6.4% vs. 0.6%) and higher
percentage of aggregates (4.8% vs. 1.5%) were observed in the
reference product compared with the biosimilar (see
Supplementary Table S3). RSDs below 0.1% were found for
the retention time of the main peak and below 0.4% for its peak
area (see Supplementary Table S4).

As in the case of adalimumab, no further degradation was
observed for both samples subjected to a temperature of 30°C and
a stirring at 300 rpm for 4 h (data not shown).

FIGURE 6 |Comparisonbetween etanercept reference product and its biosimilar byRPLC (A–D), CGE (B–E), and SEC (C–F). Chromatograms (A–C) and percentage
of the peak compared to the sum of the peaks in function of the retention/migration time (n � 3) (D–F). For CGE, the peak areas of the peaks were corrected by their migration
times. **** represents statistically different results with a p-value <0.0001. See Material and methods for additional information on experimental conditions.
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4 CONCLUSION AND PERSPECTIVES

With the increasing number of antibodies and derivatives on the
market and the emergence of biosimilars, there is an important
need for methods to study the comparability between the
reference products and their biosimilars. The three analytical
techniques (RPLC, SEC, and CGE) used herein to study
adalimumab, etanercept, and their biosimilars were found to
be very complementary.

The forced degradation applied to the studied
biopharmaceuticals produced fragments and aggregates. It was
shown that, although SEC is interesting for the detection of
aggregates, CGE is able to distinguish between the fragments
of adalimumab. However, it failed to give information about
fragments for etanercept. RPLC provided information about the
relative hydrophobicity of degradation products. RPLC and SEC
were more repeatable than CGE. However, RSDs of retention/
migration times were always lower than 0.5%.

The comparison between the biosimilars and their reference
products showed that they are highly similar, but some slight
differences were observed. A greater quantity of fragments and
aggregates was observed in the adalimumab biosimilar
compared with the reference product, but a smaller quantity
of aggregates and fragments was observed in the etanercept
biosimilar compared with the reference product. Similar results
were obtained for the samples subjected to mild stress
conditions.

In this work, complementary techniques to study size-variant
products (SEC and CGE) and hydrophilic and hydrophobic
impurities (RPLC) were used. Other chromatographic and
electrophoretic techniques could also be used to evaluate
comparability. Ion-exchange chromatography and capillary
isoelectric focusing would be useful to study acidic and basic
variants, and HILIC and CZE would help determine the
glycosylation profile of the biopharmaceuticals (Berkowitz
et al., 2012; Fekete et al., 2015; Pedersen-Bjergaard et al.,
2019). All those variants need to be carefully controlled as
they represent critical quality attributes that may affect
product safety and efficacy (Oshinbolu et al., 2018).

Mass spectrometry was useful to determine the exact mass of
the intact protein of adalimumab and could also be employed to
determine the mass of the impurities. Due to the complexity of
the glycosylation profile of etanercept, the use of an enzyme to
cleave glycosidic bonds would be necessary to simplify the
spectrum and enable analysis of the intact protein (Zhu et al.,
2014).

Analysis by SEC and CGE showed a difference between the
retention/migration times of these two biopharmaceuticals. The
MW of etanercept was overestimated using both techniques
knowing that the estimation of MW relies for both techniques
on a calibration curve, including an IgG antibody standard. This
difference is most probably due to the high glycosylation of
etanercept which renders MW estimation inaccurate.

The combination of SEC with MALS detection was used
to measure the MW of etanercept (150 kDa) without

overestimation. MALS has the advantage of determining the
MW of proteins without the need for reference molecules
having the same conformation. It is considered an absolute
technique that determines the MW of compounds according
to the amount of light scattered by them (Some et al., 2019).

Ion mobility spectrometry would also be an interesting
additional technique to provide information on the three-
dimensional conformation of adalimumab and etanercept.
Moreover, collision-induced unfolding analysis could be
applied to study how the molecules unfold when submitted to
an accelerating electric field (Kerr et al., 2019).

Besides the analytical comparison of reference products with
their related biosimilars, a biological activity comparison between
these products must also be performed to demonstrate that they
have similar pharmacological activity.

The analysis of monoclonal antibodies has been described in
many publications due to the high number of mAbs on the
market and the increasing number of biosimilars, but fewer
articles dealing with Fc-fusion proteins can be found. Fc-
fusion proteins are more complex molecules than mAbs as
their structure depends on the structure of the ligand that is
bound to the Fc fragment. As this ligand is different for every
commercialized Fc-fusion protein, it is probably not possible to
develop generic methods as is the case for mAbs. Moreover, Fc-
fusion proteins present often more complex glycosylation profiles
than those observed for mAbs, and innovative analytical methods
are, therefore, required (Duivelshof et al., 2021).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors without undue reservation.

AUTHOR CONTRIBUTIONS

MF contributed to conception and design of the study. AD, AY,
and DL performed the analysis. AD wrote the first draft of the
manuscript. All authors contributed to manuscript revision, read,
and approved the submitted version.

ACKNOWLEDGMENTS

The authors acknowledge the research grants from the Walloon
Region of Belgium and EU Commission (project FEDER-
PHARE) for the funding of the DTIMS-QTOF instrument.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.782099/
full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 78209910

Demelenne et al. Orthogonal Techniques for Biosimilar Analysis

https://www.frontiersin.org/articles/10.3389/fchem.2021.782099/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.782099/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


REFERENCES

Antibody society (2021). An International Non-Profit Supporting Antibody-Related
Research and Development. Antibody Therapeutics Approved or in Regulatory
Review in the EU or US. Available at: https://www.antibodysociety.org/
resources/approved-antibodies/(Accessed June 27, 2021).

Bang, L. M., and Keating, G. M. (2004). Adalimumab. BioDrugs. 18, 121–139.
doi:10.2165/00063030-200418020-00005

Berkowitz, S. A., Engen, J. R., Mazzeo, J. R., and Jones, G. B. (2012). Analytical
Tools for Characterizing Biopharmaceuticals and the Implications for
Biosimilars. Nat. Rev. Drug Discov. 11, 527–540. doi:10.1038/nrd3746

Bobály, B., D’Atri, V., Lauber, M., Beck, A., Guillarme, D., and Fekete, S. (2018).
Characterizing Various Monoclonal Antibodies With Milder Reversed Phase
Chromatography Conditions. J. Chromatogr. B. 1096, 1–10. doi:10.1016/
j.jchromb.2018.07.039

Davies, H. D. (2016). Infectious Complications With the Use of Biologic Response
Modifiers in Infants and Children. Pediatrics. 138, e20161209. doi:10.1542/
peds.2016-1209

Davis, J. D., Deng, R., Boswell, C. A., Zhang, Y., Li, J., Fielder, P., et al. (2013).
Monoclonal Antibodies: From Structure to Therapeutic Application. Editors
D. J. A. Crommelin, R. Sindelar, and B. Meibohm (springer: Pharm.
Biotechnol), 1–544.

Demelenne, A., Napp, A., Bouillenne, F., Crommen, J., Servais, A.-C., and Fillet, M.
(2019). Insulin Aggregation Assessment by Capillary Gel Electrophoresis
without Sodium Dodecyl Sulfate: Comparison With Size-Exclusion
Chromatography. Talanta. 199, 457–463. doi:10.1016/j.talanta.2019.02.074

Duivelshof, B. L., Murisier, A., Camperi, J., Fekete, S., Beck, A., Guillarme, D., et al.
(2021). Therapeutic Fc-Fusion Proteins: Current Analytical Strategies. J. Sep.
Sci. 44, 35–62. doi:10.1002/jssc.202000765

EMEA (2003). Humira - Scientific Discussion.
European Medicines Agency, Medicines (2021). Available at: https://www.

ema.europa.eu/en/medicines/field_ema_web_categories%253Aname_field/
Human/ema_group_types/ema_medicine/field_ema_med_status/authorised-
36/ema_medicine_types/field_ema_med_biosimilar/search_api_aggregation_
ema_medicine_types/field_ema_med_biosim (Accessed June 26, 2021).

European Medicines Agency (2014). Guideline on Similar Biological Medicinal
Products Containing Biotechnology-Derived Proteins as Active Substance :
Quality Issues. Available at: http://www.ema.europa.eu/docs/en_GB/
document_library/Scientific_guideline/2015/01/WC500180219.pdf.

FDA (2021). Available at: https://www.fda.gov/(Accessed April 22, 2021).
Fekete, S., Beck, A., Veuthey, J.-L., and Guillarme, D. (2015). Ion-Exchange

Chromatography for the Characterization of Biopharmaceuticals. J. Pharm.
Biomed. Anal. 113, 43–55. doi:10.1016/j.jpba.2015.02.037

Food and Drug administration (2021). Biosimilar Drug Information. Available at:
https://www.fda.gov/drugs/biosimilars/biosimilar-product-information
(Accessed June 26, 2021).

François, Y., and Guillarme, D. (2020). “Facing the Complexity of Biopharmaceuticals
Characterization,” in 36th Int. Symp. Microscale Sep. Bioanal, 36.

Füssl, F., Trappe, A., Cook, K., Scheffler, K., Fitzgerald, O., and Bones, J.
(2019). Comprehensive Characterisation of the Heterogeneity of
Adalimumab via Charge Variant Analysis Hyphenated On-Line to
Native High Resolution Orbitrap Mass Spectrometry. MAbs 11,
116–128. doi:10.1080/19420862.2018.1531664

Gherghescu, I., and Delgado-Charro, M. B. (2021). The Biosimilar Landscape: An
Overview of Regulatory Approvals by the EMA and FDA. Pharmaceutics. 13,
1–16. doi:10.3390/pharmaceutics13010048

Gokarn, Y., Agarwal, S., Arthur, K., Bepperling, A., Day, E. S., Filoti, D., et al.
(2015). “Biophysical Techniques for Characterizing the Higher Order Structure
and Interactions of Monoclonal Antibodies,” in State-of-the-Art Emerg.
Technol. Ther. Monoclon. Antib. Charact. (ACS Symposium Series),
285–327. doi:10.1021/bk-2015-1201.ch006

Goldenberg, M. M. (1999). Etanercept, a Novel Drug for the Treatment of Patients
With Severe, Active Rheumatoid Arthritis. Clin. Ther. 21, 75–87. doi:10.1016/
s0149-2918(00)88269-7

ICH (1996). Q2B : Validation of Analytical Procedures: Methodology, n.D.
Available at: www.ich.org.

ICH (2021). ICH Official Web Site. ICH. Available at: https://www.ich.org/
(Accessed January 24, 2021).

Kerr, R. A., Keire, D. A., and Ye, H. (2019). The Impact of Standard
Accelerated Stability Conditions on Antibody Higher Order Structure as
Assessed by Mass Spectrometry. MAbs. 11, 930–941. doi:10.1080/
19420862.2019.1599632

Le Basle, Y., Chennell, P., Tokhadze, N., Astier, A., and Sautou, V. (2020).
Physicochemical Stability of Monoclonal Antibodies: A Review. J. Pharm.
Sci. 109, 169–190. doi:10.1016/j.xphs.2019.08.009

Lee, N., Lee, J. J., Yang, H., Baek, S., Kim, S., Kim, S., et al. (2019). Evaluation of
Similar Quality Attribute Characteristics in SB5 and Reference Product of
Adalimumab. MAbs. 11, 129–144. doi:10.1080/19420862.2018.1530920

Liddell, E. (2013) Antibodies. in Immunoass. Handb (Elsevier), 245–265.
doi:10.1016/b978-0-08-097037-0.00017-8

Liu, Y., Parameswara, R., Ratnayake, C., and Koh, E. (2008). Methods and
Compositions for Capillary Electrophoresis. Beckman Coulter Inc.

Miranda-hernández, M. P., Valle-gonzález, E. R., and Ferreira-gómez, D. (2015).
Theoretical Approximations and Experimental Extinction Coefficients of
Biopharmaceuticals. Anal. Bioanal. Chem. 408 (5), 1523–1530. doi:10.1007/
s00216-015-9261-6

Mitoma, H., Horiuchi, T., Tsukamoto, H., and Ueda, N. (2018). Molecular
Mechanisms of Action of Anti-TNF-α Agents - Comparison Among
Therapeutic TNF-α Antagonists. Cytokine. 101, 56–63. doi:10.1016/
j.cyto.2016.08.014

Müller, T., and Winter, D. (2017). Systematic Evaluation of Protein Reduction
and Alkylation Reveals Massive Unspecific Side Effects by Iodine-Containing
Reagents. Mol. Cell Proteomics. 16, 1173–1187. doi:10.1074/
mcp.m116.064048

Nowak, C., K. Cheung, J., M. Dellatore, S., Katiyar, A., Bhat, R., Sun, J., et al. (2017).
Forced Degradation of Recombinant Monoclonal Antibodies: A Practical
Guide. MAbs. 9, 1217–1230. doi:10.1080/19420862.2017.1368602

Oshinbolu, S., Wilson, L. J., Lewis, W., Shah, R., and Bracewell, D. G. (2018).
Measurement of Impurities to Support Process Development and Manufacture
of Biopharmaceuticals. Trac Trends Anal. Chem. 101, 120–128. doi:10.1016/
j.trac.2017.10.026

Pedersen-Bjergaard, S., Gammelgaard, B., and Gronhaug Halvorsen, T. (2019).
Introduction to Pharmaceutical Analytical Chemistry. John Wiley & Sons Ltd.

Salas-Solano, O., Tomlinson, B., Du, S., Parker, M., Strahan, A., and Ma, S. (2006).
Optimization and Validation of a Quantitative Capillary Electrophoresis
Sodium Dodecyl Sulfate Method for Quality Control and Stability
Monitoring of Monoclonal Antibodies. Anal. Chem. 78, 6583–6594.
doi:10.1021/ac060828p

Schmid, M., Prinz, T. K., Stäbler, A., and Sängerlaub, S. (2017). Effect of Sodium
Sulfite, Sodium Dodecyl Sulfate, and Urea on the Molecular Interactions and
Properties of Whey Protein Isolate-Based Films. Front. Chem. 4, 49–15.
doi:10.3389/fchem.2016.00049

Some, D., Amartely, H., Tsadok, A., and Lebendiker, M. (2019). Characterization of
Proteins by Size-Exclusion Chromatography Coupled to Multi-Angle Light
Scattering (SEC-MALS). J. Vis. Exp. 148, 1–9. doi:10.3791/59615

Tamizi, E., and Jouyban, A. (2016). Forced Degradation Studies of
Biopharmaceuticals: Selection of Stress Conditions. Eur. J. Pharmaceutics
Biopharmaceutics. 98, 26–46. doi:10.1016/j.ejpb.2015.10.016

Tebbey, P. W., Varga, A., Naill, M., Clewell, J., and Venema, J. (2015). Consistency
of Quality Attributes for the Glycosylated Monoclonal Antibody Humira
(Adalimumab). MAbs. 7, 805–811. doi:10.1080/19420862.2015.1073429

Venkataraman, S., andManasa, M. (2018). Forced Degradation Studies: Regulatory
Guidance, Characterization of Drugs, and Their Degradation Products - A
Review. Drug Invent. Today. 10, 137–146.

Wang, G., De Jong, R. N., Van Den Bremer, E. T. J., Parren, P. W. H. I., and Heck,
A. J. R. (2017). Enhancing Accuracy in Molecular Weight Determination of
Highly Heterogeneously Glycosylated Proteins by Native Tandem Mass
Spectrometry. Anal. Chem. 89, 4793–4797. doi:10.1021/acs.analchem.6b05129

Waters (2020). BioResolve SEC mAb Guard and Columns.
Wen, J., Arakawa, T., and Philo, J. S. (1996). Size-Exclusion ChromatographyWith

On-Line Light-Scattering, Absorbance, and Refractive Index Detectors for
Studying Proteins and Their Interactions. Anal. Biochem. 240, 155–166.
doi:10.1006/abio.1996.0345

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 78209911

Demelenne et al. Orthogonal Techniques for Biosimilar Analysis

https://www.antibodysociety.org/resources/approved-antibodies/
https://www.antibodysociety.org/resources/approved-antibodies/
https://doi.org/10.2165/00063030-200418020-00005
https://doi.org/10.1038/nrd3746
https://doi.org/10.1016/j.jchromb.2018.07.039
https://doi.org/10.1016/j.jchromb.2018.07.039
https://doi.org/10.1542/peds.2016-1209
https://doi.org/10.1542/peds.2016-1209
https://doi.org/10.1016/j.talanta.2019.02.074
https://doi.org/10.1002/jssc.202000765
https://www.ema.europa.eu/en/medicines/field_ema_web_categories%3Aname_field/Human/ema_group_types/ema_medicine/field_ema_med_status/authorised-36/ema_medicine_types/field_ema_med_biosimilar/search_api_aggregation_ema_medicine_types/field_ema_med_biosim
https://www.ema.europa.eu/en/medicines/field_ema_web_categories%3Aname_field/Human/ema_group_types/ema_medicine/field_ema_med_status/authorised-36/ema_medicine_types/field_ema_med_biosimilar/search_api_aggregation_ema_medicine_types/field_ema_med_biosim
https://www.ema.europa.eu/en/medicines/field_ema_web_categories%3Aname_field/Human/ema_group_types/ema_medicine/field_ema_med_status/authorised-36/ema_medicine_types/field_ema_med_biosimilar/search_api_aggregation_ema_medicine_types/field_ema_med_biosim
https://www.ema.europa.eu/en/medicines/field_ema_web_categories%3Aname_field/Human/ema_group_types/ema_medicine/field_ema_med_status/authorised-36/ema_medicine_types/field_ema_med_biosimilar/search_api_aggregation_ema_medicine_types/field_ema_med_biosim
https://www.ema.europa.eu/en/medicines/field_ema_web_categories%3Aname_field/Human/ema_group_types/ema_medicine/field_ema_med_status/authorised-36/ema_medicine_types/field_ema_med_biosimilar/search_api_aggregation_ema_medicine_types/field_ema_med_biosim
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2015/01/WC500180219.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2015/01/WC500180219.pdf
https://www.fda.gov/
https://doi.org/10.1016/j.jpba.2015.02.037
https://www.fda.gov/drugs/biosimilars/biosimilar-product-information
https://doi.org/10.1080/19420862.2018.1531664
https://doi.org/10.3390/pharmaceutics13010048
https://doi.org/10.1021/bk-2015-1201.ch006
https://doi.org/10.1016/s0149-2918(00)88269-7
https://doi.org/10.1016/s0149-2918(00)88269-7
http://www.ich.org
https://www.ich.org/%20
https://doi.org/10.1080/19420862.2019.1599632
https://doi.org/10.1080/19420862.2019.1599632
https://doi.org/10.1016/j.xphs.2019.08.009
https://doi.org/10.1080/19420862.2018.1530920
https://doi.org/10.1016/b978-0-08-097037-0.00017-8
https://doi.org/10.1007/s00216-015-9261-6
https://doi.org/10.1007/s00216-015-9261-6
https://doi.org/10.1016/j.cyto.2016.08.014
https://doi.org/10.1016/j.cyto.2016.08.014
https://doi.org/10.1074/mcp.m116.064048
https://doi.org/10.1074/mcp.m116.064048
https://doi.org/10.1080/19420862.2017.1368602
https://doi.org/10.1016/j.trac.2017.10.026
https://doi.org/10.1016/j.trac.2017.10.026
https://doi.org/10.1021/ac060828p
https://doi.org/10.3389/fchem.2016.00049
https://doi.org/10.3791/59615
https://doi.org/10.1016/j.ejpb.2015.10.016
https://doi.org/10.1080/19420862.2015.1073429
https://doi.org/10.1021/acs.analchem.6b05129
https://doi.org/10.1006/abio.1996.0345
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Zhang, J., Burman, S., Gunturi, S., and Foley, J. P. (2010). Method
Development and Validation of Capillary Sodium Dodecyl Sulfate
Gel Electrophoresis for the Characterization of a Monoclonal
Antibody. J. Pharm. Biomed. Anal. 53, 1236–1243. doi:10.1016/
j.jpba.2010.07.029

Zhu, L., Guo, Q., Guo, H., Liu, T., Zheng, Y., Gu, P., et al. (2014). Versatile
Characterization of Glycosylation Modification in CTLA4-Ig Fusion Proteins
by Liquid Chromatography-Mass Spectrometry. MAbs. 6, 1474–1485.
doi:10.4161/mabs.36313

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Demelenne, Ben Yahia, Lempereur, Crommen, Servais, Fradi and
Fillet. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 78209912

Demelenne et al. Orthogonal Techniques for Biosimilar Analysis

https://doi.org/10.1016/j.jpba.2010.07.029
https://doi.org/10.1016/j.jpba.2010.07.029
https://doi.org/10.4161/mabs.36313
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Comparison of Three Complementary Analytical Techniques for the Evaluation of the Biosimilar Comparability of a Monoclonal  ...
	1 Introduction
	2 Material and Methods
	2.1 Chemicals
	2.2 Instrumentation
	2.3 Operational Conditions
	2.3.1 CGE
	2.3.2 RPLC
	2.3.3 SEC
	2.3.4.1 CGE
	2.3.4.2 RPLC
	2.3.4.3 SEC
	2.3.4.4 Forced Degradation
	2.3.5.1 CGE

	2.4 Statistical Analysis

	3 Results and Discussion
	3.1 Method Evaluation Using Samples Submitted to Stress and Reducing Conditions
	3.1.1 RPLC
	3.1.2 CGE
	3.1.3 SEC

	3.2 Biosimilar Comparability Exercise
	3.2.1 Adalimumab
	3.2.2 Etanercept


	4 Conclusion and Perspectives
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


