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Abstract: N-glycan, a critical quality attribute (CQA) of monoclonal antibodies, profoundly impacts
potency, immunogenicity, safety, and clinical efficiency. Therefore, N-glycan should be monitored and
controlled during development. The conventional 2-AB method is considered the gold standard for
N-glycan analysis, which is labor intensive and time consuming. Moreover, its sample requirement is
relatively high and cannot be met in early-stage development, including cell line development. In
this study, we compared the performance of four rapid analytical methods in N-glycan analysis of
mAbs, including the rapid 2-AB method, reduction method, off-line IdeS digestion method, and two-
dimensional liquid chromatography-mass spectrometry (2D-LC-MS) method. Our results showed
that these four rapid analytical methods could provide comparable N-glycan data. Moreover, these
four rapid methods shortened the testing time for the conventional 2-AB method from days to
just minutes. They also reduced the sample requirement for the conventional 2-AB method from
milligrams to micrograms. Among these four rapid methods, the 2D-LC-MS method demonstrated
great potential for applications in time-consuming cell line development because it required less
testing time and a lower sample requirement.
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1. Introduction

Monoclonal antibodies (mAbs) are the most promising sector in the pharmaceutical
industry and five of the top ten best-selling drugs in 2023 were mAbs [1]. Due to their
high target specificity, good clinical efficiency, long serum half-life, and the capability to be
produced routinely with consistency, the annual growth rate of the global mAbs market is
projected to be approximately 15% in the next decade [2–4].

N-glycan is one of the most common post-translational modifications (PTMs) of mAbs,
and glycans can be attached to the asparagine conserved sequon of Asn-Xaa-Ser/Thr
(where Xaa is any amino acid except proline) at the CH2 domain of the Fc fragment [5].
N-linked glycans are classified into high-mannose, hybrid, and complex types [6]. The
mAbs from different host systems show different N-glycan profiles. Currently, the majority
of mAbs are expressed in Chinese Hamster Ovary (CHO) cells, generally with complex
type biantennary oligosaccharides as the major species. These glycans usually have a
core fucose and a bisecting N-acetylglucosamine with variation in the galactose and sialic
acid content of the antennae [7,8]. N-glycan plays an essential role in effector functions
and serum half-life. Afucosylation can enhance antibody-dependent cell cytotoxicity
(ADCC) by increasing binding affinity to receptors present on the surface of leukocyte
effector cells [9,10]. Galactosylation may increase complement-dependent cytotoxicity
(CDC) [11,12]. Moreover, N-glycan plays a vital role in serum half-life. It is well known that
high-mannose glycans accelerate clearance of mAbs from the blood, thereby shortening the
circulating half-life in the bloodstream [13,14].
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N-glycan is considered a critical quality attribute (CQA) for its potentially important
impact on the safety, efficacy, pharmacokinetics, and pharmacodynamics of mAbs [15,16].
Therefore, N-glycan should be monitored and controlled at different stages, including cell
line development, cell culture process, purification process, release testing, etc. The 2-
aminobenzamide (2-AB) method is considered the gold standard for N-glycan analysis and
is widely used in the mAbs industry for its high labelling efficiency and fluorescent response.
However, the conventional 2-AB method is labor intensive and time consuming, usually
taking several days to perform the whole testing, including glycan release by PNGase F,
fluorescent labelling by 2-AB, subsequent purification, and testing [17]. There is an urgent
demand for a rapid, accurate, and less sample-consuming method of N-glycan analysis
to speed up the development of mAbs, especially in the process development steps that
require plenty of N-glycan data. For instance, one of the most labor-intensive steps in the
development of mAbs is the clone selection process of cell line development. To increase the
likelihood of identifying rare clones with high titer and product quality attributes, hundreds
of clones must be carried from single cell to relatively small-scale cell cultures [18], resulting
in large workloads and a long time for quality attribute analysis, especially N-glycan
analysis using the time-consuming conventional 2-AB method. Moreover, the cell culture
scale is usually at the milliliter level per clone with low titer in the cell line development
step [19]. Therefore, there are not enough protein samples for N-glycan analysis by means
of the conventional 2-AB methods. In this situation, major N-glycans are the primary focus,
and minor N-glycans should be removed from the CQA list. Analytical methods that
provide major N-glycan data rapidly are key to the success of mAb development.

To this end, methods have been developed for rapid N-glycan analysis. Based on
the principle of the conventional 2-AB method, rapid N-glycan release, labelling and
purification steps have been successfully optimized to reduce the testing time to less than
one day [6]. Liquid chromatography-mass spectrometry (LC-MS) for N-glycan analysis at
intact protein level is rapid and indispensable in the mAb industry [6], which still suffers
from the limitations in identifying paired glycoforms (such as G0F/G2F and 2 G1F, which
could not be identified at intact protein level) [20] and low sensitivity at about 150 kDa
molecular weight for mAbs [21]. The subunit level analysis by LC-MS is an alternative to
intact protein level analysis and can mitigate the drawbacks of intact protein level analysis
by reducing the molecular weight. Reduction by tris (2-carboxyethyl) phosphine (TCEP)
or dithiothreitol (DTT) can generate heavy chains (HC, about 50 kDa) and light chains
(LC, about 25 kDa) [6]. Digestion by IdeS can generate the F(ab’)2 subunit (about 100 kDa)
and the Fc/2 subunit (about 25 kDa) [22,23]. Additionally, 2D-LC-MS has been developed
for complex sample analysis with high efficiency in recent decades, and some cases have
been reported for charge variant characterization of mAbs [24,25]. Recently, Genovis has
launched a new immobilized IdeS-HPLC column, allowing a complete digestion of mAbs
in only 10 min, which makes it possible to construct a 2D-LC-MS system with on-line IdeS
digestion for rapid N-glycan analysis.

In this study, we compared the performance of four rapid N-glycan analytical methods
in N-glycan analysis of mAbs, including the rapid 2-AB method, the reduction method,
the off-line IdeS digestion method, and the 2D-LC-MS method with on-line immobilized
IdeS digestion. We also made a comparison of protein sample requirement and testing time
between these four rapid methods and the conventional 2-AB method, illustrating their
great application potential in time-consuming cell line development.

2. Materials and Methods
2.1. Reagents

Formic acid, ammonium formate, DL-dithiothreitol (DTT), and ammonium bicarbon-
ate were obtained from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile (CAN), 8 M
guanidine hydrochloride, ammonium acetate, and phosphate buffered saline (PBS, pH 7.4)
were obtained from Thermo Fisher Scientific (Waltham, MA, USA). IdeS enzyme was ob-
tained from RHINO BIO (Shanghai, China). Glyco 2-AB Library, Glyco 2-AB Man5, Glyco
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2-AB Man6, Glyco 2-AB G0F-GN, and AdvanceBio Gly-X N-Glycan Prep kit (including
Gly-X Deglycosylation Module, Gly-X 2-AB Express Labeling Module, and Gly-X 2-AB Ex-
press Cleanup Module) were obtained from Agilent (Santa Clara, CA, USA). The two mAbs
(mAb A and mAb B with ≥98% SEC purity) used in this study were from our lab.

2.2. Instruments

Agilent 1290 UHPLC (Waldbronn, Germany) equipped with a binary pump, an au-
tosampler, an oven, and a fluorescence detector was used for the rapid 2-AB method.
Agilent 1290 UHPLC coupled with 6545XT AdvanceBio Q-TOF (Singapore) was used for
the reduction method and off-line IdeS digestion method. The Agilent 1290 UHPLC com-
prised a binary pump, an autosampler, an oven, and a UV detector. The mass spectrometer
6545XT AdvanceBio Q-TOF was a time-of-flight mass spectrometer instrument equipped
with an Agilent JetStream electrospray ionization source. The 2D-LC-MS system consisting
of an Agilent 1290 Infinity II UHPLC and a 6545XT AdvanceBio Q-TOF was used for
2D-LC-MS method with on-line immobilized IdeS digestion. The instrument modules were
from the 1290 Infinity line of Agilent Technologies: first (1D) and second (2D) dimension
binary pumps; autosampler, thermostated column compartments, and ultraviolet (UV)
detector. The interface valve connecting the two dimensions of the system was set up
with 20 µL sample loops made from 10 cm lengths of 0.0200 i.d. PEEK tubing. The mass
spectrometer 6545XT AdvanceBio Q-TOF was the same as that used for the reduction
method and off-line IdeS digestion method.

The instruments were controlled by MassHunter software V10.0. Data were processed
by Agilent MassHunter BioConfirm V10.0. The theoretical MW was confirmed by Sequence
Manger V10.0.

2.3. Rapid 2-AB Method

The conventional 2-AB method usually uses conventional reagents and approaches for
glycan release, 2-AB labelling, and purification, which is time consuming and still widely
used in mAb industry. In this study, the Agilent AdvanceBio Gly-X N-Glycan Prep kit was
used for more rapid sample pretreatment than the conventional 2-AB method, referred
to as the rapid 2-AB method. Firstly, a 40 microgram mAb sample was buffer exchanged
and diluted to about 2 mg/mL. Then, denaturation, reduction, and deglycosylation (2 µL
of PNGase F working solution: 40 µg antibody) were performed to release glycans from
mAbs [26]. The following step was to load the sample onto a cleanup plate to collect the
released glycans. The 2-AB labelling solution was added to a cleanup plate and incubated
in the dark at 65 ◦C for 1 h for 2-AB labelling. Then, two purification steps were used to
purify the 2-AB labelled glycans. Finally, the purified 2-AB labelled glycan samples were
injected into UHPLC for glycan analysis.

Glycan BEH Amide column (130 Å, 2.1 × 150 mm, 1.7 µm) from Waters (Milford, MA,
USA) was chosen for 2-AB labelled glycan analysis. The column temperature was set as
60 ◦C. A fluorescence detector was used for signal acquisition with excitation wavelength at
330 nm and emission wavelength at 420 nm. The mobile phase A was 100 mM ammonium
formate buffer at pH 4.5, and the mobile phase B was acetonitrile. The gradient elution
was decreased from 78% mobile phase B to 60% mobile phase B in 30 min, with a 5 min
regeneration using 40% mobile phase B and a 20 min equilibration using 78% mobile phase
B. The flow rate was 0.4 mL/min for gradient elution and equilibration while 0.2 mL/min
for regeneration. The qualitative analysis of different glycans was based on the retention
time of glycan standards. The percentage of different glycans was calculated from the
relative fluorescence peak area.

2.4. Reduction Method

A 50 microgram mAb sample was treated with 1 µL solution (1 M DTT in 8 M
guanidine hydrochloride) for 30 min at 56 ◦C, and then centrifuged at 13,000 rpm for
10 min. The treated sample (0.5 µL) was injected onto BioResolve RP mAb polyphenyl
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columns (Waters, Cat# 186008944, 2.1 mm × 50 mm, 2.7 µm) and analysis was performed
using a binary gradient of 0.1% (v/v) formic acid in water (mobile phase A) and 0.1% (v/v)
formic acid in acetonitrile (mobile phase B). The gradient conditions were as follows: 25%
mobile phase B initially for 3 min, increased to 40% mobile phase B in 15 min with a further
increase to 95% mobile phase B in 0.1 min and a 3 min isocratic hold for regeneration,
at last change to 25% mobile phase B for re-equilibration. The column temperature was
maintained at 75 ◦C and the flow rate was sustained at 0.4 mL/min. Hyphenated RP
column was Q-TOF MS analysis at subunit level (HC, about 50 kDa). Data were acquired in
positive mode with a mass range of 100–5000 m/z at a rate of 1 Hz. The fragmentor voltage
was set as 225 V. The percentage of different glycans was calculated from the MS intensity.

2.5. Off-Line IdeS Digestion Method

A 50 microgram mAb sample was diluted to 0.5 mg/mL with 0.1 M ammonium bicar-
bonate solution, then 1 µL (50 units/µL) IdeS enzyme was added, mixed, and incubated at
37 ◦C for 60 min before being centrifuged at 13,000 rpm for 10 min. The treated samples
(1 µL) were injected into the LC-MS system for analysis. The parameters were the same as
those in the reduction method.

2.6. 2D-LC-MS Method

Figure 1 shows a scheme of the instrument used for rapid N-glycan analysis by the
2D-LC-MS method with on-line immobilized IdeS digestion. To analyze N-glycan analysis
at the subunit level (about 25 kDa), a 2D-LC-MS system that included a FabRICATOR-
HPLC column (Genovis, Cat# A0-FRC-050, 2.1 mm × 50 mm) as the first dimension for
IdeS digestion and a BioResolve RP mAb polyphenyl column (Waters, Cat# 186008944,
2.1 mm × 50 mm, 2.7 µm) as the second dimension for separation of subunits hyphenated
to Q-TOF MS was utilized.
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Figure 1. Scheme of 2D-LC-MS method for rapid N-glycan analysis.

Two micrograms of mAb were dispersed into 10 mM PBS buffer (pH 7.4) to obtain
a concentration of 1.0 mg/mL. Then, it was centrifuged at 13,000 rpm for 10 min. About
2 µL of the supernatant was injected into the 2D-LC-MS system for analysis. The first
dimension FabRICATOR-HPLC parameters were as below: column temperature was 37 ◦C,
the mobile phase was pH 7.0 ammonium acetate buffer, with an isocratic elution for 30 min,
and the flow rate was 0.05 mL/min. The second dimension RP mAb Polyphenyl used a
binary gradient of 0.1% (v/v) formic acid in water (mobile phase A) and 0.1% (v/v) formic
acid in acetonitrile (mobile phase B). The gradient conditions were as follows: 25% mobile
phase B initially for 8 min, increased to 95% mobile phase B in 15 min and a 3 min isocratic
hold for regeneration, then decreased to 25% mobile phase B in 0.1 min and held 4 min for
re-equilibration. The column temperature was maintained at 75 ◦C and the flow rate was
sustained at 0.4 mL/min. The heart-cutting mode was used for targeted fractions of on-line
IdeS digested samples and then re-injected into the second-dimension column hyphenated
Q-TOF MS analysis at the subunit level (Fc/2, about 25 kDa). Data were acquired in positive
mode with a mass range of 100–5000 m/z at a rate of 1Hz. The fragmentor voltage was set
as 225 V. The percentage of different glycans was calculated using MS intensity.
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3. Results and Discussion
3.1. N-Glycan Data from the Rapid 2-AB Method

Pre-treatment of sample for N-glycan analysis only took a few hours using the Agilent
AdvanceBio Gly-X N-Glycan Prep Kit, which released N-glycans quickly and simplified
subsequential purification steps. The representative chromatogram of the N-glycan profiles
of mAb A from the rapid 2-AB method was shown in Figure 2. The major glycans of mAb A
included G0F, G1F, G1F’, G2F, Man5, and G0F-GN, which were common glycans of mAbs.
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The rapid 2-AB method for glycan profiles of mAb A was performed in triplicate.
Table 1 lists the percentage of major N-glycans of mAb A. Glycans G0F and G1F were the
major components, and G0F had a percentage over 40% and G1F had a percentage of 29%.
Other glycans, such as G1F’, G2F, Man5, and G0F-GN, could also be analyzed. Fucosylation
was the most prominent glycan, and the total ratio (G0F, G1F, G1F’, G2F, and G0F-GN)
exceeded 90%. The reproducibility of the percentage of the six major glycans was very
good, with RSD lower than 5%.

Table 1. The percentages of major N-glycans of mAb A from rapid 2-AB method.

Glycan Name Percentage/%
Run 1 Run 2 Run 3 RSD

G0F-GN 1.92 1.76 1.86 4.19%
G0F 41.33 41.06 41.27 0.34%

Man5 4.22 4.40 4.29 2.09%
G1F 29.05 29.10 29.02 0.14%
G1F’ 9.40 9.46 9.41 0.38%
G2F 9.58 9.55 9.46 0.68%

3.2. N-Glycan Data from the Reduction Method

In order to analyze N-glycan at the subunit level instead of the intact protein level,
DTT was employed to reduce mAb A to generate HC, which was used for further N-glycan
analysis at the HC level. Figure 3A shows representative deconvoluted MS spectra of the
HC of mAb A from the reduction method. The six major glycans were identified as G0F-
GN, G1F-GN, G0F, G1F, G2F, and Man5, with small mass errors compared to theoretical
molecular weight. Additionally, C-terminal lysine truncation and N-terminal glutamine
pyroglutamic acid cyclization were the main PTMs. Representative raw MS spectra of the
heavy chains of mAb A from the reduction method is shown in Supplementary Materials,
Figure S1A. The method was run in triplicate, and detailed information are shown in
Supplementary Materials, Table S1. The average glycan ratios (n = 3) of G0F-GN, G1F-GN,
G0F, G1F, G2F, and Man5 were 1.75%, 1.97%, 44.31%, 40.91%, 9.34%, and 1.73%, respectively.
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The RSD (n = 3) values of G0F-GN, G1F-GN, G0F, G1F, G2F, and Man5 were 12.34%, 6.83%,
2.49%, 3.34%, 4.49%, and 11.41%, respectively.
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3.3. N-Glycan Data from the Off-Line IdeS Digestion Method

The IdeS enzyme can specifically cleave the bond between G242 and G243 in the
hinge range of mAbs. Therefore, it is widely used to generate the fragments of Fc/2 and
F(ab’)2 [23]. To the best of our knowledge, all the mAb drugs currently available on the
market typically exhibit N-glycans exclusively within the Fc domain, with Cetuximab
(Erbitux) being a notable exception, as it has been found to possess N-glycans within
the Fab domain [27]. In line with this trend, the mAbs used in our study also exhibit
N-glycans solely within the Fc domain, so fragments of Fc/2 are chosen for N-glycan
analysis in this study. At the subunit level of Fc/2, LC-MS can analyze N-glycan with
higher sensitivity than that at the intact protein level. Herein, we used the IdeS enzyme
to digest mAb A to generate Fc/2 off-line and then used LC-MS to analyze N-glycan.
Figure 3B shows representative deconvoluted MS spectra of the Fc/2 fragment of mAb
A from the off-line IdeS method. The same six major glycans as those from the reduction
method were identified with small mass errors compared to the theoretical molecular
weight. Additionally, C-terminal lysine truncation was the main PTM. Representative raw
MS spectra of the Fc/2 fragment of mAb A from the off-line IdeS digestion method is
shown in Supplementary Materials, Figure S1B. The method was run in triplicate, and the
detailed information are shown in Supplementary Materials, Table S2. The average glycan
ratios (n = 3) of G0F-GN, G1F-GN, G0F, G1F, G2F, and Man5 were 5.29%, 2.80%, 43.64%,
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36.82%, 8.04%, and 3.41%, respectively. The RSD (n = 3) of G0F-GN, G1F-GN, G0F, G1F,
G2F, and Man5 were 7.16%, 9.07%, 2.81%, 1.68%, 3.42%, and 6.02%, respectively.

3.4. N-Glycan Data from the 2D-LC-MS Method

The 2D-LC-MS method has been developed for the analysis of complex samples
with high efficiency in recent decades [28]. The FabRICATOR-HPLC column is a new
immobilized IdeS-HPLC column from Genovis, and can completely digest mAbs in only
10 min, which makes it possible to construct a 2D-LC-MS system with on-line IdeS digestion
for rapid N-glycan analysis. In this study, we constructed a 2D-LC-MS system to quickly
analyze N-glycan of mAbs, using the FabRICATOR-HPLC column as the first dimension
for on-line IdeS digestion and the RP mAb Polyphenyl column as the second dimension
for the separation of subunits. Figure 3C shows representative deconvoluted MS spectra
of the Fc/2 fragment of mAb A from the 2D-LC-MS method with on-line immobilized
IdeS digestion. G0F-GN, G1F-GN, G0F, G1F, G2F, and Man5 were identified as the six
major glycans, which were the same as those from the reduction method and the off-line
IdeS digestion method. Moreover, C-terminal lysine truncation was the main PTM, which
was the same as the results from the off-line IdeS digestion method. Representative raw
MS spectra of the Fc/2 fragment of mAb A from the 2D-LC-MS method is shown in
Supplementary Materials, Figure S1C. The method was run in triplicate, and the details are
shown in Supplementary Materials, Table S3. The average glycan ratios (n = 3) of G0F-GN,
G1F-GN, G0F, G1F, G2F, and Man5 were 4.74%, 2.97%, 49.46%, 34.75%, 7.77%, and 0.31%,
respectively. The RSD (n = 3) of G0F-GN, G1F-GN, G0F, G1F, G2F, and Man5 were 3.31%,
3.86%, 0.76%, 1.41%, 2.12%, and 6.73%, respectively.

3.5. Comparison of Four Rapid N-Glycan Analytical Methods

Based on the above data, we compared the six major glycans of mAb A from these four
methods in Figure 4. Tukey’s multiple comparison test was widely used in comparisons
of different groups [29,30] and was performed in this study to compare the differences
between any two methods. The adjusted P values between any two methods were 0.9999 or
>0.9999, which meant that there were no significant differences between any two methods.
For highly abundant glycans, such as G0F, G1F, and G2F, these four methods provided
comparable data, despite some minor differences for low abundant glycans, such as G0F-
GN, G1F-GN, and Man5.

It was speculated that these minor differences were due to the dilution in the 2D-
LC-MS system, the efficiency of pre-treatment, and response differences between MS and
fluorescence detectors. The comparison of these four rapid methods is listed in Table 2.
The rapid 2-AB method analyzed N-glycans using a fluorescence detector at the released
N-glycan level, which differed from the other three methods using an MS detector at the
subunit level. The N-glycans release step, labelling step, subsequent purification step, and
fluorescence detection could influence the N-glycan data. For the reduction method, the
off-line IdeS digestion method, and the 2D-LC-MS method, the reduction step, off-line
IdeS digestion step, and on-line IdeS digestion step could influence the data of N-glycans.
The 2D-LC-MS method utilized on-line immobilized IdeS columns for digestion and RP
columns for on-line desalting. It had an on-line dilution effect, which may induce a variation
in the method.

Cosine similarity, which is one of the most widely used approaches for a similarity
calculation, was used to further compare the similarity of N-glycan data from these four
rapid methods [31]. The smaller the angle of the two non-zero vectors a and b, the closer
the cosine value is to 1, and the more their directions coincide, the more similar they
are. The cosine value of six major glycans between the 2D-LC-MS method and the rapid
2-AB method was 0.9853, the cosine value of six major glycans between the 2D-LC-MS
method and the reduction method was 0.9895, and the cosine value of six major glycans
between the 2D-LC-MS method and the off-line IdeS digestion method was 0.9946. This
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meant N-glycan data from the 2D-LC-MS method and other methods were similar and
comparable. Detailed information is shown in Supplementary Materials, Table S4.
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Table 2. The comparison of these four rapid methods.

Method Analytical Principle Pre-Treatment Column Detector

Rapid 2-AB method

N-glycans is released from the
antibody by PNGase F, labelled

by 2-AB, and tested by a
fluorescence detector.

Denaturation,
N-glycan release,

labelling and
purification.

HILIC column Fluorescence
detector

Reduction method

The antibody is reduced to
generate HC and analyzed

N-glycans by MS at the subunit
level.

Off-line DTT
reduction. RP column Q-TOF MS detector

Off-line IdeS digestion
method

The antibody is off-line digested
by IdeS to generate Fc/2 and

analyzed N-glycans by MS at the
subunit level.

Off-line IdeS
digestion. RP column Q-TOF MS detector

2D-LC-MS method

The antibody is on-line digested
by the column with immobilized

IdeS to generate Fc/2 and
analyzed N-glycans by MS at the

subunit level.

No pre-treatment.
Immobilized IdeS

column and RP
column

Q-TOF MS detector
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Furthermore, we compared the protein sample requirement and testing time between
these four methods and the conventional 2-AB method. Details are listed in Table 3.
The 2-AB method is considered the gold standard for N-glycan analysis. The greatest
disadvantages of the 2-AB method is a long and laborious procedure with overnight
enzymatic incubations, multi-hour labelling reactions, and purification steps, usually
several days for the whole testing [32]. For the rapid 2-AB method used in this study, the
testing time was only 4 h with the rapid N-glycans release and subsequent rapid purification
steps. The reduction method tests N-glycan at the subunit level, which can minimize the
complexity caused by glycan pairs at the intact protein level [6]. In this study, DTT was
used as the reducing reagent to cleave the disulfide bond between the antibody chains into
HC and LC for subsequent N-glycan analysis using LC-MS. This method required only
74 min per sample, significantly shortening the testing time compared to the conventional
2-AB method. The off-line IdeS digestion method also tested N-glycan at the subunit level
and had advantages over other methods at the intact protein level. The difference was
that it used the IdeS to enzymatically digest antibodies into F(ab’)2 and Fc/2 [22] and
analyzed N-glycans of Fc/2 using LC-MS. This method had a similar testing time to the
reduction method; 104 min per sample in this study. The 2D-LC-MS method shared the
same principle with the off-line IdeS digestion method, just changing off-line digestion to
on-line digestion, which improved analytical efficiency and reduced testing time. Based on
the rapid on-line digestion hyphenated MS detection in this study, this method took only
40 min per sample in this study.

Table 3. The comparison of the protein sample requirement and testing time between these four
rapid methods and conventional 2-AB method.

Method
Protein Sample

Requirement
per Analysis

Total Testing
Time per
Analysis

Throughput
Total Testing

Time for
100 Samples

Time Saving
for

100 Samples

Time Saving
Ratio for

100 Samples

Conventional 2-AB
method 1 mg [33] 1~3 days [17] 24 samples per

3 days * 12.5 days NA NA

Rapid 2-AB method 40 µg 4 h 16 samples per
day # 6.25 days 6.25 days 50%

Reduction method 50 µg 74 min ~19 samples
per day ~5.26 days ~7.24 days ~58%

Off-line IdeS
digestion method 50 µg 104 min ~13 samples

per day ~7.69 days ~4.81 days ~38%

2D-LC-MS method 2 µg 40 min 36 samples per
day ~2.78 days ~9.72 days ~78%

Note: * based on 2 days for pretreatment of 24 samples and 60 min per sample for HPLC testing. # based on 8 h
for pretreatment of 16 samples and 60 min per sample for HPLC testing.

In addition to being time saving, these four rapid methods have a smaller sample
requirement than that of the conventional 2-AB method, which can reduce the sample
requirement from milligrams to micrograms. A milligram-level protein sample is necessary
for the conventional 2-AB method due to the limitations of purification steps. The sample
requirement of these four rapid methods is 40 µg for the rapid 2-AB method, 50 µg for
the reduction method, 50 µg for the off-line IdeS digestion method, and only 2 µg for the
2D-LC-MS method. Among the four rapid methods, the 2D-LC-MS method is superior to
the conventional 2-AB method due to a lower protein sample requirement.

Since the 2D-LC-MS method showed the best performance in terms of the testing time
and protein sample requirement, we further evaluated the quantitative performance of the
2D-LC-MS method using mAb B by comparing the 2D-LC-MS method and the rapid 2-AB
method. Detailed information is shown in Supplementary Materials, Figure S2 and Table S5.
G0F was the prominent glycan of mAb B, the ratio from the 2D-LC-MS method was 82.13%,
and the ratio from the rapid 2-AB method was 82.94%, suggesting highly similar results.
The ratios of G1F were 11.58% and 12.22% from the 2D-LC-MS method and the rapid 2-AB
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method, respectively. For low abundant glycans, there were minor differences between the
2D-LC-MS method and the rapid 2-AB method. In addition, the cosine value between the
2D-LC-MS method and the rapid 2-AB method for N-glycan data of mAb B was 0.9995,
hinting that these two methods offered similar and comparable data. As a relatively new
method, the 2D-LC-MS method can provide comparable N-glycan data with less testing
time and a lower sample requirement, indicating its great application potential in mAb
development.

3.6. Great Application Potential of These Four Rapid N-Glycan Analytical Methods in Cell
Line Development

With the advantages of less testing time and a lower sample requirement, these four
rapid N-glycan analytical methods would have great application potential in cell line devel-
opment and will benefit the development of mAbs. Assuming the top 100 cell lines are ex-
panded into shaken culture tubes for simplified fed-batch screening, there are 100 samples
for N-glycan analysis. First, the 100 samples must be purified by means of affinity chro-
matography, and then they must undergo N-glycan analysis via suitable methods. It is
worth noting that the purification of mAbs from the medium falls outside the scope of this
study, and the comparison of different methods presented in our manuscript is based on
the analysis of identical samples—mAbs of high purity. Detailed comparison is listed in
Table 1. If using the conventional 2-AB method, the pre-treatment step (glycans release,
labelling, etc.) usually requires 2 days, and HPLC analysis usually require 1 h per sample,
that is 24 samples per day, which is the limitation step. Therefore, the throughput of the
conventional 2-AB method is 24 samples every 3 days, and the glycan analysis of 100 sam-
ples require 12.5 days. If using the rapid 2-AB method, 100 sample analysis only requires
6.25 days, saving 6.25 days compared to the conventional 2-AB method. If using the reduc-
tion method, 100 sample analysis only requires about 5.26 days, saving about 7.24 days
compared to the conventional 2-AB method. If using the off-line IdeS digestion method,
100 sample analysis only requires about 7.69 days, saving about 4.81 days compared to
the conventional 2-AB method. When using the 2D-LC-MS method, 100 sample analysis
required only about 2.78 days, saving about 9.72 days compared to the conventional 2-AB
method. These four rapid methods can significantly reduce the testing time of N-glycan
analysis. Furthermore, the 2D-LC-MS method is the most effective at about 78% time
saving, which will help to accelerate the cell line development of mAbs.

Additionally, the protein sample requirements of these four rapid methods are much
lower than that of the conventional 2-AB method. In cell line development, protein mate-
rials are one of the limitations for quality analysis due to low titer and small cell culture
scale. Usually only lower than milligram-level protein materials are available after affinity
chromatography purification. These protein materials need to be allocated for different
quality attribute analysis, and the protein materials allocated for N-glycan analysis usually
cannot meet the requirement of conventional 2-AB. This is one of the bottlenecks in cell line
development. These four rapid methods require only microgram levels of protein samples,
especially the 2D-LC-MS method, which needs only 2 microgram protein samples and fits
well with the N-glycan analysis in cell line development.

4. Conclusions

In summary, we compared the performance of four rapid N-glycan analytical methods,
and found they provide comparable N-glycan data. Moreover, the testing time and protein
sample requirement were much lower than those for the conventional 2-AB method. The
2D-LC-MS method performed the best with the shortest testing time and the lowest protein
sample requirement. These four rapid N-glycan analytical methods, especially the 2D-LC-
MS method, showed great application potential in cell line development and will play an
important role in the development of mAbs in the future.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app14167320/s1, Figure S1: Raw MS spectra of mAb A. (A) Raw
MS spectra by reduction method. (B) Raw MS spectra by off-line IdeS digestion method. (C) Raw MS
spectra by 2D-LC-MS method with on-line immobilized IdeS digestion; Figure S2: Comparison of five
major glycans of mAb B by 2D-LC-MS method (n = 3) and rapid 2-AB method (n = 3); Table S1: The
reproducibility of the major N-glycan data by reduction method in triplicate; Table S2: The repro-
ducibility of the major N-glycan data by off-line IdeS digestion method in triplicate; Table S3: The
reproducibility of N-glycan data by 2D-LC-MS method in triplicate; Table S4: The cosine value of the
six major glycans of mAb A between 2D-LC-MS method and other methods; Table S5: The cosine
value of the five major glycans of mAb B between 2D-LC-MS method and rapid 2-AB method.
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