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High-throughput glycosylation screening
method for biologics development using
MALDI-TOF-MS
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Glycosylation is a critical quality attribute of therapeutic proteins, yet current analytical methods often
fail to meet rapid, high-throughput demands. Here, we adopted an optimized glycosylation analysis
method for the quality control of therapeutic proteins that combines the speedofMALDI-TOF-MSwith
the precision of a full glycome internal-standard approach. With 96-well-plate compatibility, the
method enables the analysis of at least 192 samples in a single experiment and offers a highly
promising solution for biopharmaceutical quality-control scenarios that demand both speed and high
throughput capabilities. The suitability of the method was validated on trastuzumab (Herceptin®) with
high precision (CV ~ 10%) and broad linearity (R2 > 0.99) as well as fusion proteins (EPO) with multiple
glycosylation sites and complex glycan structures. Excellent linearity, repeatability, and stability were
demonstrated in the qualification study. The method offers significant benefits for characterizing
N-glycans in glycosylated biologics, with applications ranging from early clone selection to batch-to-
batch consistency control, as well as comparative assessments between biosimilars and
reference drugs.

More than two-thirds of protein-based biologics undergo glycosylation1,
with N-glycosylation playing a significant role in the efficacy, stability, and
safety of glycoprotein therapeutics2–4. These proteins include monoclonal
antibodies (mAbs)5,6 and highly glycosylated fusion proteins, such as ery-
thropoietin (EPO)1. For example, the glycosylation pattern of monoclonal
antibodies can directly affect drug efficacy, suchas antibody-dependent cell-
mediated cytotoxicity (ADCC) or complement-dependent cytotoxicity
(CDC)5,7,8, whereas in EPO, it influences bioactivity, pharmacokinetics,
immunogenicity and solubility9,10. As the biopharmaceutical market con-
tinues to expand, driven by patent expirations of first-generationmAbs and
the growth of biosimilars, the demand for efficient and reliable glycosylation
analysis methods has increased11,12. This increasing need is further
prompted by the development of innovative biologics, which require
extensive quality control procedures to meet regulatory guidelines and
ensure product efficacy.

Glycan analysis is critical at numerous key points throughout the
development, production, and commercialization of biopharmaceuticals.
At different stages, the demand for rapid and high throughput screening
methods for glycosylation quality control becomes particularly urgent. For
example, during cell line and clone selection, large-scale screening requires
high throughput, quick and reliable glycan profiling to identify cell lines that
produceproteinswith thedesired glycosylationpatterns13,14. Additionally, in

process development and optimization, rapid and high throughput glycan
analysis is essential to ensure consistent glycosylation profiles across
various production conditions, such as culture conditions and media
composition15–17. Furthermore, the comparison between biosimilars and
originators demands precise yet rapid glycan analysis to confirm the simi-
larity in critical quality attributes. Batch release and stability studies also
benefit from rapid screeningmethods, enabling faster quality assurance and
ensuring that glycosylation patterns remain consistent over time18.

MALDI-TOF-MS-based glycomics has emerged as a powerful tool
for analyzing released free glycans from glycoproteins, offering excep-
tionally rapid analysis capable of processing hundreds of samples within
minutes. However, its application in biologics quality control remains
rare, primarily due to challenges in quantitative accuracy and reprodu-
cibility. To address these limitations, we adopted our previously estab-
lished full glycome internal standard approach, which significantly
improves quantification precision by matching each glycan with a cor-
responding glycan internal standard19. To meet the demands of rapid and
high-throughput biopharmaceutical quality control applications, we
applied an optimized glycosylation analysis method by replacing Cotton
HILIC SPE with CL-4B Sepharose beads which have enhanced 96-well
plate compatibility and analysis throughput. The method’s effectiveness
for quality control was demonstrated by analyzing glycans released from
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the trastuzumab originator Herceptin® and applying it to more complex
glycoprotein biologics.

In this study, we offer a robust solution for rapid and reliable glyco-
sylation analysis in biopharmaceutical development and manufacturing. It
represents novel attempt to apply the approach based onMALDI-TOFMS
for biopharmaceutical quality control. This strategy not only significantly
accelerates the screening process but also provides precise quantitative
information on glycans. This method holds promise as a key tool in gly-
coprotein drug development, supporting the optimization of production
processes, enhancing product consistency, and advancing technological
innovation in the biopharmaceutical field.

Results
Development of the workflow
Previously, our group developed an N-glycomics analytical method that
utilizes one step reaction of reductive isotope labeling to generate full gly-
come internal standards. By employing a one-step process of glycan
reduction and isotope labeling, these glycans acquire a mass of 3 Da higher
than their native counterparts. Once obtained, the internal standards are
mixedwith the samples under analysis, forming a broad-coverageN-glycan
internal standard library. Because the library and native N-glycans share
identical compositions and similar relative abundances, it enhances the
accuracy of glycan quantification.

To adopt the method’s applicability in high-throughput biologics
quality control, we used the optimized method different from the original
protocol. First, during the purification and enrichment steps, degreased
cotton in the Cotton HILIC SPE was replaced with CL-4B Sepharose
beads20, creating the “SepharoseHILIC SPE.” Second, the entire purification
processes are transferred to 96-well plates, significantly improving both the

throughput and efficiency of internal standard preparation. These mod-
ifications also allow full automation on a liquid handling robotic work-
station. Furthermore, we now vacuum-dry the internal N-glycans at room
temperature and store themat−80 °C, rather than storing small volumes in
water. This revised procedure not only enhances sample stability and yields
but also makes large-scale analyses more feasible. An overview of the rapid
glycosylation screening method is presented in Fig. 1.

Qualification of the workflow
We determined the precision of the method by assessing the repeatability
and intermediate precision of the entire process. Specificity was confirmed
by overlayingmass spectrum,which revealed no corresponding peaks in the
N-glycan region of the control, thereby demonstrating the absence of
interfering variables. In the repeatability test, the coefficient of variation
(CV) for six repeated analyses performedon a single day ranged from6.44%
to 12.73%,with an average of 10.41%. The intermediate precision over three
days also remained stable, with CVs ranging from 8.93% to 12.83%, with an
average of 10.78%. The linear range was evaluated using a 75-fold con-
centration gradient. All 192 samples were processed simultaneously from
preparation to final data acquisition, with each sample measurement
completed within seconds. Quantitative results can typically be obtained
within an hour using automated data processing. In the following sections,
we will discuss these aspects in detail, including specificity, repeatability,
linear range, etc.

Specificity
To ensure the reliability of rapid quality control outcomes, avoiding the
inclusion of any potential confounding variables during sample preparation
is crucial. The trastuzumab originator Herceptin® buffer was used as a

Fig. 1 | Schematic of the rapid glycosylation screening method. This method is
suitable for the rapid characterization of N-glycosylation across multiple glyco-
protein production steps (upper left section). By collecting the products and
simultaneously preparing internal standards for high-throughput sample analysis
(upper right section), coupled with the high-speed analysis capability of MALDI-

TOF-MS (lower right section), accurate glycan content information is obtained
(lower left section). This enables the optimization of production conditions and
guides the selection of production cell lines. The manual workflow processes up to
192 samples per run and is completed in ~8–9 h; a detailed timeline is provided in
Supplementary Table1.
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control and was prepared in parallel with the sample to maintain analytical
consistency. By overlaying themass spectrumof the buffer with those of the
sample, we observed a complete absence of corresponding peaks in the
N-glycan region, confirming that no peaks from the sample appeared in the
buffer spectrum. Furthermore, the buffer spectrum exhibited minimal
identifiable peaks, confirming that no extraneous substances capable of
interfering with N-glycan identification were introduced throughout the
procedure (Supplementary Fig. 1). These findings substantiate the high
specificity of our rapid glycosylation screening strategy.

Repeatability and intermediate precision
To qualify the stability of the overall experimental workflow, we processed
six replicate trastuzumab samples within a single day and measured three
replicates on each of two additional days to assess repeatability and inter-
mediate precision. The repeatability of all analytes, expressed as CV, ranged
from 6.44% to 12.73%, with an average of 10.41%. Notably, even for glycans
with a low abundance of 0.2% (G0FB), good repeatability (7.5%) was
achieved. The analysis of 12 trastuzumab samples collected over three dif-
ferent days revealed CV ranging from 8.93% to 12.83%, with an average of
10.78% (Table 1). The results indicate that, despite full manual operation,
the variability between the results obtained on different analysis days was
minimal.

Linear range
A good linear range is essential for the accuracy of quantification. To rig-
orously evaluate the linear range of our method, we investigated the
quantification performance across a 75-fold concentration range, which
included the validation sample concentration. Our method was applied to
analyze gradient dilutions of 1×, 1.5×, 2.25×, 3.375×, 5.0625×, and 7.59375×
(actual concentrations scaled by a factor of 10). The results revealed R²
values exceeding 0.9818, up to 0.9985, with an average of 0.9937 (Fig. 2a).
These findings indicate that our method has excellent linearity over a wide
concentration range, accurately reflecting the conditions of the samples.

Furthermore, because our method incorporates an internal standard
glycan for each target glycan, it enables absolute quantification via an
external standard glycan. We assessed the feasibility of quantifying the
absolute amount of G2F in antibody drugs via the standard glycan G2F.
When the standard curve was constructed with G2F combined with the full
internal standard, the results showed excellent linearity for G2F within the
concentration range of 0.78–6.25 nmol (R² = 0.9989) (Fig. 2b). This finding
suggests that we can use the same internal standard to quantify the amount
of G2F in samples.

Advantages of internal-standard quantification
All sample-preparation steps were performed in a 96-well format with
Sepharose CL-4B HILIC plates in place of hand-packed cotton tips. The
MALDI-TOF-MS spectra obtained with the Sepharose workflow were
virtually indistinguishable from those generated with the cotton-tip pro-
tocol (Supplementary Fig. 2). Composition-level analysis revealed only
subtle differences between the two media, seen chiefly for H4N4, H3N5F1,
and H4N4F1E1 (Fig. 3a).

The benefit of the reduced internal standard was assessed with
N-glycans released from human-serum IgG in two parallel workflows: one
without internal standards, in which glycan abundances were expressed as
the percentage of the total signal intensity; and one with internal standards,
in which each glycanwas quantified as the ratio of its signal intensity to that
of its corresponding internal standard.

Subsequently, both sample sets were spiked with a known amount of
the G0F glycan to simulate fluctuations in glycan abundance. Prior to
spiking, we confirmed that the amount of G0F used fell within the linear
response range of our internal standard-based quantification
method (Fig. 3b).

When comparing the spiked results to the baseline (non-spiked)
values, the internal standard approach correctly reflected a selective increase
in G0F signal, while the levels of all other glycans remained essentially

unchanged (Fig. 3c). In contrast, in the absence of internal standards, the
increase inG0Fwas alsoobserved, but the apparent levels of all other glycans
decreased (Fig. 3d), due to the constraint that relative abundancesmust sum
to 100%.

These findings demonstrate that the internal standard method accu-
rately attributes the change to G0F alone, whereas another method may
suggest a global shift in the glycan profile.

Application in cell line selection
Four trastuzumab lots collected at the monoclonal cell selection stage were
examined to evaluate the workflow under manufacturing conditions.
UHPLC profiling identified six N-glycans—Man5, G0F-GN,G0, G0F, G1F
and G0FB—present in all lots and spanning 0.1–80.5% relative abundance.
These glycans (labelled Glycan1–6) were quantified by MALDI–TOF–MS
using the+3Da internal standard and compared with UHPLC values.

The MALDI data reproduced the up- and down-trends observed by
UHPLC across the four lots (Fig. 4a and Supplementary Fig. 3); a single
deviation was noted for glycan 4 in lot 4. Linear regression of the two
datasets yielded a near-unity slope over the entire range (Fig. 4b and Sup-
plementary Fig. 4). MALDI detected differences as small as 0.08%, as
exemplified by G0F-GN, which was present at 0.20% in lot 1 and 0.12% in
lot 3 (Fig. 4c, d). Prompted by these observations, we re-analyzed the same
batch of samples by MALDI-MS both with (+ IS) and without (–IS)
internal standards. When glycan abundances exceeded 10%, the two
workflows showed similarly good reproducibility (coefficients of variation,
CVs: +IS = 5.53% and 3.32%; –IS = 2.48% and 2.79%; Fig. 4e). Below this
threshold ( < 10%), the +IS method continued to provide consistent pre-
cision (CVs: 12.77%, 2.58%, and 4.74%; Fig. 4f), whereas the –IS data
exhibited broader scatter (CVs: 41.6%, 22.93%, and 21.84%; Fig. 4f). Con-
sequently, at lowabundances the largervariability observed in the–IS results
can make real differences between samples more difficult to dis-
cern (Fig. 4g).

This subtle difference is particularly critical for biotherapeutics such as
Herceptin®, whose efficacy partly relies on antibody-dependent cellular
cytotoxicity (ADCC). During manufacturing, afucosylated and high-
mannose glycans must be tightly controlled; for example, the high-
mannose fraction (%HM) should remain below 2%,while increases to≥ 5%
cannoticeably affect function21.Under such stringent requirements, the+IS
MALDI-MS workflow provides the robustness required for confident
quantitation of trace-level glycans, whereas the –IS approach, although
suitable for higher-abundance species, may benefit from supplementary
verification when very low-level glycans are of interest.

Given the limited throughput of UHPLC, the MALDI assay can per-
form the initial screen. If the acceptance window for glycan 1 is defined as
±10% of the value in lot 1 (S/I = 0.3389; 0.305–0.373), theMALDI read-out
would retain lot 2 (0.3122) and exclude lots 3 (0.1932) and 4 (2.5500),
reserving UHPLC for confirmatory analysis of the single candidate that
meets the specification.This tiered strategy streamlines clone selectionwhile
preserving quantitative rigour.

Stability of sialic acid detection
During the qualification of four industrial samples, Sample 1 (S1) presented
a relatively high level of sialylated glycan abundance. The two sialylated
glycans present in S1 were identified as G1F+ SA and G2F+ SA, both of
which are α2,3-linked glycans. These two sialylatedN-glycans were selected
as target glycans to validate the stability of our rapid screening method for
detecting sialic acid. After repreparing the S1 sample and internal standard,
we implementeda glycanderivatization step toprotect the sialic acidprior to
analysis. The experiment was repeated once per day for three consecutive
days tovalidate the stability of ourmethod following sialic acid addition.The
results revealed that the three-day stabilities (expressed as CV values) of
G1F+ SA and G2F+ SA were 9% and 13.2%, respectively. Moreover,
nonsialylated glycans such asG0, G0F, andG1F had three-day CV values of
approximately 10% (details presented in Table 2), indicating that adding a
sialic acid protection step had a minimal impact on the overall rapid
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glycosylation screening workflow (requiring only an additional 1.5 hours).
Therefore, we conclude that our method is applicable for quantifying sia-
lylated glycans andcanalsodistinguishbetweenα2,3- andα2,6-linked sialic-
acid isomers.

Application to other glycoprotein biopharmaceuticals
In addition to monitoring glycosylation during monoclonal antibody
production, other glycoprotein biopharmaceuticals also require strin-
gent glycosylation monitoring. Erythropoietin (EPO) is a highly glyco-
sylated hormone that stimulates red blood cell production, with
approximately 40% of its molecular mass composed of N-glycan or
O-glycan conjugates9,22,23. The sialic acid content and the antenna
structure of glycans are two critical quality attributes that significantly
impact EPO biological activity10,24. We applied our rapid screening
method for the detection of EPO N-glycans and achieved excellent
results. Following previously reported workflows, the target N-glycans
used for method validation included H6N2P1, H5N4F1S2, H6N5F1S2,
H6N5F1S3, H7N6F1S2, H7N6F1S3, H7N6F1S4, and H8N7F1S3 (H =
Hexose, N = N-acetylhexosamine, F = Fucose, S = N-acetylneuraminic
acid, P = Phosphorylation of a high-mannose glycan) (Supplementary
Fig. 5)25. We prepared three identical samples over three consecutive
days to validate the intermediate precision of our method for EPO
detection. The results revealed that the three-day CV values for the eight
N-glycans ranged from 2.05% to 12.75%, with an average of 8.45%,

indicating good stability (Table 3). In addition, owing to differences in
the pretreatment process compared with trastuzumab, we also per-
formed linearity validation of the EPO full glycan internal standard
quantification method. The EPO N-glycan stock solution was serially
diluted 0.33-fold to 7.5045-fold. The results revealed that all target
glycans had R² values greater than 0.97, with most exceeding 0.99,
demonstrating excellent linearity (Supplementary Fig. 6). These results
indicate that our rapid glycan screening method is suitable for N-glycan
detection in EPO, a complex glycoprotein preparation, suggesting its
potential applicability for N-glycan detection in a broader range of
glycoprotein biopharmaceuticals.

Discussion
This study demonstrated that our MALDI-MS-based glycan screening
method is highly efficient for analyzing the N-glycan patterns of biolo-
gics. MALDI–TOF–MS provides considerable advantages for rapid
screening of large sample volumes; however, reproducibility issues have
historically posed challenges for accurate glycan identification26. To
address these issues, we developed a full-glycome internal standard that
significantly enhances the quantitative accuracy of MALDI-TOF-MS.
By adding the same internal standard to each sample, our method
enables a rapid comparison of glycan content both within and between
batches of monoclonal antibody batches, significantly reducing work-
flow time. Isolating the released glycans allows for accurate detection of

Table 1 | Repeatability and intermediate precision

Glycan Putative
Structure

Composition DAY1 (Mean ± SD) Reproducibility
CV

DAY2 (Mean ± SD) DAY3 (Mean ± SD) Cross
Day CV

1 2 3 4 5 6 1 2 3 1 2 3

G0-GN H3N3 0.320 ±
0.016

0.307 ±
0.006

0.328 ±
0.019

0.344 ±
0.007

0.273 ±
0.013

0.376 ±
0.010

10.76% 0.315 ±
0.018

0.352 ±
0.018

0.306 ±
0.031

0.340 ±
0.016

0.353 ±
0.004

0.383 ±
0.044

9.46%

Man5 H5N2 0.295 ±
0.005

0.281 ±
0.006

0.291 ±
0.008

0.295 ±
0.005

0.232 ±
0.003

0.348 ±
0.005

12.73% 0.255 ±
0.026

0.296 ±
0.013

0.238 ±
0.015

0.265 ±
0.006

0.280 ±
0.008

0.298 ±
0.033

11.08%

G0F-
GN

H3N3F1 0.293 ±
0.008

0.252 ±
0.006

0.286 ±
0.010

0.291 ±
0.004

0.226 ±
0.004

0.314 ±
0.004

11.53% 0.227 ±
0.025

0.266 ±
0.013

0.214 ±
0.014

0.270 ±
0.003

0.285 ±
0.011

0.280 ±
0.030

11.61%

G0 H3N4 0.289 ±
0.008

0.278 ±
0.004

0.293 ±
0.010

0.294 ±
0.005

0.237 ±
0.006

0.344 ±
0.005

11.86% 0.261 ±
0.027

0.302 ±
0.021

0.246 ±
0.021

0.279 ±
0.008

0.294 ±
0.004

0.314 ±
0.035

10.18%

G0F H3N4F1 0.587 ±
0.026

0.543 ±
0.024

0.552 ±
0.024

0.525 ±
0.034

0.485 ±
0.022

0.563 ±
0.022

6.44% 0.464 ±
0.035

0.483 ±
0.037

0.422 ±
0.030

0.470 ±
0.019

0.462 ±
0.020

0.439 ±
0.009

10.57%

G1F H4N4F1 0.303 ±
0.005

0.269 ±
0.003

0.303 ±
0.011

0.311 ±
0.008

0.244 ±
0.006

0.341 ±
0.004

11.45% 0.248 ±
0.027

0.279 ±
0.017

0.233 ±
0.016

0.303 ±
0.001

0.313 ±
0.009

0.313 ±
0.034

11.55%

G0FB H3N5F1 0.446 ±
0.013

0.428 ±
0.012

0.453 ±
0.014

0.496 ±
0.009

0.403 ±
0.004

0.479 ±
0.009

7.50% 0.438 ±
0.014

0.463 ±
0.062

0.442 ±
0.047

0.502 ±
0.017

0.542 ±
0.006

0.527 ±
0.036

8.93%

G2F H5N4F1 0.303 ±
0.005

0.379 ±
0.016

0.416 ±
0.014

0.461 ±
0.033

0.350 ±
0.032

0.459 ±
0.043

11.02% 0.388 ±
0.036

0.428 ±
0.074

0.376 ±
0.062

0.477 ±
0.034

0.507 ±
0.011

0.517 ±
0.080

12.83%
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variations, even in low-abundance glycans, that could impact ther-
apeutic efficacy.

Reproducibility is crucial for any analytical method intended for large-
scale production environments. Our method demonstrated excellent
reproducibility in terms of sample preparation and intermediate precision
across multiple experiments and biological replicates, as validated with
trastuzumab samples fromdifferentmonoclonal cell lines.Notably, even for
low-abundance glycans, which are typically challenging owing to poor
reproducibility, we achieved a coefficient of variation of approximately 10%.

This level of consistency ensures themethod’s ability to rapidly detect batch-
to-batch variability.

We successfully established a broad quantitative linear range that
meets thedemandsof biopharmaceutical production.Thiswide linear range
makes our method suitable for initial screening of samples with significant
differences in N-glycan levels. Additionally, this feature facilitates absolute
quantitation using MALDI-MS. Using our method, we demonstrated the
ability to conduct absolute quantitation, with both calibration curve estab-
lishment and sample analysis completed exceptionally quickly. This enables
effective monitoring of key glycan types, offering new insights into how
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changes in absolute glycan levels affect biological functionality. Such
monitoring can improve our understanding of the relationship between
glycosylation and drug efficacy, providing valuable insights for the devel-
opment of more effective therapeutics.

To validate the method in an actual production setting, we randomly
selected four trastuzumab samples from different monoclonal cell lines and
demonstrated that our approach effectively identified variations in glycan

profiles. The results confirmed the method’s practicality for rapidly
detecting variability in large-scale antibody production, allowing us to
identify the most suitable clones before applying more labor-intensive
quality control methods, such as UHPLC27, thereby significantly reducing
the overall workload. Combined with its high-throughput analysis cap-
ability, this method is particularly well suited for rapid decision-making
during cell line selection. By employing this approach during glycan
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Fig. 4 | Application in cell line selection. Glycans 1–6: Man5, G0F-GN, G0, G0F,
G1F and G0FB. a Example trend plot for Glycan 5 (G1F). MALDI intensities
obtained with the +3 Da internal standard (left y-axis) parallel the UHPLC per-
centages (right y-axis) across all four lots. b Correlation between MALDI and
UHPLC for the same glycan; least-squares fit gives R² = 0.99. Symbols denote
individual lots. c Absolute MALDI read-outs (internal-standard normalisation) for
Glycans 1–6 in the four lots. dUHPLC results (percentage values) for Glycans 1–6 in
the four lots. e High-abundance glycans ( > 10% of the total pool). Triplicate mea-
surements of G0F and G1F acquired with (+ IS, green circles) or without (–IS,
orange triangles) internal standards. Data obtained with the +IS workflow are

expressed as the signal-to-internal-standard ratio (S/I; left ordinate), whereas –IS
data are plotted as relative intensity% (right ordinate). Braces indicate coefficients of
variation (CV). f Low-abundance glycans ( < 10%). The same comparison forMan5,
G0F-GN, and G0. The+IS method retains CVs ≤ 12.8%, while the variability of the
–IS measurements rises markedly (CV = 21.8–41.6%). g Impact on sample dis-
crimination. Relative levels of a representative low-abundance glycan in two process
batches (S1 and S3), each analysed in triplicate. The tighter dispersion afforded by
the +IS workflow allows the between-batch difference to be resolved, whereas the
greater scatter in the –IS data obscures this distinction.

https://doi.org/10.1038/s42004-025-01680-2 Article

Communications Chemistry |           (2025) 8:291 6

www.nature.com/commschem


screening, significant time and resources can be saved, especially in the early
development stages when hundreds of clones are evaluated.

Our MALDI-MS-based method has several potential applications:
(1) Initial large-scale screening: This method is well suited for rapid
analysis of large sample volumes, making it ideal for early-stage clone
selection. (2) Process optimization: The ability to quickly detect glycan
variability can guide adjustments in production processes, ensuring
consistency and quality28,29. (3) Absolute glycan quantitation to guide
cell line engineering: By enabling accurate absolute quantitation of
glycans, ourmethod supports themodification of production cell lines to
improve desired glycan characteristics30. These capabilities, along with
its high throughput, speed, and cost efficiency, make our method a
valuable tool at various stages of biopharmaceutical development,
serving as a powerful complement to traditional glycan analysis
techniques.

Methods
Materials and reagents
The trastuzumab originator Herceptin® was purchased from Roche. In
addition, EPO was purchased from 3SBIO, and mini-pool trastuzumab
samples were generously provided by Tanshi Biotech. Sodium dodecyl
sulfate (SDS), 1-hydroxybenzotriazole monohydrate (HOBt), super-2,5-
dihydroxybenzoic acid (super-DHB), sodium borodeuteride (NaBD4), and
trifluoroacetic acid (TFA) were obtained from Sigma‒Aldrich. The glycan
standard G2F ( > 98%, 1787 Da) was kindly provided by professor Tiehai
Li’s lab (Shanghai Institute of Materia Medica. Chinese Academy of Sci-
ences). Peptide N-glycosidase F (PNGase F) and nonylphenyl-polyethylene
glycol (NP-40) were obtained from New England Biolabs. The bicincho-
ninic acid (BCA) protein assay kit was purchased from Thermo Fisher.
Chromatography-grade acetonitrile (ACN), ethanol (EtOH), and formic
acid (FA) were acquired fromMerck, whereas ethyl(dimethylaminopropyl)
carbodiimide (EDC) was sourced from Fluorochem.

N-Glycan release and purification for therapeutic antibodies
The therapeutic antibody was purified via Protein G Bestarose 4FF agarose
beads (Bestchrom). N-glycans were released from purified IgG via PNGase
F and purified via Sepharose™ CL-4B (Sigma‒Aldrich). For each sample,
30 μg of IgG was quantified and dissolved in 5 μL of water. Two volumes of
2% SDS were added, and the mixture was incubated at 60 °C in a

thermomixer for 10minutes. After cooling to room temperature, 10 μL of
digestion buffer (4% NP-40 in a 1:1 ratio of 5x PBS) and 1 μL of PNGase F
(diluted 10-fold with water) were added to the denatured IgG solution. The
mixture was then incubated at 37 °C for 1 h. The sialic acid on the released
glycans was protected through derivatization. Freshly prepared derivatiza-
tion reagent (250mM EDC and 250mM HOBt in ethanol) was used for
derivatization, and the mixture was incubated at 37 °C for 1 h. Prior to
purification, an equal volume of acetonitrile was added to the derivatized
released oligosaccharides, and the sample was prepared for purification on
the basis of a previously reported protocol31. Following the activation and
equilibration of Sepharose™ CL-4B per the manufacturer’s instructions, the
N-glycan-released IgG samples were applied, incubated at room tempera-
ture, and washed to remove impurities. The purified N-glycans were then
eluted with water.

N-Glycan release and purification for EPO
Modifications were made to previously published methods25. Specifically,
denaturation was achieved by incubating EPO in 100mM FA at room
temperature for 15minutes, followed by drying at 60 °C. The dried sample
was reconstituted in 10 μL of PBS containing 1% NP-40 and 0.5 U of
PNGase F and incubated at 37 °C for 1 h to release the glycans. The sialic
acidswere derivatized as described above and then captured using internally
prepared hydrophilic interaction liquid chromatography‒solid phase
extraction (HILIC‒SPE) pipette tips. Finally, the glycans were eluted in
10 μL of water.

Internal standard preparation
For internal standard preparation, the post-digestion product containing
30 μg of IgG was dried using a centrifugal vacuum concentrator and
reconstituted with water. During this process, we optimized the protein
handling procedure by reducing the cumbersome protein precipitation
steps and further minimizing the amount of protein required. Ethanol was
then added to a final volume of 50 μL. The mixture was incubated with 1%
formic acid at 37 °C for 2 h. Subsequently, 20 μL of 2MNaBD4 solutionwas
added, and the mixture was incubated at 60 °C for another 2 h. Finally, the
N-glycans were purified using Sepharose™ CL-4B, an innovation that
enables high-throughput internal standard preparation and aligns seam-
lesslywith thehigh-throughputworkflow.ThepurifiedN-glycanswere then
dried via centrifugation and reconstituted in 10 μL of water to serve as the
internal standard. The preparation of the EPO N-glycan internal standard
followed a similar procedure using 30 μg of EPO, with adjustments specific
to the protein. This process involves a single-step glycan reduction reaction,
resulting in a consistent 3 Da mass difference in the relative masses of all
N-glycans. The method demonstrates exceptionally high reducing effi-
ciency, ensuring accurate and unaffected quantification (Supplemen-
tary Fig. 7).

MALDI-TOF-MS analysis
ForMALDI-MS analysis, a TOFMix peptide calibration standard (LaserBio
Laboratories) was used to calibrate themass spectrometer. A 1 μL aliquot of

Table 2 | Stability Verification of Sialic Acid and Other
N-Glycans

Glycan Putative Structure Composition Sample
MW(M
+Na)

CV

G1F+ SA H4N4F1L1 1920.69 9.07%

G2F+ SA H5N4F1L1 2082.75 13.22%

G0 H3N4 1339.50 9.92%

G0F H3N4F1 1282.48 13.63%

G1F H4N4F1 1647.61 12.27%

G2F H5N4F1 1809.66 10.92%

Table 3 | Stability Verification of EPO N-Glycans

No Composition Sample MW(M+Na) CV

A1 H6N2P1 1521.424 5.43%

A2 H5N4F1S2 2355.809 2.05%

A3 H6N5F1S2 2720.941 9.03%

A4 H6N5F1S3 2994.026 8.51%

A5 H7N6F1S2 3086.073 7.86%

A6 H7N6F1S3 3359.158 12.13%

A7 H7N6F1S4 3632.243 12.75%

A8 H8N7F1S3 3724.29 9.86%
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the sample mixture containing released glycans and the corresponding
internal standard was spotted onto a standardMALDI target plate (Bruker)
and allowed to air dry. Subsequently, 1 μL of super 2,5-DHB solution was
spotted onto the dried sample and allowed to air dry. Each sample was
spotted in triplicate. The analysis was performed using a Bruker ultra-
fleXtremeMALDI-TOF-MSequippedwith a Smartbeam-II laser inpositive
ion reflector mode to detect dried N-glycans on an MTP 384 target plate.
The relevant mass spectrometry parameters were: m/z range of 1000-4600;
laser emission set at 10 k with a frequency of 2000Hz; and random walk
mode with 10 shots per raster spot. The laser voltage was set at 80 V.

Data processing
RawMALDI–TOFspectrawereprocessed inBrukerflexAnalysis v 3.4. Peak
lists were generated with theMass List Find function (SUM algorithm) and
filtered for a signal-to-noise ratio ≥ 3. Glycan assignments were made in
GlycoWorkbench and the corresponding peaks were batch-extracted in
BioPharma 3. Quantification used a single isotope peak: the first isotopic
[M]⁺ intensity for glycans below m/z 2000 and the second satellite [M+ 1]⁺
intensity for larger glycans. The relative quantity of each N-glycan was
calculated on the basis of the ratio of signal intensity (sample to internal
standard, S/I).

Data availability
The glycan-related source data are provided in the SupplementaryData. All
mass spectrometry data used in this work are available from the authors
upon request.
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