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Hepatocellular carcinoma (HCC), a global leading cause of cancer-related mortality, is critically hindered by
delayed diagnosis due to the lack of sensitive early biomarkers. Alterations in N-glycan composition and
structure, which are closely associated with HCC pathogenesis, hold great promise for early detection;
however, conventional mass spectrometry-based glycomic methods are limited by low sample
throughput. To address this, we developed HTNGQs-target—a high-throughput targeted mass
spectrometry approach integrating methylamine derivatization and 6-plex aminoxy TMT labeling. This
approach enables robust quantitative analysis of up to 144 serum samples per day with high sensitivity
and reproducibility. Applied to a cohort of 320 serum samples encompassing the full spectrum of liver
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Introduction

Hepatocellular carcinoma (HCC) is one of the deadliest malig-
nancies, ranking fourth in cancer mortality rates world-wide.* A
major factor contributing to this high mortality is the low
curative rate (20-30%), primarily due to the difficulty in early
detection.” Only 30% of patients are diagnosed at an early stage,
achieving a five-year survival rate of 70%, whereas those diag-
nosed at a later stage have a two-year survival rate of less than
16%.* Glycosylation plays significant roles in the progression
and prognosis of various cancers, including HCC.** Altered
glycosylation patterns, such as changes in glycan branching,
sialylation, and fucosylation, are commonly observed in HCC
and are closely associated with tumor growth, metastasis, and
immune evasion.” For instance, fucosylation and sialylation
significantly increase during HCC progression and
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for clinical application in early HCC detection.

metastasis.®° These glycan structure changes can reflect subtle
physiological or pathological state differences, offering new
possibilities for early disease diagnosis."* For instance, a2-3
sialylation promotes cell adhesion and metastatic potential,
while ¢.2-6 sialylation modulates immune checkpoint interac-
tions. Consequently, N-glycans are increasingly recognized as
valuable biomarkers, particularly for the early diagnosis and
monitoring of liver disease and cancer.'>**

Despite these insights, conventional N-glycome analysis
techniques remain limited by challenges that impede their
clinical translation, including complex and time-consuming
workflows, as well as insufficient throughput for large-scale
studies.” Hydrophilic interaction liquid chromatography with
fluorescence detection (HILIC-FLD), matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS), and
liquid chromatography-mass spectrometry (LC-MS) have been
developed to address some of these issues. However, these
approaches are primarily designed for global profiling of N-
glycan differences rather than targeted analysis. Although tar-
geted mass spectrometry approaches, such as multiple reaction
monitoring (MRM) or parallel reaction monitoring (PRM), offer
superior sensitivity, specificity, and quantitative precision,
which are essential for the rigorous verification of candidate
biomarkers, their current implementations in N-glycan
biomarker analysis are still low-throughput and not suitable for
large-scale clinical validation. Consequently, a major unmet
need in the field is the development of robust, high-throughput
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targeted mass spectrometry methods to enable the efficient
validation of N-glycan biomarkers across extensive sample
cohorts.”>'>1¢

To address the challenges of validating N-glycan biomarkers,
we developed HTnGQs-target, a high-throughput targeted N-
glycomics platform designed for simultaneous quantification
and isomer-specific analysis of serum N-glycans. Building on
our prior works for studying glycoproteins,*”** while protein-
specific glycopeptide analyses, such as IgG-focused studies,
can capture fine-scale glycosylation dynamics during disease
progression, our total N-glycan-based approach emphasizes
global serum alterations, which are more suitable for high-
throughput clinical screening but inherently less specific to
protein origin. We here developed a dual labeling method that
combines methylamine derivatization for sialic acid stabiliza-
tion with 6-plex aminoxy TMT labeling at the reducing end of N-
glycans, enabling multiplexed parallel reaction monitoring-MS
(PRM-MS) of six samples per run. The dual labeling strategy
with isotopic reagent (dy- and ds;-methylamine) further intro-
duces mass shifts to discriminate «2-3 and «2-6 linkages.
Compared with conventional targeted-MS approaches, this
strategy increases detection channels six-fold, achieving
a throughput of up to 144 samples per day, with isomeric
resolution.

Applied to 320 serum samples from liver disease patients,
spanning the full spectrum of liver disease progression from
healthy controls to chronic hepatitis B (CHB), liver cirrhosis
(LC), and hepatocellular carcinoma (HCC), HTnGQs-target
revealed significant differences in N-glycan profiles between
different status and identified a novel biomarker panel with
good diagnostic performance (AUC = 0.93). By bridging high-
throughput quantification with structural precision, HTnGQs-
target unlocks the potential for isomer-resolved biomarker
discovery, offering transformative capabilities for early HCC
detection and personalized therapeutic monitoring.

Results and discussion
Workflow of HTnGQs-target

In this study, we developed a high-throughput N-glycan targeted
analysis method (HTnGQs-target) to explore and vali-date N-
glycan biomarkers. The experimental workflow is shown in
Fig. 1. We collected serum samples from patients with liver
diseases (chronic hepatitis B, liver cirrhosis and hepatocellular
carcinoma) and healthy controls. The N-glycans were released
from serum glycoproteins by overnight digestion with PNGase
F, followed by a two-step labeling. The two-step labeling process
involved methylamine labeling of sialic acid-containing N-
glycans to protect sialic acids, and aminoxy-TMT 6-Plex labeling
of all N-glycans at their reducing end, enabling multiplex
detection in a single mass spectrometry run (Fig. S1). Before
labeling, samples from patients with various liver diseases and
healthy controls were randomly distributed into a 96-well plate
to reduce systematic bias. Specifically, each set of samples (5
clinical samples) was evenly distributed across different ami-
noxy TMT labels. Samples from the three liver disease groups
and healthy controls used different TMT labels in various mass
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spectrometry runs. This randomization strategy ensured that
any technical variation or systematic error was not concentrated
on specific labels across different runs, thereby improving the
reliability and comparability of the results. Additionally, we
included internal standards (mixed serum samples) in each run
on the 131 channel to correct for technical variations between
different runs. These internal standards analyzed throughout
the experiment allowed us to calibrate variations between runs
by comparing sample signals to the internal standard signals.
Then, we used PRM-MS mode for targeted analysis of N-glycans,
and N-glycans identified as significantly different between
benign (HC & CHB) and malignant (LC & HCC) liver disease
samples were further subjected to biomarker-screening.
Specifically, QC-normalized, log-transformed reporter intensi-
ties were filtered using Mann-Whitney U tests with Benjamini-
Hochberg correction (FDR < 0.05), and the shortlisted glycans
were evaluated by cross-validated multivariable modeling to
define a minimal diagnostic panel and assess diagnostic power
via ROC-AUC.

Qualitative and quantitative capability of HTnGQs-target

Our previous work demonstrated the high efficiency of
methylamine derivatization for labeling sialylated N-glycans.*
In this study, MALDI-MS results further confirmed that TMT
labeling after methylamine derivatization maintains high
labeling efficiency, as evidenced by the disappearance of native
N-glycan peaks and the concomitant appearance of the expected
TMT-derivatized N-glycans (Fig. S2). Three technical replicates
consistently showed that the number of N-glycans identified
with dual methylamine and TMT labeling increased by
approximately 65% compared to methylamine labeling alone
(Fig. 2a and S3). While 43 low-abundance, predominantly
fucosylated N-glycans were uniquely detected in the Meth-only
condition, likely due to minor analyte losses during the addi-
tional TMT step, which may lead to the dropout of some low-
abundance glycan chains without introducing type-specific
bias.

Next, we analyzed potential biases in the types of N-glycans
detected with Meth and Meth-TMT labeling. Specifically, we
quantified the proportions of N-glycans containing only sialic
acid, only fucose, both sialic acid and fucose, and multiple sialic
acids. The results showed that the labeling methods had no bias
on the types of N-glycans identified (Fig. 2b). The dual labeling
method identified more N-glycans containing multiple sialic
acids (Fig. 2b and S4). This could be attributed to the enhanced
ionization efficiency and stability provided by the methylamine
and TMT labeling, thereby improving detection sensitivity for
more complex glycan structures, such as those with multiple
sialic acids.

After confirming the high labeling efficiency of this dual
labeling method and finding that it enhances the N-glycan
identification, we further evaluated the qualitative performance
of HTnGQs-target. We analyzed the chromatographic retention
times and fragment ion ratios of the same N-glycan in both DDA
and PRM detection modes. Three representative N-glycan types
including sialylated, fucosylated, and high-mannose were
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Fig. 1 Workflow of HTnGQ-target. The process consists of three steps: step 1. sample preparation, including N-glycan enrichment and
derivatization. Step 2: PRM-targeted mass spectrometry analysis of the derivatized N-glycans. Step 3: biomarker validation analysis to confirm

their diagnostic utility.

displayed. The retention time deviation of chromatography
peaks for N-glycans identified by DDA and PRM modes was
within 0.5 minutes (Fig. 2c-e). Additionally, the relative abun-
dances of tandem mass spectrometry fragment ions were highly
similar between DDA and PRM modes (Fig. 2f-h and S5-515).
These results further demonstrate the robust qualitative capa-
bility of HTnGQs-target in N-glycan PRM-MS analysis. Overall,
these results indicate that the dual labeling method with
methylamine and TMT significantly increases the number of
identified N-glycans and demonstrates high reliability in qual-
itative analysis.

Next, we investigated the quantitative capability of HTnGQs-
target. We divided the methylamine-labeled N-glycans into six
aliquots and labeled them with 6-plex TMT reagents (126-131),
respectively. The 6-plex TMT labeled N-glycans were then pooled
inratiosof 1:1:1:1:1:1 (group 1-1),1:5:10:10:5: 1 (group
1-10), and 10:5:1:1:5:10 (group 10-1). The results from
tandem mass spectrometry quantification using HTnGQs-target
were analyzed. The box plots demonstrated that the observed
ratios closely matched the expected ratios (Fig. 3a—c).

366 | Chem. Sci, 2026, 17, 364-372

We analyzed three representative N-glycans in detail: high-
mannose N-glycan (H7N2) (Fig. 3d-f), disialylated N-glycan
(H5N4S2) (Fig. 3g-i), and fucosylated N-glycan (H4N4F1)
(Fig. 3j-1). The results demonstrated a strong linear correlation
between the detected and expected ratios, indicating high
reproducibility and good linearity (R*> > 0.99) in quantitation
within one order of magnitude. These findings underscore the
robust quantification capability of the HTnGQs-target method.

Application of HTnGQs-target for enhanced diagnosis of liver
diseases

After validating the qualitative and quantitative capabilities of
HTnGQs-target, we applied it to detect serum N-glycans in 192
samples (2 sets of 96-well plates) from patients with liver
diseases and healthy controls. The total sample set included 32
internal reference samples and 160 clinical samples (Table S1).
First, based on previous findings of significant differential
serum N-glycans between liver disease patients and healthy
controls (unpublished data, Table S2), we selected 24 serum N-
glycans for subsequent PRM detection (Table S3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Qualitative analysis performance of HTnGQs-target. (a) A Venn diagram comparing the number of N-glycans identified using only
methylamine labeling (Meth) and dual labeling with methylamine and TMT (Meth—TMT). (b) A bar graph comparing the proportion of N-glycan
types identified using different labeling methods. The graph categorizes N-glycans into those containing only sialic acid (sialic acid), only fucose
(fucose), and both sialic acid and fucose (S & Fuc). (c—e) Extracted ion chromatograms of PRM precursor ions for the labeled N-glycan in DDA and
PRM modes. (f—h) Overlay plots showing the similarity in the relative abundances of tandem mass spectrometry fragment ions for one N-glycan
between DDA and PRM modes. Bar plots show fragmentation reproducibility.

In the PRM-MS detection, we used aminoxy TMT-131 in every
six aminoxy TMT labels as an internal reference to correct for
potential instrument state errors between different runs. To
assess the stability of the mass spectrometer during the detec-
tion process and correct the retention time of targeted N-
glycans, 8 DDA injections were interspersed among the 32 PRM-
MS injections (one DDA sample injected before every four sets
of PRM samples).

First, we analyzed TMT-131 reporter ion intensities from
internal reference samples across 8 DDA and 32 PRM runs to
evaluate the intra-day and inter-day variations (Fig. S16). Both
PRM and DDA demonstrated robust stability, with TMT-131
signal intensities showing low variability and consistent distri-
butions, but PRM showed better stability than DDA. Moreover,

© 2026 The Author(s). Published by the Royal Society of Chemistry

no batch effects were observed during clinical sample analysis
(Fig. $17).

After confirming that the instrument was stable throughout
the detection process and that no batch effects were present
between samples, we analyzed the PRM-MS results of the 24
targeted N-glycans. The PRM-MS results for the relative
expression levels and clustering of these 24 serum N-glycans in
hepatocellular carcinoma (HCC), liver cirrhosis (LC), chronic
hepatitis B (CHB) and healthy controls (HC) are shown in the
heatmap (Fig. S18). The distinction between the healthy control
group and the CHB patient group, as well as between the HCC
and LC patient groups, was not obvious. Meanwhile, previous
studies have reported overlapping biomarker profiles between
healthy individuals and CHB patients without significant
fibrosis progression, as well as between hepatocellular

Chem. Sci., 2026, 17, 364-372 | 367
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Fig.3 Quantitative analysis performance of HTnGQs-target. N-glycans labeled with different TMT 6-plex tags were mixed in ratiosof (a) 1:1:1:
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each mixing experiment to evaluate the alignment between detected

carcinoma and liver cirrhosis patients, due to shared glycosyl-
ation alterations.”®*' Certain N-glycan features, including
hyperfucosylation, increased branching, and bisecting GlcNAc
structures, recur in both LC and HCC, thereby complicating fine
differentiation based solely on glycomic data. Therefore, we
grouped the healthy control group and the CHB patient group
as the benign control group, and the LC patient group and the
HCC patient group as the malignant sample group. Subsequent
analyses were conducted based on this two-group classification,
which could better reflect the disease progression trends and
aligns with glycosylation-based evidence observed in prior
studies. Through Mann-Whitney U analysis of the differences
between the benign controls and the malignant samples, we
identified 24 significantly different N-glycans with FDR p-values
< 0.05.

368 | Chem. Sci, 2026, 17, 364-372

and expected N-glycan ratios across uniform and gradient conditions.

To assess the relationship between N-glycan features and
clinical information, we plotted a correlation heatmap (Fig. 4a)
showing the correlations between the 24 N-glycans and various
clinical parameters. The clinical parameters included both
virological markers (HBsAg, HBeAg, HBeAb, HBcAb, HCV), liver
function indices (AST, ALT, GGT, ALB, TBIL, TP), and tumor
markers (AFP, CEA, CA19-9). These parameters reflect viral
infection status, hepatocellular injury, liver synthetic capacity,
cholestasis, and tumor burden. Including these indices allows
us to evaluate whether N-glycan alterations provide comple-
mentary diagnostic value beyond standard clinical markers.
The results indicated a general lack of strong correlations
between N-glycans and clinical parameters, suggesting that
these N-glycan features provide unique and complementary
information beyond markers. This

traditional clinical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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independence enhances their diagnostic utility, significantly
improving diagnostic accuracy when combined with traditional
clinical data. The heatmap (Fig. 4b) indicated that with
increasing severity of liver diseases, the abundance of all 24 N-
glycans was upregulated. This clustering pattern was distinct
between the benign and malignant groups. Although protein-
origin is not resolved, the consistent upregulation in total
serum N-glycans (Fig. 4b) suggests global glycosylation shifts
associated with disease progression. Overall, our analysis
demonstrated that these N-glycans have relatively consistent
expression patterns across different validation sets. These
findings strongly support the potential role of these N-glycans
as biomarkers in the malignant progression of liver diseases. To

© 2026 The Author(s). Published by the Royal Society of Chemistry

comprehensively evaluate the diagnostic capability of these 24
N-glycans, we additionally assessed the performance of AFP
alone as a traditional biomarker, as illustrated by the green
curve in Fig. 4c. Using AFP alone to distinguish benign from
malignant liver disease provided limited diagnostic perfor-
mance (AUC = 0.67). In contrast, the independent diagnostic
capability of the 24 targeted N-glycans, without incorporating
clinical parameters (Fig. 4c, blue line), showed a significantly
superior performance (AUC = 0.84) compared to AFP. Moreover,
combining these glycan biomarkers with traditional clinical
parameters markedly enhanced diagnostic capability, raising
the AUC from 0.88 (Fig. 4c, red line) to 0.93 (glycans combined
with clinical information, orange line). These findings
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Fig. 5 Linkage-specific analysis of sialylated N-glycans using the HTnGQs-target platform combined with do/d3-methylamine derivatization.
Heatmap illustrating the expression patterns of 27 sialylated N-glycan isomers across four liver disease stages. The «2-3 and «.2-6 sialic acid
linkage isomers were distinguished by labeling with do-methylamine (Meth—H, a2-3-linked) and ds-methylamine (Meth-D, a2-6-linked),

respectively, and quantified using the HTnGQs-target platform.

emphasize the added value and clinical advantage of the 24-
glycan panel, particularly when integrated into a multifactorial
diagnostic model. We further analyzed the glycan characteris-
tics, focusing on high-mannose, fucosylated, sialylated, and
combined sialylated and fucosylated N-glycans.

The detailed comparison of the differential expression of
these glycan types revealed that N-glycans containing sialic acid
showed more significant differences, with FDR p-values < 0.001
for all four types of glycans (Fig. S19).

Application of HTnGQs-target for differential profiling of a2-
3/02-6 sialylated N-glycan isomers

To further explore the structural heterogeneity and biological
significance of sialylation in liver disease, we collected an
additional 160 serum samples from patients specifically to
perform sialic acid linkage isomer analysis. Internal standards
and detailed quality control data for this independent dataset
are provided in the Fig. S20, confirming the robustness and
reliability of our method when incorporating this modified
derivatization strategy. Based on our previously established
workflow, we employed a dual-labeling strategy utilizing light
(do-) and heavy (d;-)methylamine reagents to selectively distin-
guish a2-3 from «2-6 sialic acid linkages. This derivatization
introduces a mass difference between linkage-specific sialylated
glycan isomers, enabling linkage-level differentiation and
quantification through PRM-MS detection.

Using this approach, we analyzed a total of 27 sialylated N-
glycans, comprising all 11 sialylated N-glycans previously vali-
dated in our primary glycan panel and an additional 16 sialic
acid-containing glycans. The sialylated isomers precursors were
derived from DDA on a subset of samples (Table S4), and
quantification occurred via PRM with isotopic mass shifts for
linkage resolution. The isomer-specific resolution provided by

370 | Chem. Sci,, 2026, 17, 364-372

dual labeling allowed us to accurately quantify the individual
a2-3 and o2-6 linkage signals for each glycan (Fig. 5). Differ-
ential expression analysis identified 12 glycan isomers exhibit-
ing statistically significant differences (p < 0.05) across the four
disease categories (HC, CHB, LC, and HCC), underscoring their
diagnostic potential (Fig. S21).

We further conducted detailed pairwise comparisons among
the four disease states (HC, CHB, LC, and HCC) for these 12
significantly altered sialylated N-glycan isomers. The objective
was to identify specific disease stage transitions associated with
these glycan changes. Fig. S22 provides a summary of the
statistically significant pairwise differences observed. As
a representative example, the glycan H5N4F1S1 exhibited
pronounced differences specifically in its «2-3-linked sialic acid
isomer, whereas its a2-6-linked isomer showed no significant
change. Additionally, among these 12 glycans, 11 were sialy-
lated N-glycans derived from our previously selected set of 24
target N-glycans. Beyond this, we identified a significant alter-
ation in the o2-6-linked isomer of H5N5F1S2, which also
demonstrated distinct changes during the development and
progression of liver diseases. This finding not only reinforces
the rationality of our initial target selection but also under-
scores the capability of this method to uncover novel, disease-
specific glycan alterations.

Conclusions

In this work, to address the low throughput of conventional N-
glycomic methods, we developed HTnGQs-target, a novel PRM-
MS-based approach for targeted analysis of N-glycans. It
significantly increases targeted-MS capacity for analyzing N-
glycans, supporting the multiplexed analysis of up to 144
samples per day, which is six times greater than existing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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methods. In addition, the incorporation of dual isotopic
labeling enhances structural specificity, permitting robust
discrimination between o2-3 and «2-6 sialic acid linkages and
enabling isomer-resolved quantification. Application of
HTnGQs-target to a large clinical cohort encompassing the full
spectrum of liver diseases revealed N-glycan biomarkers with
strong diagnostic potential.

Materials and methods
Clinical sample collection

Blood samples were collected and stored in plain tubes at —80 °©
C until analysis. The use of human serum samples was
approved by the Guangdong Provincial People's Hospital
(Guangdong Academy of Medical Sciences). For the differential
analysis of serum N-glycans, a total of 160 samples were
included, comprising 39 samples from HC, 38 samples from
patients with CHB, 44 samples from patients with LC, and 39
samples from patients with HCC. For the linkage-specific
analysis of sialylated N-glycan isomers, an additional cohort
of 160 serum samples was analyzed, including 36 samples from
HC, 42 samples from patients with CHB, 36 samples from
patients with LC, and 46 samples from patients with HCC.

Release of N-glycans

Serum proteins (2 uL) were diluted in 38 pL of 25 mM ABC
buffer (pH 7.8), denatured at 100 °C for 5 min, cooled, and
treated with 0.5 pL (500 U) PNGase F (New England Biolabs) for
N-glycan release via over-night incubation at 37 °C.

Methylamidation and aminoxy TMT labeling of N-glycans

The methylamine labeling of sialylated N-glycans was per-
formed as previously described.'® Briefly, 10 uL each of 5 M
methylamine hydrochloride (in DMSO) and 1 M PyAOP (in 7: 3
DMSO : 4-NMM) were added and incubated at room tempera-
ture for 1 hour. The reaction was quenched with 180 pL of 80%
acetonitrile (0.1% TFA), and excess reagents were removed via
cotton wool enrichment. Aminoxy TMT labeling was performed
per the manufacturer's protocol. The methylamine-aminoxy
TMT-labeled N-glycans were then desalted, lyophilized, and
normalized with aminoxy TMT-131 as an internal standard to
mitigate batch effects.

Enrichment of N-glycans

Cotton enrichment was performed as described in the litera-
ture.'® Tips containing 3.75-4.25 mg of cotton were pretreated
with 80 pL of 0.1% TFA (twice), then equilibrated with 80 pL of
80% acetonitrile containing 0.1% TFA. Samples were prediluted
20-fold with 80% acetonitrile 0.1% TFA and loaded three times.
Cotton tips were rinsed six times with 80 pL of 80% acetonitrile
0.1% TFA. For elution, 50 puL of water was applied three times,
totaling 150 pL of solution. A one-minute soaking period was
used between sample addition and centrifugation to ensure
complete saturation of the cotton.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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LC-MS/MS and LC-MS/MS-PRM analysis

Labeled N-glycans from serum samples were resuspended in
0.1% formic acid (FA) and separated by nano-liquid chroma-
tography, followed by online electrospray tandem mass spec-
trometry using a Thermo Scientific™ Orbitrap Eclipse™
Tribrid™ mass spectrometer. Chromatographic separation was
performed on an EASY-nLC 1200 system (Thermo Fisher
Scientific) equipped with a C18 capillary column (Acclaim Pep-
Map C18, 75 pm x 25 cm). The mobile phases consisted of
solvent A (0.1% FA in water) and solvent B (80% acetonitrile
with 0.1% FA). The gradient was 60 min in total for the samples:
2-8% from 0 to 1 min, 8-18% from 1 min to 31 min, 18-30%
from 31 min to 35 min, 18-30% from 31 min to 35 min, 30-55%
from 35 min to 55 min, and held for 95% for the last 5 min. The
column flow rate was maintained at 300 nL min .

In DDA mode, MS1 scans were acquired in the Orbitrap at
a resolution of 120 000, over an m/z range of 350-2000. The AGC
target was set to 250%, with a maximum injection time of 50
ms. The charge state range was 1-5. The FAIMS compensation
voltage was —55, and internal calibration using ETD was
disabled. MS2 scans were acquired using stepped higher-energy
collision dissociation (HCD) at 20%, 30%, and 40%, with an
isolation window of 4m/z. MS2 detection was performed in the
Orbitrap at a resolution of 30000, with a scan range of 120-
2000m/z and a maximum injection time of 200 ms. For PRM
analysis, most settings remained consistent with those in DDA
mode, except that the isolation window was narrowed to 1.2m/z,
and targeted acquisition was performed using a retention time
window of 3 minutes for each glycan precursor. GlycoNote
software was used to analyze N-glycan MS/MS spectra from DDA
and export the PRM precursor list (including m/z, charge state,
and retention time).

In PRM mode, samples were reinjected using the PRM
inclusion list, and raw files were analyzed using Skyline. TMT
reporter ion intensities were extracted using a custom script
(available at  https://github.com/fubin1999/lab/blob/main/
reporter_ions.py) to quantify labeled N-glycans across all
samples.

Data analysis

Data preprocessing was conducted using the online platform
https://www.metaboanalyst.ca/. Data  visualization
performed using the R (version 4.3.3). Machine learning
implementation in this study was carried out using Python
(version 3.10.11), predominantly relying on the scikit-learn
library (version 1.2.2).
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