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Extracellular vesicles (EVs) carry complex glycoproteins critical mediators of
disease progression and hold great potential for liquid biopsy applications.
However, their low abundance presents significant analytical challenges. This
study develop a versatile platform for EV N-glycoproteomic analysis (EVGpro),
which enables tandem EV capture, EV protein digestion, and enrichment of
N-glycopeptides. Functionalized magnetic nanochains with cell-penetrating
peptides (octa-arginine, Rg) enable efficient EV isolation, followed by on-chain
hydrolysis to expose PEG,oq0 for ultrasensitive glycopeptide enrichment. The
streamlined EVGpro platform identified up to 17 times more EV glycoproteins
than ultracentrifugation across seven biofluids, profiling 398 EV glycoproteins
from just 1 pL tear. Applied to seminal plasma, EVGpro uncover disease-
specific glycoprotein signatures and identified previously unreported sub-
types of asthenozoospermia. This robust and scalable approach advances the
sensitive detection of disease biomarkers and molecular subtypes from
diverse biofluids to enable precision medicine.

Extracellular vesicles (EVs) are membrane-bound particles secreted by = emerged as promising biomarkers for the diagnosis and prognosis of
nearly all cells into the extracellular space, providing valuable insights  various diseases"®’, such as prostate cancer®, breast cancer®', and
into organ function, cellular activities, and disease states”. The phos- male infertility*'2. Protein glycosylation, a prevalent post-
pholipid bilayer of EVs protects their cargo, including proteins, from  translational modification occurring in 50-70% of proteins, is crucial
enzymatic degradation, thereby rendering them ideal for early disease  in numerous biological processes**"*. Furthermore, the majority of
detection and monitoring via liquid biopsy”*~. EV proteins have clinically approved protein biomarkers are glycosylated proteins™'°.
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Notably, EVs are particularly rich in glycoproteins, which are essential
for intercellular communication, immunomodulation, and disease
pathogenesis>*®. The unique glycosylation patterns of these
N-glycoproteins can provide insights into the cellular origins and
pathological states of EVs, enhancing their potential as specific bio-
markers for targeted therapies””®. Despite the promising role of EV
proteins in various diseases, the characterization of EV-associated N-
glycoproteins remains underdeveloped, revealing a substantial gap in
our understanding of their functional roles and potential applications.

Due to the low abundance of glycopeptides, enrichment before
analysis is important for effective high-throughput identification and
quantification. Traditional methods for EV N-glycoproteins enrich-
ment involve two distinct steps: isolation of EVs and enrichment of
N-glycoproteins from enzymatic digests of EV protein lysates. Ultra-
centrifugation (UC) and size-exclusion chromatography (SEC) are
usually used to isolate EVs*'°', Recently, Su et al. developed a charge-
based fractionation method using Capto Core 700 and Q-Sepharose
resins for EV enrichment®, and Hou et al. integrated size-based filtra-
tion and electrophoretic separation to enrich EVs*. The hydrophilic
interaction chromatography (HILIC) is widely used for N-glycoprotein
enrichment®?°. However, the challenges inherent in analyzing EV
N-glycoproteins arise from the trace number of EVs in biofluids and the
low abundance of N-glycopeptides within EVs*?*. For example, Hillary
et al. achieved the enrichment of 1,222 EV N-glycopeptides and 578
N-glycoproteins from 1mL of plasma using UC and hydrazide
chemistry®. Whereas Bai et al. employed an exosome isolation kit to
extract EVs from 200puL of serum, then subsequently enriched
N-glycopeptides from EV enzymatic digests using poly(NIPAM co-
hydrazide) materials, and finally identified only 161 N-glycoproteins®.
Notably, hydrazide chemistry-based enrichment methods compro-
mised the structural integrity of glycans. Alternatively, magnetic
beads-based methods offer a promising alternative for EV protein
enrichment, combining rapid magnetic response, stable chemical
properties, and ease of surface functionalization'®****, Simplified
approaches using magnetic beads can enhance the sensitivity of EV
N-glycoprotein analysis and provide better solutions for analyzing
precious biofluid samples.

In this study, we developed a sensitive magnetic nanochains-
based strategy to tandemly enrich EV and N-glycoproteins (EVGpro)
from the ultratrace of biofluids. The EVGpro employs octa-arginine
(Rg) for membrane penetration and PEG,q0o for enhanced hydro-
philicity, allowing for capture and lysis of EV, reduction, alkylation, and
digestion of N-glycoproteins, as well as N-glycopeptide enrichmentin a
single tube. This method outperforms the traditional UC method and
applies to various biofluids, including plasma, urine, saliva, pleural
effusion, cerebrospinal fluid, ascites, tears, and seminal plasma.
Approximately 17.5% of adults globally experience infertility, with male
factors contributing to about 50% of these cases”. Asthenozoospermia
(AZS), one of the most prevalent forms of male infertility, is marked by
reduced sperm motility and accounts for 20-40% of male infertility**=".
Although EVs from AZS seminal plasma could affect sperm motility,
investigations into changes in EV glycoproteins and their molecular
subtypes are still lacking'?. Our EVGpro analysis of AZS revealed dif-
ferent EV N-glycoprotein signatures, and two distinct molecular sub-
types of AZS in both discovery and validation cohorts, which might
enhance the understanding of the pathogenesis and precision ther-
apy of AZS.

Results

Preparation and characterization of magnetic nanochains

The EVGpro nanochains were Fe;0, magnetic nanochains (Fe304-MN)
decorated with PEG,g00-Rs functional molecules. The EVs in biofluids
were specifically captured using cell-penetrating peptide (octa-argi-
nine, Rg) of EVGpro. Following EVs lysis on the nanochains, trypsin was
employed to simultaneously digest the EV proteins and cleave

Rg from EVGpro, thereby exposing the PEGyg00. Subsequently,
N-glycopeptides were enriched by highly hydrophilic PEG,p0o of
EVGpro in the same tube based on the hydrophilic interaction liquid
chromatography (HILIC) mechanism (Fig. 1A). This streamlined
method using the same nanochain material in one tube avoids sample
loss due to tube transfer and sequential enrichment using different
materials and is suitable for N-glycoproteomic analysis of EVs of
diverse biofluids.

The pod-like Fe;0,-MN was synthesized through the self-
assembly of nanoparticles induced by an external magnetic field, fol-
lowed by the in situ polymerization of adsorbed acrylic acid precursor
to form hydrogel shell. Then the SH-group was modified to Fe;04,-MN
by reacting carboxyl groups with NH,-PEG;000-SH amides. At last, the
nanochains were functionalized with Rg through a click chemistry
reaction between SH and MAL-PEG,000-Rs. The sequential amide and
click chemistry processes ensured the high-efficiency and high-purity
functionalization of Rg by preventing side reactions of Ry itself.

Cell-penetrating peptides (CPPs) are short peptides with excep-
tional membrane permeability, capable of delivering various bioactive
substances into cells. Arginine- and lysine-rich cationic CPPs exhibit
strong affinity for the cytoplasmic membrane under physiological
conditions. One of the most well-studied CPPs, Rg, binds to negatively
charged cell membranes primarily through electrostatic interactions®.
The hydrophilic phosphate head of phosphatidylcholine served as a
model for the phospholipid bilayer of EVs. Through molecular docking
studies (Supplementary Fig. 1A), Rg formed putative binding interac-
tions with EVs with a docking energy of -2.6 kcal/mol, suggesting that
Rg of EVGpro nanochains can stably enrich EVs in biofluids. Further-
more, Rg established nine hydrogen bonds and three salt bridges with
sphingolipids. Notably, all salt bridging and 67% (6/9) of the hydrogen
bonds were bound to the phosphate group of sphingolipids, indicating
strong non-covalent binding interactions.

All-atom molecular dynamics simulations were extended to
200 ns to validate long-term binding stability, with the 150-200 ns
interval showing convergent dynamics. The root mean square devia-
tion (RMSD) of the Rg-sphingolipid complex exhibited fluctuations of
less than 0.5A across three independent trajectories, indicating
structural equilibration after 150 ns (Supplementary Fig. 1B). To further
investigate the stable binding conformations observed during the
converged phase of the simulation (150-200 ns), clustering analysis
was performed on this time window for each round of the three
simulations. The most dominant cluster from each round was extrac-
ted and analyzed. The structural alignment of the dominant cluster
conformations showed good overlap among the three rounds, indi-
cating consistent and reproducible binding pose across the three
simulation rounds (Supplementary Fig. 1C).

Representative dominant cluster conformations showed stable
hydrogen bonds between ARG-6 and the sphingolipid phosphate
headgroup (Fig. 1B, Supplementary Fig. 1D, E), with the other arginine
residues (ARG-3 and ARG-7) engaging in hydrophobic interactions with
lipid tails. Root mean square fluctuation (RMSF) analysis of Rg Ca
atoms during 150-200 ns of simulations showed backbone fluctua-
tions <0.6A, indicating structural equilibration (Supplementary
Fig. 1F). The complex maintained 2-3 hydrogen bonds during
150-200ns of simulations (Supplementary Fig. 1G). Molecular
Mechanics/Generalized Born Surface Area (MM/GBSA) calculations
yielded a mean binding free energy of -17.5 kcal/mol (Supplementary
Table 2). The convergent stable binding results with hydrogen-bond
interaction in the molecule dynamics simulation provided theoretical
basis for Rg to enrich EVs in biofluids, consistent with the well-known
membrane-penetrating capability of Rg as a classic CPP***,

The EVGpro nanochains were individual polymer-wrapped flex-
ible nanochains with an average length of 36 um, typically exhibiting a
curved morphology as observed through scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM) (Fig. 1C, D).
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The modification process was monitored using zeta potential mea-
surement, Fourier transform infrared spectra (FTIR), and magnetic
hysteresis curves. As shown in Fig. 1E, Fe;04 had a zeta potential of
-10.03 mV, which became highly negative (-36.57 mV) after introdu-
cing carboxyl groups. Subsequent immobilization of SH groups
increased the zeta potential to -16.17 mV, and functionalization with Rg
elevated it to +31.97 mV. Additionally, the FTIR showed a strong

absorption peak at 1674 cm™ and an additional peak at 1,728 cm™,
associated with the stretching vibration of C=0 in the keto and car-
boxyl group respectively, indicating successful functionalization of the
EVGpro (Supplementary Fig. 2A). The magnetic hysteresis curves in
Fig. IF revealed the superparamagnetic properties of EVGpro, with a
saturation magnetization of 24.53 emu-g™, which was sufficient for the
rapid enrichment of EVs. As shown in Fig. 1G, the EVGpro achieved
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Fig. 1| Schematic representation and characterization of EVGpro magnetic
nanochains for the enrichment of EVs and EV N-glycopeptides. A EVs from
diverse biofluids are initially captured using the cell-penetrating peptide Rg of
EVGpro. After on-nanofibril protein lysis, trypsin is used to digest the proteins and
Rg of EVGpro to expose PEG,00. Subsequently, EV N-glycopeptides are enriched by
highly hydrophilic PEG,p00 of EVGpro in the same tube based on the hydrophilic
interaction liquid chromatography (HILIC) mechanism. B The representative con-
formation of the dominant cluster from the clustering analysis of round 1 during
the convergence phase of simulation (150-200 ns), with hydrogen bonds in yellow.
Blue, green, and pink represent C atoms, red represents O atoms, white indicates H
atoms, dark blue indicates N atoms, and the pink loop indicates Rg. C, D The SEM
(C) and TEM (D) images of the nanochains. Scale bar, 200 nm for SEM and 100 nm
for TEM. The experiment was repeated 3 times with similar results. E The zeta

potential of Fe;0,4 (coral red), Fe;04-MN (cerulean blue), Fe;04,-MN@SH (green),
and EVGpro nanochains (lavender pink) (means + standard deviation (SD), n=3
independent experiments). F The magnetic hysteresis curves of Fe;0, (sky blue),
Fe;04-MN (crimson), Fe30,-MN@SH (lilac), and EVGpro nanochains (rosy pink).
G Transmittance of EVGpro (blue) and Fe;04 (pink) during magnetic adsorption as
a function of time. The zeta potential and transmittance are presented as

means + SD (n =3 independent experiments). CSF, cerebrospinal fluid, EVs, extra-
cellular vesicles, HILIC, hydrophilic interaction chromatography, Rg, octa-arginine,
Fe;04-MN, Fe;0, magnetic nanochains, EVGpro, EV N-glycoproteomic analysis. The
“Biofluid source” section was created in BioRender. (2025) https://BioRender.com/
5xrzn5h, and the “Identification” section was created in BioRender. (2025) https://
BioRender.com/IqO1r4m. Source data are provided as a Source Data file.

nearly complete magnetic separation within 5min, while the Fe;0,
nanoparticles required 12 min. The transmittance of the EVGpro solu-
tion just rose from 20.32% to 73.57% after 48 h, also demonstrating
good suspensibility (Supplementary Fig. 2B).

Optimization of nanochains-based EVGpro method for EV
enrichment and proteomic analysis in biofluid
The EV capture efficiency of EVGpro nanochains depends mainly on
the amount of EVGpro used and the incubation duration. Using an
initial volume of 50 pL of seminal plasma, performance was assessed
with increasing amounts of EVGpro. The number of unique proteins
and peptides from EVs rose from 1162 to 1474 and 8175 to 10,608,
respectively. The enrichment reached a plateau when using 0.5 mg to
1mg EVGpro (Fig. 2A, Supplementary Data 1), indicating near-complete
capture of seminal plasma EVs. Regardless of the amount of EVGpro
used, Gene Ontology analysis of cell components (GO-CC) consistently
showed exosomes as the most enriched term. For instance, with
0.5 mg of EVGpro, the -log;o(P-value) associated with exosomes was
1.84 times higher than the second term and 4.84 times higher than the
third term (305 vs. 166, 305 vs. 63, Supplementary Fig. 3A).
Moreover, the effects of incubation time were assessed. The
results indicated that increasing the incubation duration from 30 min
to 120 min did not alter the quantity of captured EV proteins, with
identified proteins ranging from 1285 to 1343 (Supplementary Fig. 3B,
Supplementary Data 1). This indicated complete capture of EVs in the
initial 30 min of incubation. Therefore, the 0.5 mg EVGpro and 30 min
culture time were used in subsequent analyses.

Nanochains-based EVGpro method outperforms the UC
approach in EV enrichment and subsequent proteomic and
N-glycoproteomic analysis

The UC method serves as the gold standard for EV enrichment®. To
assess the performance of EVGpro nanochains relative to UC, the
features of enriched EVs from seminal plasma were evaluated using a
series of experiments, including Western blot (WB), nanoparticle
tracking analysis (NTA), and proteomic analysis”®. We found greater
advantages of EVGpro over UC. TEM further validated the conven-
tional cup-shaped morphology of seminal plasma EVs captured using
EVGpro, with sizes consistent within the expected range for EVs
(Fig. 2B). WB analysis of EV markers showed higher levels of TSG101,
CD9, and CD81in EVGpro-enriched EVs compared with those using UC.
We also observed higher levels of APOE, an EV corona protein®, in
EVGpro-enriched EVs. Meanwhile, we analyzed ACPP, an abundant
soluble seminal plasma protein, which was lower in EVGpro-enriched
EVs, indicating reduced contamination of soluble seminal plasma
proteins® (Supplementary Fig. 3C). NTA analysis showed comparable
size distributions between EVs isolated by EVGpro and UC, yet EVGpro
enriched 1.45 times more EV particles per equal sample volume and
achieved 2.91 times greater purity (18.97 x 10* particles/mg) than that
of UC (6.52 x 10" particles/mg) (Fig. 2C, D). The purity of EVs isolated
by UC was comparable to the published studies®®“°. Furthermore,

EVGpro demonstrated higher recovery efficiency, retrieving 85.42% of
particles compared to 34.38% using UC’s (Fig. 2E). Additionally, EVG-
pro utilized a reduced EV enrichment time of approximately 0.5h
compared with 5 h for UC.

Moreover, proteomics analysis of the EVs enriched using EVGpro
and UC was performed. The results revealed that the EVGpro method
identified 41.3% more peptides and 41.1% more proteins compared to
UC (9778 vs. 6921 EV peptides; 1376 vs. 975 EV proteins; Fig. 2F, G,
Supplementary Data 1). Nanochains-based EVGpro method achieved
the identification of 1,376 EV proteins from one-twentieth of the EV
proteins from 50 pL of seminal plasma, surpassing those reported by
Poliakov*, who identified 438 EV proteins using UC and size exclusion
chromatography (SEC) from 100 pg of exosome-like vesicles. Zhang
et al. identified 1517 EV proteins using UC and sucrose density gradient
centrifugation from 20 pg EV proteins from seminal plasma*. EVG-
pro’s efficacy in EV protein identification is further supported by lower
P-values of exosome term enrichment (Supplementary Fig. 3D). In
conclusion, EVGpro has emerged as a superior method for efficient,
high-yield, and high-purity enrichment of EVs, offering substantial
advancements for EV research and clinical applications®.

Optimization of nanochains-based EVGpro method for enrich-
ment of N-glycopeptides

N-glycopeptides comprised only 3-5% of the peptides in the enzymatic
hydrolysate, with their detection substantially hampered by abundant
non-N-glycopeptides in mass spectrometry analysis. To optimize the
N-glycoproteomic analysis of EV proteins, different loading buffer
conditions for N-glycopeptide enrichment were evaluated. The con-
centration of organic solvents in the loading buffer can impact their
retention on HILIC and thus influence N-glycopeptide enrichment.
Trifluoroacetic acid (TFA), an ion-pairing reagent, mitigates hydro-
philic and non-specific electrostatic interactions of non-N-
glycopeptides on adsorbents without affecting those of hydrophilic
N-glycopeptides.

Various concentrations of acetonitrile (ACN) in the loading buffer
were tested, ranging from 60% to 90% (Fig. 3A, Supplementary Data 2).
Results indicated that 85% ACN yielded optimal conditions, identifying
1,871 N-glycopeptides corresponding to 414 N-glycoproteins. The
percentage was 36.41% for N-glycopeptides and 75.90% for
N-glycoproteins. However, ACN concentrations above 85% adversely
affected the analysis due to non-N-glycopeptide interference. Using a
higher TFA concentration (1%) maximized N-glycoprotein identifica-
tion, possibly by promoting more ion pairs in the loading buffer (2,158
N-glycopeptides from 483 N-glycoproteins, Fig. 3B, Supplementary
Data 2). In conclusion, enriching EV N-glycopeptides with a loading
buffer containing 85% ACN and 1% TFA yielded superior
N-glycoproteomic analysis results using EVGpro nanochains.

The performance of the EVGpro method in identifying EV
N-glycopeptides was evaluated by comparing it to the classical UC
method. Our findings revealed that the EVGpro identified 254.93%
more EV N-glycopeptides and 169.83% more EV N-glycoproteins than
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Fig. 2 | Comparison between UC and EVGpro nanochains for capturing seminal
plasma EVs and EV proteins. A The number of identified EV proteins using dif-
ferent amounts of EVGpro nanochains (means + SD, n =3 independent experi-
ments). B TEM image of EVs eluted by EVGpro nanochains. The experiment was
repeated 3 times with similar results. C Nanoparticle tracking analysis (NTA) of the
particle size distribution of EVs enriched by EVGpro (blue) and UC (pink), respec-
tively. D, E Comparison of purity (D) and recovery rate (E) of seminal plasma EVs
captured by UC (pink) and EVGpro nanochains (blue) (means+SD, n=3

peptides

independent experiments). The purity is defined as the ratio of the number of EV
particles measured by NTA to the mass of EV proteins measured by the bicincho-
ninic acid assay. F Proteomic analysis of seminal plasma EVs enriched by UC (pink)
and EVGpro (blue) (means + SD, n =3 independent experiments). G The Venn dia-
gram shows the overlap among seminal plasma proteins identified by UC (pink) and
EVGpro (blue), and those in the Vesiclepedia database (green). UC, ultra-
centrifugation. Source data are provided as a Source Data file.

UC (2158 vs. 608 N-glycopeptides; 483 vs. 179 N-glycoproteins; Fig. 3C,
Supplementary Data 2). Moreover, EVGpro encompassed 77.03% of
the EV N-glycoproteins identified by UC (Fig. 3D). Importantly, iden-
tifying low-abundance proteins is crucial for comprehensively under-
standing biological sample compositions. EVGpro enrichment
identified more low-abundance EV N-glycoproteins (Fig. 3E). Addi-
tionally, 341 proteins were identified as N-glycoproteins in human
seminal plasma compared to those reported in published litera-
ture (Fig. 3F).

Nanochains-based EVGpro method performs well on microliters
of diverse biofluids

Diverse biofluids, such as plasma, urine, saliva, PE (pleural effusion),
CSF (cerebrospinal fluid), ascites, and tears, contain EVs that are
amenable to enrichment using UC. The EVGpro nanochains method
was systematically compared with UC across various biofluids, and the
performances in EV enrichment were evaluated through NTA,

proteomic, and N-glycoproteomic analysis. Plasma, known for its
biomarker potential, often requires substantial volumes for effective
EV enrichment due to its abundance of high-abundance proteins®. Our
findings demonstrated that from 10 pL of plasma, the EVGpro method
enriches EV particles 2.86-fold more than UC (14 x 10'° particles vs. 4.9
x 10% particles for EVGpro vs. UC, Fig. 4A) with similar size distribu-
tions (50-200 nm, Supplementary Fig. 4A). Enzymatic digestion of EVs
from 10puL of plasma enabled sequentially proteomic and
N-glycoproteomic analyses, identifying 543 EV proteins and 1480 EV
N-glycopeptides (224 N-glycoproteins), respectively, surpassing UC by
1.57-and 36.10- (10.67-) fold (543 vs. 346, 1,480 vs. 41, 224 vs. 21, Fig. 4B,
C, Supplementary Data 3).

Plasma-derived EV proteins and N-glycopeptides have also been
characterized by various methods in previous studies. For example,
Qu et al. identified 208 EV proteins from 0.9 mL plasma using SEC
coupled with a minute™ hi-efficiency exosome isolation kit**. This
study reported fewer proteins compared to our findings from just
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10 pL of plasma using the EVGpro method (Fig. 4D). The -loglO
(P-value) for exosomes identified by EVGpro was 4.95 times higher
than those identified by SEC coupled with exosome isolation Kkit,
respectively*’. Furthermore, our EVGpro method also identified
higher number of N-glycopeptides, which surpassed other published
methods, including the exosome isolation kit coupled with poly-
(NIPAM-co-hydrazide) material (283 N-glycopeptides, 161
N-glycoproteins from 200 pL)” and UC with hydrazide magnetic
beads (1336 N-glycopeptides, 525 N-glycoproteins from 5.5mL)’
(Supplementary Fig. 5A). These findings underscored the efficiency
of the EVGpro method in enriching EVs and identifying proteins and
N-glycopeptides from low volumes of complex biofluids, highlighted
its remarkable advantages and potential for advancing clinical
applications.

Biofluids like CSF are characterized by limited volume and lower
concentrations of EV particles™”. Using 200 puL of CSF, the EVGpro
nanochains enriched EV particles 1.94 times more than UC (6 x 10
particles vs. 3.1 x 10" particles, Fig. 4A, Supplementary Fig. 4B). EVG-
pro also identified 2154 proteins, 2330 N-glycopeptides, and 604 N-
glycoproteins, which represent 2.35-, 17.13-, and 10.60-fold increases
over UC, respectively (2154 vs. 916, 2330 vs. 136, 604 vs. 57, Fig. 4B, C,
Supplementary Data 4). In CSF, the EVGpro method provided

3.85-16.38 times increase in the number of identified EV proteins
compared to conventional methods (Fig. 4E). Meanwhile, using 5 pL of
tear, EVGpro identified 2113 proteins, 1952 N-glycopeptides, and 493 N-
glycoproteins, which represent 2.16-, 38.27-, and 17-fold increases over
UC, respectively (2113 vs. 976, 1952 vs. 51, 493 vs. 29, Fig. 4B, C, F,
Supplementary Data 5). EVGpro also yielded 1.06 times more proteins
than that enriched by the EXODUS device (1992 proteins from 30 pg EV
proteins)*. Furthermore, EVGpro demonstrated superior capability in
EV enrichment and N-glycopeptide identification across other bio-
fluids such as urine, saliva, PE, and ascites compared to the UC method.
NTA results indicated that EVGpro yielded 1.42-1.96 times more EV
particles across various biofluids (urine: 1.96 times, saliva: 1.42 times,
PE: 1.79 times, ascites: 1.63 times) (Fig. 4A, Supplementary Fig. 4D-G).
Using as little as 200 pL of urine, EVGpro identified higher numbers of
proteins, N-glycopeptides, and N-glycoproteins compared to UC
(proteins: 1920 vs. 772, N-glycopeptides: 2202 vs. 120, N-glycoproteins:
500 vs. 63, Supplementary Data 6). Additionally, EVGpro out-
performed UC with as little as 50 pL each of saliva, PE, and ascites
(Fig. 4B, C, Supplementary Data 7-9). These results underscored the
versatility and robustness of EVGpro across diverse biological fluids,
positioning it as a pivotal tool for advancing research and clinical
applications in EV biology.
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In urine, our results surpassed other methods such as UC (1,917
proteins) and SEC method (1159 proteins)*® (Supplementary Fig. 5B). In
saliva, the EVGpro method provided a 171%-673% increase in the
number of identified EV proteins compared to conventional
methods*’*® (Supplementary Fig. 5C). Similarly, EVGpro yielded 14.76
times more N-glycopeptides and 8.2 times more N-glycoproteins than
the Fe;0,@TiO,@Cys material from urine (134 N-glycopeptides, 64 N-
glycoproteins)® (Supplementary Fig. 5D). These findings underscored
the effectiveness of the developed EVGpro enrichment method for EV
N-glycopeptides across common clinical biofluids, showcasing
improvements over conventional methods and existing literature
reports.

EVGpro nanochains enable proteomic and N-glycoproteomic of
EVs from ultratrace of biofluids

Integrating data-independent acquisition (DIA) into proteomic and
N-glycoproteome analysis enhances protein coverage, quantitative
accuracy, and reproducibility compared to data-dependent acquisi-
tion (DDA)-based approaches”. Despite these advantages, DIA
N-glycopeptide methods have faced considerable challenges, and
there have been no advancements in the study of EV N-glycopeptides
using the DIA approach®. To quantify proteins and N-glycopeptides
using DIA, spectral libraries were generated that included 26,534
peptides from 3487 proteins and 6037 N-glycopeptides belonging to
1281 N-glycoproteins. A comparative analysis of library-DIA, direct-DIA,
and DDA methods for EV proteomics and N-glycoproteomics was
conducted.

The results demonstrated the superiority of the library-DIA
method over others (1869 vs. 1612 and 1088 for proteins, 4339 vs.
2627 and 1963 for N-glycopeptides, 621 vs. 508 and 391 for N-glyco-
proteins) (Fig. 5A, Supplementary Fig. 6A, Supplementary Data 10).
The library-DIA method identified 89.35% of proteins and 92.86% of
N-glycoproteins identified by DDA (Fig. 5B, Supplementary Fig. 6B).
This enhancement in peptide and N-glycopeptide identification was
attributed to DIA’s utilization of a broader range of precursor ions in
MS mode, resulting in increased dynamic range and higher quantita-
tive sensitivity*°. Importantly, this study represented the application of
the DIA approach in EV research for investigating glycosylation.

For precious samples from long-term cohorts, the performance of
the EVGpro nanochains was evaluated on the ultratrace of biofluid by
enriching EVs from 1 pL of seminal plasma and subsequently identify-
ing EV proteins or N-glycopeptides. Under an alternating magnetic
field, the magnetic nanochains rotate to generate eddy currents or
laminar currents to homogenize ultratrace samples, and the hydrogel
shell of EVGpro nanochains gave better dispersion and suspension to
counteract potential sedimentation®’. We used the magnetic stirring-
based homogenization method, and found that the magnetic stirring-
based EVGpro method identified 1.23, 1.33, and 1.16 times more pro-
teins, N-glycopeptides, and N-glycoproteins, than 3D-shaking-based
homogenization method, respectively (1620 vs. 1320, 2207 vs. 1658,
526 vs. 453) (Fig. 5C, D, Supplementary Data 11). What's more, the
EVGpro method also identified 1965 proteins and 1502
N-glycopeptides (398 N-glycoproteins) from 1 uL of tear, respectively
(Fig. 5E, F, Supplementary Data 11). It is possible that exogenous
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magnetic stirring can enhance the efficiency of EV capture using the
EVGpro method. However, reducing the biofluid volume to 1 pL posed
the primary challenge in achieving effective homogenization and dis-
persion of magnetic nanochains, as standard shaking methods were
inadequate due to poor dispersion. The EVGpro protocol is expected
to be suitable for ultra-low amounts of biofluids, providing substantial
depth in identifying EV proteins and N-glycopeptides.

Nanochains-based EVGpro method identifies N-glycoprotein
signatures of AZS

Over the past 45 years, total sperm count has decreased by 62.3%, with
the rate of decline accelerating®. AZS represents the most prevalent type
of male infertility, characterized by multifaceted etiologies that necessi-
tate further investigation®****, Previous studies have reported
abnormalities in EV proteins in seminal plasma from AZS patients, yet the
alterations in EV N-glycoproteins remain uncharacterized”. This study
enriched EV proteins and N-glycopeptides from seminal plasma samples
of 20 AZS and 20 normal sperm (NS) individuals (discovery cohort)
according to the World Health Organization 2010 guidelines using the
EVGpro method™ ™. Subsequently, quantitative proteomics and
N-glycoproteomics analyses were performed using DIA (Fig. 6A). The

basic information of our research cohort, including age, progressive
motility, and total motility, was shown in Supplementary Data 12.

The results revealed the quantification of 2475 EV proteins, which
distinguished AZS from NS samples based on principal component
analysis (PCA) visualization (Supplementary Fig. 7A, Supplementary
Data 13). Among these proteins, 287 exhibited differential expression,
with 137 down-regulated (fold change (FC) <1/1.5, P-value < 0.05) and
150 up-regulated (FC>15, P-value<0.05) in AZS (Supplementary
Fig. 7B, C). For EV N-glycopeptides in the discovery cohort, a total of
5807 EV N-glycopeptides were identified, corresponding to 765 distinct
N-glycoproteins (Supplementary Data 13). Most of the N-glycoproteins
(183/196, 93.37%) were reported by both Xin et al.’s and Yang et al.’s
studies. A total of 369 N-glycoproteins were identified, which had not
been reported to be glycosylated in human seminal plasma®< (Sup-
plementary Fig. 7D). Among these N-glycopeptides, 472 showed differ-
ential expression, with 196 upregulated (FC > 1.5, P-value < 0.05) and 276
downregulated (FC <1/1.5, P-value < 0.05) (Fig. 6B-D).

To characterize the features of EV protein N-glycosylation in the
seminal plasma of AZS, changes in the EV protein expression and
N-glycosylation levels were compared. It was found that only 20 pro-
teins were differentially expressed at both the protein and
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N-glycosylation levels between AZS and NS groups (Supplementary
Fig. 7E, Supplementary Data 13). Most of the proteins differentially
regulated at N-glycosylation levels were unchanged at their protein
level (70/103, 67.96%) (Fig. 6E), indicating that N-glycosylation analysis
offers a distinct dimension for resolving AZS. Further Gene Ontology
(GO) analysis showed enrichment in terms of cell adhesion, membrane
protein intracellular domain proteolysis, and polysaccharide

biosynthetic process. Additionally, N-glycoproteins exhibited diverse
enzymatic activities, including maltose alpha-glucosidase, amino-
peptidase, and metallocarboxypeptidase activities (Fig. 6F). According
to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
annotation, EV proteins with down-regulated glycosylation levels in
AZS were primarily associated with efferocytosis, ECM-receptor
interaction, and renin-angiotensin system (Fig. 6G).

Nature Communications | (2025)16:7646


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63075-0

Fig. 6 | The seminal plasma EV proteomic and N-glycoproteomic landscapes of
AZS and their verification by PRM. A Overview of the strategy for analyzing the
seminal plasma EV proteome and N-glycoproteome of AZS patients and controls
with NS using EVGpro nanochains. B PCA of seminal plasma EV N-glycopeptides in
the discovery cohort (NS =20 (rose red), AZS =20 (lake blue)). C Volcano plot
displays differential expression of seminal plasma EV N-glycopeptides (NS =20,
AZS =20, FC>15or FC<1/15 and P-value < 0.05, two-sided independent Student’s
t-test). X-axis: log, FC (AZS/NS ratio), y-axis: -log;o P-value. Up (scarlet), down (lime
green), notsig (sky blue). D Heatmap displayed differential expression of seminal
plasma EV N-glycopeptides (NS =20, AZS =20, FC > 1.5 or FC<1/L5 and P-value <
0.05, two-sided independent Student’s t-test). The color range, from red (+4) to
blue (-4), indicates the row z-score of normalized N-glycopeptides expression
levels. E Dot plot of the log, (FC) of differentially expressed EV N-glycoproteins and
that of corresponding proteins. Line: navy blue, up-up: red, down-up: green, down-

down: cyan, up-down: purple, center: coral. F, G GO (F) and KEGG pathway (G)
terms enriched in downregulated N-glycoproteins in AZS relative to NS. H The
SHAP values for the two different features driving the predictions of the machine
learning classifier in the validation cohort (NS = 34, AZS = 34). I The optimal number
of protein features to distinguish AZS and NS.J ROC curves to distinguish AZS from
NS in the verification cohort. K, L Abundance distributions of the two differentially
expressed N-glycoproteins, PRELP (K) and DPP4 (L), in the verification cohort
(NS =34 (sky blue), AZS = 34 (scarlet)), with error bars representing the median and
interquartile range. The P-value was calculated using two-sided independent Stu-
dent’s t-test. AZS asthenozoospermia, NS normal sperm, PRM parallel reaction
monitoring, PC1 principal component 1, FC fold change, BP biological process, CC
cellular component, MF molecular function, SHAP SHapley Additive exPlanations,
AUC area under the curve. Created in BioRender. (2025) https://BioRender.com/
IqO1r4m. Source data are provided as a Source Data file.

To identify N-glycosylation signatures related to AZS, we analyzed
receiver operating characteristic (ROC) curves of EV N-glycopeptides,
revealing 452 N-glycopeptides with an area under the curve (AUC) >
0.7 and high discriminatory power (Supplementary Data 13). Addi-
tionally, tissue expression distribution analysis using the Human Pro-
tein Atlas showed that all proteins differentially regulated at the
glycosylation level in AZS were expressed in the male reproductive
system. Notably, six were testis-specific (SLIT1, PLAUR, 1ZUMO4,
ACRBP, ZPBP, and SPACAl), three epididymis-specific (SCGB2A1,
SPINT4, and ELSPBP1), one seminal vesicle-specific (CRISP3), and two
prostate-specific (TGM4 and ANO7). Among these, testis-specific N-
glycoproteins ACRBP achieved an AUC of 0.99, while epididymis-
specific N-glycoproteins ELSPBP1 achieved an AUC of 0.95, effectively
distinguishing AZS from NS in the discovery cohort (Supplementary
Data 13).

EV N-glycoprotein signatures were validated using targeted
N-glycoproteomics via parallel reaction monitoring and parallel accu-
mulation serial fragmentation (PRM-PASEF) on an independent vali-
dation cohort of 34 AZS and 34 NS“. Notably, five N-glycoproteins
(PRELP, DPP4, MUC6, BGN, and MSLN) demonstrated an AUC
exceeding 0.81 in distinguishing AZS from NS in the validation cohort.
SHapley Additive exPlanations (SHAP) analysis was performed to rank
the importance of these differentially expressed N-glycoproteins
identified by PRM. The SHAP values, which reflect the impact of each
N-glycoprotein on the model’s output, ranked in order of importance
as PRELP and DPP4 (Fig. 6H). The performance of various
N-glycoprotein combinations was assessed by calculating the mean
AUC for different feature numbers (Fig. 6l). The analysis revealed that
the mean AUC reached its maximum with two features, specifically
PRELP and DPP4. Notably, this optimal combination achieved a AUC of
1.0 in the validation cohort Fig. 6J-L).

Nanochains-based EVGpro method identifies subtypes of AZS
according to N-glycoprotein signatures

AZS is prevalent among male infertility cases, with its etiologies
remaining poorly understood®. Although EVs from AZS seminal
plasma could affect sperm motility, investigations into changes in their
molecular subtypes are still lacking. Our above N-glycoproteomic
analysis of EV in seminal plasma showed distinct signatures associated
with AZS, prompting further investigation into potential AZS subtypes
at the EV protein glycosylation level. Consensus clustering analysis of
the discovery cohort identified two molecular subtypes: AZS-C1 and
AZS-C2, characterized by differential N-glycoprotein levels (Fig. 7A).
This two-subtype classification was further validated by PCA, clearly
segregating AZS-Cl and AZS-C2 samples into two clusters (Fig. 7B).
Analysis of EV proteins differentially regulated at the glycosylation
level between AZS-C1 and AZS-C2 revealed 12 N-glycoproteins enri-
ched in AZS-C1 and 17 in AZS-C2 (FC>1.2 or FC<1/1.2, P-value < 0.05,
Supplementary Data 13, Fig. 7C). Among these, all (29/29) of

N-glycoproteins had AUC values exceeding 0.7 in the discovery cohort.
These findings demonstrated effective AZS classification into two
molecular subtypes based on these EV N-glycoproteins. SHAP analysis
was conducted on the above 29 N-glycoproteins identified in the dis-
covery cohort, yielding importance rankings for distinguishing AZS
subtypes. The top-ranking ten N-glycoproteins were CLIC1, RAB4B,
PCDH7, GRN, ANPEP, TSPAN6, MME, GDF11, NPC2, and PRELP. Then,
the optimal combination of ten N-glycoproteins achieved a perfect
AUC value of 1.0 (Fig. 7D-G).

To confirm the existence of subtypes of AZS distinguished by
N-glycopeptides, an additional analysis was performed using a vali-
dation cohort of 68 samples with PRM-PASEF-based targeted
N-glycoproteomics. Clustering analysis confirmed the presence of two
distinct AZS subtypes, AZS-C1 and AZS-C2 (Fig. 7H). Combining DPP4,
PLAIA, and PRELP proteins achieved an AUC of 1.0, completely dif-
ferentiating AZS-Cl1 from AZS-C2 (Fig. 71, J). These findings, combined
with results from the discovery cohort, underscore the effectiveness of
EV N-glycoproteins in classifying AZS into distinct subtypes and pro-
vide a robust foundation for future research into the role of protein
glycosylation in AZS pathogenesis. This also highlights the potential of
clinical proteomics in promoting early diagnosis and tailoring treat-
ment strategies for patients.

Discussion

EV N-glycoproteins hold substantial potential for disease diagnosis and
prognosis>*'”¥ However, their study has been constrained by the
challenges associated with the tandem enrichment of EVs and
N-glycopeptides from biofluids. Additionally, their profiles in condi-
tions such as AZS remain underexplored. In this study, we developed
the EVGpro method—a highly sensitive and advanced approach
designed to sequentially enrich EVs and N-glycopeptides within a sin-
gle tube. This method facilitated multi-omic analysis of EV
protein expression and N-glycosylation from microliters of
biofluids. The application of EVGpro to the N-glycoproteomic analysis
of seminal plasma EVs identified two molecular subtypes of AZS in
male fertility.

Using nanochains coated with PEG,go0-cell penetrating peptide
(octa-arginine, Rg) for the enrichment of EVs and their N-glycopep-
tides, EVGpro nanochains enable sequential proteomic and
N-glycoproteomic analysis from ultratrace of biofluids. Magnetic
beads, commonly used for EV enrichment and proteomics in plasma,
urine, CSF, saliva, etc’*?, often suffer from slower separation due to
weak magnetic forces from small particles and can be lost during
washing and tube transfer. In contrast, our nanochains achieved faster
magnetic separation and higher recovery during enrichment. This
enhanced efficiency allows for effective analysis of EVs and
N-glycopeptides from the ultratrace of samples. The EVGpro method
was expected to be suitable for automation in large-scale proteomic or
N-glycoproteomic studies.

Nature Communications | (2025)16:7646

10


https://BioRender.com/lq01r4m
https://BioRender.com/lq01r4m
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63075-0

A Consensus matrix K=2

WAZS.C RAB4B
AZS-C2 3T 0.0006
S 2
8 L Cluster 8 Z-score g B
o« ol - ’ AZS-C1 v < ¥
s . . AZS-C2 !:i 1 o
AN ° .
&_) N ] 0 _}F—- :
. % \
10 5 0 5 5 o g&
PC1(19.5%) W W
D , G
[ High 1.0
CLIC1 CXADR
RAB4B e © 081 0.4
: ’ 0.018
PCDH7 2 - —PCDH7: 0.788
GRN [+ " ' > S o061 | GDF11: 0.798 0.3
ANPEP . ) = — — PRELP: 0.818 PR
ol 4 = 5 — RAB4B: 0.944 3 — ]
TSPANG . 2 € o4l — CXADR: 0.854 < 0.24 &
MME .I. o) $ ) —CDA47:0.793 < °®
o e w ITIH4: 0.808 ol T
GDF11 ' I 0.21 —ANO7: 0.727 L
NPC2 b . —Egﬁi‘gh‘iﬁs‘-‘%“aza
PRELP I L 0.01 — All proteins:1.0 0.0 ,L '
ow o ov
010 -005 0.00 005 0.10 00 02 04 06 08 10 -t
SHAP value (impact on model output) 1-Specificity ?/‘\’ Y/l’
H |
K-means clustering K=2 1.01 = J PLA1A
- 20
0.8 0.8 0.0002
- <
2 15+
o~ ]
o 0.6 Cluster % 06 s
E . L 101
= 04 AZS-C1 S 04 < 2
9 o | o AZS-C2 n '
5_
. ] — DPP4: 0.866 oge
02 % . 0.2 PLA1A: 0.894
A — PRELP: 0.93 0L— :
0.0 o ®,% 0.0 — Al proteins: 1.0 N 9
0 5 10 15 00 02 04 06 08 10 o o
Feature1 ' ' I ' TR
1-Specificity

Fig. 7 | The EV N-glycopeptide signatures of seminal plasma show AZS sub-
types. A Consensus clustering analysis categorized AZS samples in the discovery
cohort into two subtypes: AZS-C1 (n=9) and AZS-C2 (n =11). B Distribution of
samples from AZS subtypes, AZS-C1 (n=9) (red) and AZS-C2 (n=11) (blue), in the
PCA plot of the discovery cohort. C Heatmap displays differential expression of EV
N-glycoproteins between AZS subtypes AZS-C1 and AZS-C2 (P-value < 0.05, two-
sided independent Student’s t-test). The color range, from red (+2) to blue (-2),
indicates the row z-score of normalized N-glycoproteins expression levels. D SHAP
values for the ten important features (N-glycoproteins) distinguishing AZS-C1
(n=9) and AZS-C2 (n=11) subtypes in the discovery cohort. E The ROC curves of
the ten important N-glycoproteins used to distinguish AZS subtypes, AZS-C1 (n=9)

and AZS-C2 (n=11), in the discovery cohort. F, G Abundance distributions of the
N-glycoproteins RAB4B (F) and CXADR (G) in the discovery cohort. Error bar,
median with interquartile range. AZS-C1 (n =9) (sky blue), AZS-C2 (n=11) (scarlet).
The P-value was calculated using two-sided independent Student’s t-test. H AZS
samples in the verification cohort were also categorized into two subtypes AZS-C1
and AZS-C2 by K-means clustering analysis. (I) The ROC curves to distinguish AZS-
C1 (red) and AZS-C2 (cyan) in the verification cohort. (J) Abundance distributions of
N-glycoproteins PLA1A in the verification cohort. AZS-C1 (n =12) (sky blue), AZS-C2
(n=22) (scarlet). The P-value was calculated using two-sided independent Student’s
t-test. Error bar, median with interquartile range. Source data are provided as a
Source Data file.

Our EVGpro approach has proven robustness across various bio-
fluids, including seminal plasma, plasma, urine, saliva, PE, CSF, ascites,
and tears. It outperforms the classical UC method and sets a bench-
mark compared to the existing literature®>>?*>**, 1965 EV proteins,
1502 EV N-glycopeptides, and 398 EV N-glycoproteins were identified
from just 1 L tear, respectively. The EVGpro method enables in-depth
EV proteomic and N-glycoproteomic analysis on ultratrace and pre-
cious clinical samples. Previous methods were generally tested on

single biofluid, and N-glycoproteomics analysis of EV proteins has
been seldom explored’**. Our comprehensive testing across diverse
biofluids demonstrated that EVGpro is a universal method for pro-
teomic and N-glycoproteomics analysis and is anticipated to facilitate
identify potential biomarkers in various pathological conditions. This
universality provides a more convenient and effective approach to
clinical proteomics. Furthermore, intact N-glycopeptides can be
flourished from the EVGpro enrichment, enabling the analysis of EV
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N-glycopeptides with intact glycans. Glycans are known important
biomarker sources®*®. In the future, the EVGpro platform can be
adapted to explore site-specific glycans to decipher N-glycoprotein
microheterogeneity and discover more disease-specific biomarkers.

AZS is a prevalent type of male infertility, yet its characterization
remains limited due to multifaceted etiologies**. Seminal plasma EVs
have been reported to be related to sperm viability, maturation, and
function*'>**, and might provide valuable insights into the pathophy-
siology. Using EVGpro, a total of 5807 EV N-glycopeptides corre-
sponding to 765 distinct N-glycoproteins were quantified in seminal
plasma in the discovery cohort. Validation in an independent cohort of
34 AZS and 34 control samples revealed five N-glycoproteins with
AUCs exceeding 0.81, including PRELP, DPP4, MUC6, BGN, and MSLN.
MUCS6 is a glycosylated secretory mucin mainly detected in male
seminal vesicles®’. BGN modulates FGFR3c signaling, which is involved
in spermatogonia regulation®. MSLN can regulate the G2-M transition
of the cell cycle and ensure proper meiotic progression during
spermatogenesis®’.

We identified two AZS molecular subtypes, AZS-C1 and AZS-C2,
based on distinct EV N-glycopeptide profiles validated through PRM-
PASEF and consensus clustering. N-glycopeptides such as DPP4,
PRELP, and PLA1A showed high AUC values, supporting this classifi-
cation. Although AZS presents with diverse underlying causes and
treatment, subtype classification has not previously been reported.
Our identification of these subtypes in AZS may help elucidate the
molecular mechanisms underlying AZS and aid in developing perso-
nalized treatment strategies. Among the N-glycopeptides differ-
entiating subtypes of AZS, DPP4 was a prostasome-bound protein
transferred to spermatozoa through fusion and present in seminal
plasma?*#-4368¢% The elevated expression of DPP4 correlates posi-
tively with reduced sperm velocity in the AZS group’®. Furthermore,
DPP4 was highly expressed in the AZS-C1 subtype, which was con-
firmed in the validation cohort. The EV N-glycopeptide signatures in
seminal plasma can help uncover two molecular subtypes of AZS and
may contribute to subtype analysis across various diseases.

In summary, we developed a sensitive EVGpro-based method that
enables the tandem enrichment of EV proteins and EV N-glycoproteins.
This method is universally applicable to various tissue fluids and
effective with ultratrace volumes of samples, outperforming the clas-
sical UC method and existing literature reports. Beyond identifying
characteristic EV N-glycoproteins associated with AZS, the EVGpro-
based method classified AZS—a prevalent cause of male infertility—into
two distinct subtypes. It may improve biomarker identification, eluci-
date disease subtypes, aid in characterizing molecular mechanisms,
and contribute to developing personalized medicine strategies.

Methods

Ethical statement

Approval for the study was obtained from the ethical committees of
Nanjing Medical University (Permission Number: 2023-541) and the Sir
Run Run Hospital of Nanjing Medical University (Permission Number:
2023-SR-023). Written informed consent was secured from all parti-
cipants, between 18 and 40 years of age.

For the seminal plasma, we focused solely on male patients
because seminal plasma occurs only in males. The other biofluids were
a mix of male and female donors, and did not include a comparison of
sexes. Seminal plasma samples were collected from healthy donors
categorized as having normal sperm (NS) and individuals with
asthenozoospermia (AZS). NS seminal plasma samples were obtained
from healthy semen donors with sperm concentration of at least
15 x 10%/mL, total motility of at least 40%, and progressive motility of at
least 32%, while the AZS seminal plasma samples were from donors
having sperm count more than 15 x 10%/mL but less than 32% forward-
moving sperm in the semen analysis according to the 2010 guidelines
of the World Health Organization**%"". All individuals in the NS group

had proven fertility as having fathered at least one child, while the AZS
patients had failed to achieve pregnancy after 12 months of regular
unprotected intercourse. The discovery cohort included 20 NS and 20
AZS samples, which resulted in 91.53% of differentially expressed
N-glycopeptides exhibiting Cohen’s d>1.0 and 99.98% power to
detect group differences, exceeding the standard exploratory research
threshold of 80% power. Additionally, 34 NS and 34 AZS samples
were further analyzed using targeted quantification via parallel reac-
tion monitoring (PRM).

The remaining seven biofluids were all collected from ten donors:
plasma, urine, saliva, and tear samples from healthy donors, while
pleural effusion (PE) and ascites were from patients with cirrhosis and
fluid accumulation. Cerebrospinal fluid (CSF) samples were from
individuals requiring diagnostic evaluation of CSF (30-70 years of
age). All samples were centrifuged at 3000 g for 15 min. Aliquots of
each seminal plasma sample from the discovery cohort were pooled,
and samples of different biofluids were pooled by biofluid type to
reduce individual variability during the testing and development of the
EVGpro method. Clinical characteristics are summarized in Supple-
mentary Data 12.

Chemicals and reagents

Polyvinylpyrrolidone (PVP K-30) was purchased from Beijing Boao
Tuoda Technology Co., Ltd (Beijing, China). Tannins, sodium acetate
(NaAC), acrylic acid (AA), ethylene dimethacrylate (EGDMA), 4-(2-
Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), 2-(N-Mor-
pholino) ethanesulfonic acid (MES), Tris (2-carboxyethyl) phosphine
(TCEP), 2-chloroacetamide (CAA), triethylammonium bicarbonate
(TEAB), Tris-HCI, trifluoroacetic acid (TFA), acetonitrile (ACN),
ammonium bicarbonate, triethylamine, ammonium formate, urea,
sodium chloride (NaCl), Tris(hydroxymethyl)aminomethane (Tris),
B-glycerophosphate, sodium fluoride (NaF), and formic acid (FA) were
all provided by Sigma-Aldrich (Shanghai, China). PAGE gel rapid pre-
paration kit was purchased from Shanghai Epizyme Biotech Co., Ltd.
EDTA-free protease inhibitor was obtained from Thermo Fisher Sci-
entific. Iron(lll) chloride hexahydrate (FeCl;-6H,0), ethylene glycol
(EG), 1-ethyl-3-(3’-dimethylaminopropyl)  carbodiimide  (EDC),
N-hydroxysuccinimide (NHS), 4-nonylphenyl-polyethylene glycol (NP-
40), and n-dodecyl-B-D-maltopyranoside (DDM) were bought from
Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai, China).
T-octylphenoxypolyethoxyethanol (tritonX-100) was supplied by
Shanghai (China) Biotechnology Engineering Co., Ltd. PBS (Gibco), 2-
hydroxy-2-methylpropiophenone (HMPP) obtained from Shanghai
Bide Pharmaceutical Technology Co., Ltd (Shanghai, China). NH,-
PEG;000-SH was bought from Chongqing Yusi Pharmaceutical Tech-
nology Co., Ltd (Chongging, China). Maleimide-PEGp00-Rg (MAL-
PEG,000-Rg) was synthesized by Ruixi Co., Ltd (Shanxi, China).

Molecular docking

The AutoDock Vina (version 1.1.2) was utilized to construct the binding
mode between Rg and sphingolipid molecules”. Before docking, the
charge state and the lowest energy conformation of the compound
were calculated via the LigPrep module in Maestro 13.1 software. A
docking box (20 A x 20 A x 20 A) was set around the headgroup of the
sphingolipid. The above molecules were converted to PDBQT format
via ADFRsuite 1.03 for AutoDock Vina docking. During docking, the
global search exhaustiveness was set at 32 with other parameters
default. The highest-scoring pose (-2.6 kcal/mol) was selected for
molecular dynamics validation. Finally, PyMol 2.5.4 was employed for
the visual analysis of the docking results.

Molecular dynamics simulation

Three parallel all-atom molecular dynamics simulations were con-
ducted using the AMBER 22 software package, with initial structures
derived from the molecular docking pose of Rg and sphingolipid
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generated by AutoDock Vina (version 1.1.2) where the highest-scoring
pose (-2.6 kcal/mol) was selected’®. The sphingolipid was para-
meterized using the GAFF2 force field, and R8 was described by the
ff14SB protein force field”>’°. Protonation states were assigned, and
hydrogen atoms were added via the LEaP module”. The system was
solvated in a 10-A truncated octahedral box containing TIP3P water
molecules, with Na*/CI” ions added to neutralize the charge (8 CI" ions
for charge balance) (Supplementary Table 1).

Energy minimization was performed in two stages: 2500 steps of
the steepest-descent method followed by 2500 steps of the conjugate-
gradient method, reducing residual forces to below 0.05 kcal/mol/A.
The system was then heated from 0K to 298.15K over 200 ps under
constant volume (NVT ensemble) to equilibrate solvent molecules,
followed by a 500-ps NVT simulation to ensure uniform solvation. A
subsequent 500-ps NPT (constant-pressure, constant-temperature)
simulation at 1atm and 298.15K was performed to equilibrate the
system density, after which a 200-ns production run under NPT con-
ditions was conducted. Bond lengths involving hydrogen atoms were
constrained using the SHAKE algorithm, and long-range electrostatic
interactions were computed via the particle-mesh Ewald (PME)
method with a 10-A nonbonded cutoff. The Langevin thermostat
(collision frequency = 2ps™) and Parrinello-Rahman barostat were
used to maintain temperature and pressure, respectively, with an
integration time step of 2 fs*%°, Trajectories were saved every 10 ps,
and data from the equilibrated phase (150-200 ns) were analyzed for
structural and energetic properties. To assess the structural fluctua-
tions of Rg throughout the simulation, root mean square fluctuations
(RMSF) analysis was performed using the Ca atoms of the Rg molecule,
with data extracted from the equilibrated phase of 150-200 ns time-
frame of simulation. The simulation input/output files are available at
https://zenodo.org/uploads/15898317. The binding free energy
between the sphingolipid and Rg in all systems was calculated using the
Molecular Mechanics/Generalized Born Surface Area (MM/GBSA)
method during the 150-200 ns simulation period® . The binding free
energy was given by

A Gbind = AEintema[ + AEvdW + AEelec +4 Gelec—solv +4 Gnonpol—solv

AGying Was binding free energy, AE,qw Was van der Waals energy,
AGeiecsoly Was electrostatic contribution to solvation, which was
computed via the generalized Born model (igb = 2)**. AGonelec-solv Was
non-polar contribution to solvation, which was calculated as the pro-
duct of the surface tension (y) and the solvent-accessible surface area
(SASA) via the formula AGpenelec-sov = 0.0072 x ASASA®. Entropic
contributions were calculated based on the Hou et al. study®.

Preparation of EVGpro magnetic nanochains

(a) Fe304 synthesis: Fe;0, was synthesized by combining 8 g of PVP
K-30, 0.072 g of tannins, and 30 mL of EG in a three-necked flask
and stirred at 80°C for 20min. After cooling to room
temperature, 0.702 g of FeCl;-6H,0 was added and stirred for
30 min. Subsequently, 2.8 g of NaAC was introduced and stirred
for 30 min. The resulting mixture was then heated at 200 °C for
12 h in a Teflon-lined stainless steel autoclave. After cooling, the
Fe30,4 product was collected using a magnet and washed with
ethanol three times.

(b) Fes0, magnetic nanochains (Fe;04,-MN) preparation: Fe;0,4
along with 0.6 g of AA, 50 mg of EGMDA, and 70 mg of HMPP,
were thoroughly mixed. Subsequently, 50 pL of the above mix-
ture, 450 pL of EG, and 450 pL of water were placed in a petri
dish and exposed to a magnetic field for 2 min. Following this,
ultraviolet light was turned on for 4 min. The resulting Fe;04,-MN
was collected with a magnet and cleaned with ethanol and water
successively.

(c) Surface functionalization: the carboxyl-derivatized Fe;04-MN
was activated with EDC (20mg) and NHS (10 mg) for 30 min.
Subsequently, 5mg of NH,-PEG;90o-SH was added, and the
mixture was rotated for 6 h at room temperature. The resulting
Fe304-MN@SH was washed three times with water, and was
dispersed in 100mL of 10mM HEPES buffer (pH = 7.4)
containing MAL-PEG,000-Rs, and rotated for 30 min. Finally,
the EVGpro nanochains were separated using a magnet and
washed three times with water.

Functional characterization of magnetic nanochains

The magnetic nanochains were examined using a scanning electron
microscope (SEM, Zeiss Ultra Plus, Germany) and a transmission
electron microscope (TEM, JEM-2100, Japan)®. The zeta ({) potentials
of nanochains were recorded by Zetasizer (Malvern). The saturation
magnetization curve was measured on a vibrating sample magnet-
ometer (Lakeshore-7404, USA). The Fourier-transformed infrared
spectroscopy (FT-IR) characterization has been performed using the
Thermo In 10 Fourier transform infrared spectrophotometer.

EVs isolation by ultracentrifugation

To isolate extracellular vesicles (EVs) by ultracentrifugation, seminal
plasma from each individual was subjected to rapid thawing at 37 °C,
followed by centrifugation at 3000 g for 30 min at 4°C, and sub-
sequent centrifugation at 20,000 g for 60 min at 4 °C. Supernatants
were further centrifuged at 199,700 g for 90 min at 4 °C in an Optima
XE Ultracentrifuge (Beckman Coulter). Pellets were resuspended in
PBS, followed by another centrifugation at 199,700 g for 90 min at
4°C", Pellets were stored at -80 °C for preservation. For other bio-
fluids, EVs were isolated by centrifugation at 100,000 g, following the
same procedures. The size of the EVs was measured using ZetaView
(Particle Metrix, Meerbusch, Germany)®.

EV isolation and N-glycopeptides enrichment by EVGpro

For seminal plasma EVs isolation using EVGpro, 50 pL of seminal
plasma from each individual was mixed with 950 pL of PBS and 100 pL
of 0.1% NP40/TritonX-100 in a 1.5-mL tube. EVGpro nanochains were
added to the mixture and placed on a rotator at 20 rpm at room
temperature for 0.5h, magnetically separated to discard the super-
natant, and wash once with 1 mL 0.01% NP40/Triton X-100 and twice
with 1mL PBS by magnetic separation followed by the supernatant
removal. The EVs on EVGpro or EVs from UC were lysed at 95 °C for
10 min in the lysis buffer of 50 mM Tris-HCI (pH = 8.5), 40 mM CAA,
10 mM TCEP, and 0.01% DDM. After cooling to room temperature, the
protein solution was diluted with 5-fold TEAB (50 mM) and digested in
Lys-C at a 1/100 (w/w) enzyme/protein ratio at 37 °C for 3 h, and in
trypsin at 1/50 (w/w) overnight at 37 °C. The enzymatic digestion was
terminated by adding 10% TFA to a final concentration of 1%. After
magnetic separation, 5% of the digests were used for proteomic ana-
lysis, and the remaining was utilized for N-glycopeptides enrichment.
For proteomic analysis of the seminal plasma EVs, samples from six
individuals were pooled to generate one replicate of the three biolo-
gical replicates.

In the EVGpro method, N-glycopeptides were enriched in the
same tube in hydrophilic interaction liquid chromatography (HILIC)
mode. Briefly, the peptide solution was mixed with 100% ACN con-
taining 1% TFA to achieve a final concentration of 85% ACN (1% TFA),
incubated for 20 min at 37°C, washed three times with 300 uL of
loading buffer (ACN/H,O/TFA, 85/14/1, v/v/v), eluted with 100 uL of
elution buffer (ACN/H,O/TFA, 20/79.7/0.3) for 10 min. Following
magnetic separation, the supernatant was collected into a centrifuge
tube and lyophilized in a vacuum centrifuge (Labconco CentriVap).
The lyophilized N-glycopeptides were dissolved in 200 uL of ammo-
nium bicarbonate buffer (25 mM) containing 0.3 uL of PNGase F (New
England BioLabs), incubated at 37 °C for 12 h to remove the N-glycans,
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and desalted using a C18 cartridge before LC-MS/MS analysis. For
other biofluids, the EV proteins and glycopeptide enrichment proce-
dure was also performed as outlined above.

Western blotting

The EVs were lysed in protein lysis buffer (8M urea, 75 mM NacCl,
50 mM Tris (pH 8.2), 1% EDTA-free protease inhibitor, 1 mM NaF, and
1mM B-glycerophosphate) for 30 min, followed by centrifugation at
12,000 g for 30 min at 4 °C. The supernatant of the EV lysate was
heated at 95 °C for 10 min. After cooling to room temperature, 5 ug EV
proteins were separated using SDS/PAGE and transferred onto a
polyvinylidene fluoride membrane. The HEK293T cells (ATCC, CRL-
3216) were used as a negative control. The primary antibodies used are
mouse anti-CD9 (dilution: 1:2000, catalog number: 60232-1-G, Pro-
teintech), mouse anti-CD81 (dilution: 1:2000, 66866-1-IG, Proteintech),
rabbit anti-TSG101 (dilution: 1:2000, 28283-1-AP, Proteintech), rabbit
anti-Calnexin (dilution: 1:2000, catalog number: 10427-2-AP, Pro-
teintech), mouse anti-APOE (dilution: 1:5000, catalog number: 83728-
4-RR, Proteintech), and mouse anti-ACPP (dilution: 1:3000, catalog
number: 60176-1-g, Proteintech). The secondary antibodies used are
goat anti-mouse IgG (dilution: 1:5000, catalog number: 31430, Thermo
Fisher Scientific) and goat anti-rabbit IgG (dilution: 1:5000, catalog
number: 31460, Thermo Fisher Scientific). The EVs in UC were from the
particles obtained by centrifugation at 20,000 x g.

Nanoparticle tracking analysis (NTA)

The EVGpro with captured EVs underwent three consecutive steps of
elution with 200 pL 200 mM triethylamine solution, and was subjected
to magnetic separation to collect EVs in the resultant supernatant. The
size of EVs from EVGpro or UC was measured using ZetaView (Particle
Metrix, Meerbusch, Germany)?. Before use, the ZetaView was cali-
brated with 100 nm polystyrene particles diluted by 250,000 fold with
pure water.

EV recovery rate analysis

To calculate the recovery rate, EVs isolated by UC were measured by
NTA, and divided into two equal aliquots. Each aliquot was subjected
to EVs capture by UC or EVGpro nanochains. After the capture process,
NTA was performed once again to measure the particle number of the
recaptured EVs. The recovery rate was calculated as the recaptured EV
particles divided by the original EV particles.

Fractionation with high-pH reverse-phase chromatography

To construct spectra library of seminal plasma EVs N-glycoproteomic,
two schemes were employed. On one hand, the N-glycopeptides enri-
ched from EVGpro nanochains underwent fractionation using a high-pH
reverse-phase column (XBridge BEH130 C18, 300 pm x 150 mm, 1.7 um,
Waters) coupled with the M-class HPLC system (Waters). The mobile
phase comprised 20 mM ammonium formate (pH = 10.0) as mobile
phase A and 100% ACN with 20 mM ammonium formate (pH =10.0) as
mobile phase B. The separation flow rate was set at 4 pL/min. The elu-
tion gradient was programmed as follows: 0-14 min, 3% B; 14-15 min,
3-8% B; 15-39 min, 8-29% B; 39-43 min, 29-41% B; 43-44 min, 41-100%
B; 44-52 min, 100% B; 52-53 min, 100-3% B; 53-73 min, 3% B. Fractions
were collected using the non-adjacent pooling scheme with 1 min per
tube. For example, samples collected at 1min, 21 min, 41 min, and
61 min were combined to form fraction 1. In total, twenty fractions were
obtained and subsequently dried.

On the other hand, desalted EV peptides were fractionated using
an Agilent HPLC system coupled with a C18 column (Waters BEH C18,
2.1x150 mm, 1.7 pm). The separation flow rate was 0.4 mL/min. The
gradient elution program was as follows: 0% B for 2 min, 0-5% B in
4 min, 5-10% B. Ten fractions were collected using the non-adjacent
pooling scheme at a rate of 30 s/tube and dried using vacuum cen-
trifugation. These fractions were then subjected to N-glycopeptide

enrichment by adding 85% ACN containing 1% TFA and EVGpro nano-
chains. A total of thirty fractions generated from the above two
schemes were ultimately used for MS analysis to construct the EV
N-glycopeptide spectra library. To construct the EV protein spectra
library for EV proteomic analysis, ten fractions were collected using the
non-adjacent pooling scheme at a rate of 1 min/tube from the pooled
EVGpro-enriched and UC-enriched EV peptides using the M-class HPLC
system.

3D-shaking and magnetic stirring incubation

For 3D-shaking incubation: 1 pL seminal plasma or tear was combined
with 300 pL PBS and 0.1 mg EVGpro in 0.5-mL tube. The mixture was
incubated for 0.5 h using a rotator at 20 rpm at room temperature, and
separated by a magnetic stand with supernatant discarded. 10 pL lysis
buffer was added. Subsequently, lysis, enzymatic digestion, and
N-glycopeptide enrichment steps were the same as those for the
conventional-volume samples. In brief, the sample was washed three
times with 100 pL 85% ACN 1% TFA, followed by 50 pL elution buffer
(ACN/H,O/TFA, 20/79.7/0.3, v/v/v) to elute the N-glycopeptides, fol-
lowed by lyophilization and removal of the N-glycans.

For magnetic stirring incubation: 1 L seminal plasma or tear was
mixed with 30 pL PBS and 0.1 mg EVGpro on a glass slide. The mixture
was incubated on magnetic stirrers at 50 rpm at room temperature for
30 min, and magnetic separated using a magnet (900 GS). The 10 pL
lysis buffer was added. Subsequently, the mixture was transferred to a
0.5-mL centrifuge tube. The processes of lysis, enzymatic digestion,
N-glycopeptide enrichment, washing, elution, and N-glycans removal
were performed using the same method as that of the 3D-shaking
incubation.

LC-MS/MS analysis

The peptides digested from tear protein samples were analyzed using
an Orbitrap Fusion Lumos mass spectrometry system (Thermo Fisher)
with the Easy-nLC 1200 (ThermoFisher). Mobile phase A: 0.1% FA,
mobile phase B: 80% ACN (0.1%FA). The analytical column (75 pm x
150 mm, 1.7 um, CoAnn Technologies) was used for peptide separa-
tion. The elution gradient was as follows: 0-5 min, 3-5% B; 5-24 min,
5-15% B; 24-45 min, 15-28% B; 45-52.3 min, 28-38% B; 52.3-52.35 min,
38-100% B; 52.35-60 min, 100% B.

For the tear sample, the MS parameters were provided in detail in
Supplementary Data 5%, For the full scan, a resolution of 120k was used
and the normalized automated gain control (AGC) target was 250%. The
scan covered a range of 350-1500 m/z. The maximal ion injection time
mode was also set to custom, with a maximal ion injection time of
50 ms. Regarding the MS/MS scan, it was carried out in higher-energy
collisional dissociation mode at a normalized collision energy (NCE) of
30%. The fragment spectra were detected by an Orbitrap analyzer with a
resolution of 30 K and the maximum injection time was set to dynamic.

For the samples other than tear, the EV peptides and
N-glycopeptides were subjected to timsTOF Pro mass spectrometer
(Bruker) analysis. Homemade packed column (25cm x 75um, 1.9 um,
100 A) was used for peptide separation. Mobile phase A: 0.1% FA,
mobile phase B: 100% ACN (0.1%FA). Three elution gradient were as
follows: (i) O -45min, 5 -22% B; 45 -50 min, 22-40% B; 50-55 min,
40-80% B; 55-60 min, 80% B; (ii) 0-70 min, 5-22% B; 70-80 min,
22-40% B; 80-85 min, 40-80% B; 85-90 min, 80% B; (iii) 0-40 min,
2-22% B; 40-50 min, 22-37% B; 50-55 min, 37-80% B; 55-60 min, 80%
B. The samples were all separated at 300 nL/min. For data-dependent
acquisition (DDA), MS spectra were acquired in positive ion mode with
an m/z range from 100 to 1700 Da, and a resolution set at a ‘target
value’ of 40,000". Collision energy was 20 eV for 0.6 1/KO and 59 eV
for 1.6 1/KO.

To construct EV N-glycopeptide spectra library and EV protein
spectra library for DIA analysis using the timsTOF Pro, the
N-glycopeptide DDA data obtained from 30 fractions were searched
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against the UniProt database using Spectronaut (version 18.0) to
generate EV N-glycopeptide spectra library. And the peptide DDA
data from 10 fractions were used to generate EV protein spectra
library. Deamidation (Asn) was selected as a dynamic modification,
specifically for N-glycopeptides, while other parameters were main-
tained as default settings. The obtained results were then imported
into the py-diAID software (version 0.0.19) for the optimization of
DIA-parallel accumulation serial fragmentation (PASEF) parameters®.

For proteomic analysis of the seminal plasma EV, the m/z range
was from 100 to 1700 Da and the cycle time was 3.82 s. Collision energy
was 20 eV for 0.6 1/KO and 59 eV for 1.6 1/KO. The m/z precursor range
windows were detailed in Supplementary Data 10. For
N-glycoproteomic analysis of the seminal plasma EV, the m/z range was
from 100 to 1700 Da and the cycle time was 3.82 s. Collision energy was
20 eV for 0.6 1/KO and 59 eV for 1.6 1/K0. The m/z precursor range
windows were detailed in Supplementary Data 10.

PRM quantification analysis

For targeted N-glycoproteomic quantification, PRM mode was
employed”. The liquid-phase PRM method mirrors the 60-min DDA
protocol, with the modification of employing PRM-PASEF for mass
spectrometry analysis. Differential abundance N-glycoproteins were
constructed using Skyline (24.1) for library construction and
N-glycopeptide screening. The selected modifications for the PRM
included deamidation (N), carboxymethylation, oxidation, and acet-
ylation (N-term). The retention times of the selected glycopeptides
varied by no more than 5 min across samples. PRM-PASEF method was
employed to identify selected N-glycoproteins, each corresponding to
a distinct N-glycopeptide. A resolution of 60 P was selected for ion
mobility filtering.

Database searching

The PEAKS Studio X+ workstation (Bioinformatics Solutions Inc.) was
utilized to analyze the DDA raw data by directly searching against the
Swiss-Prot reviewed human sequence database (downloaded in Dec.
2020)*. A mass accuracy of 15 ppm was applied to precursor ions and
0.05 Da to fragment ions. The database searches included fixed mod-
ifications such as carbamidomethyl (Cys) and dynamic modifications
including oxidation (Met), acetylation (protein N-terminus), and dea-
midation (Asn, specifically for N-glycopeptides). Peptides with a false
discovery rate (FDR) of 1%, proteins with 5%, and a minimum of one
unique peptide were considered. N-glycopeptides were strictly defined
as having deamination modification at Asn and containing the
sequence N-X-S/T (X #P).

The Spectronaut (Biognosys, v18, Switzerland) was employed to
analyze DIA raw data files*®. For both direct-DIA and library-DIA, a
maximum of two missed cleavages was permitted. The variable and
fixed modifications were consistent with those in the DDA analysis.
FDR cutoff of 1% was established at the peptide-spectrum match,
peptide, and protein levels. The precursor Q-value cutoff was 0.01, the
precursor PEP cutoff was 0.2, and the protein PEP cutoff was 0.75. The
calibration and main search were dynamic.

For the direct-DIA, the DIA data file was processed by Spectronaut
software in directDIA™ search model with the length of peptide ran-
ging from 7 to 52, and other parameters in default. For the library-DIA,
the DIA data of EV proteins were analyzed in Spectronaut by leveraging
the above EV protein spectra library. While the DIA data of EV
N-glycopeptides were processed in the same software as the above EV
N-glycopeptide spectra library. N-glycopeptides were strictly char-
acterized as having deamination modification at Asn and containing
the sequence N-X-S/T (X #P).

Statistical analyses
Statistical analyses were conducted using GraphPad (version 8.0.2),
Python (v3.12.4), and R software (v4.3.1). For quantitative analysis of

N-glycopeptides across AZS and NS samples, quantified
N-glycopeptides with at least 60% valid values in one group in the
discovery cohort were selected. Differentially expressed proteins and
N-glycopeptides were defined as having fold change >1.5 or fold
change <1/1.5 and P-value < 0.05 (two-sided independent Student’s t-
test). The -logo (P-value) for enriched terms was from the Gene
Ontology (GO) enrichment analysis using the DAVID. The Area under
the curve (AUC) values of N-glycopeptides for differentiating between
AZS and NS in the discovery cohort were obtained through [https://
cloud.oebiotech.cn/task/]. Tissue expression data related to the dif-
ferential expression of glycoproteins were obtained from the Human
Protein Atlas (HPA) [https://www.proteinatlas.org/]. The receiver-
operating characteristic (ROC) curves and AUC values for individual
N-glycopeptide and panel were calculated using scikit-learn (v1.4.2) via
5-fold cross-validation with a random forest classifier®. The optimal
number of N-glycoprotein features was determined by recursive fea-
ture elimination with cross-validation in sklearn.feature_selection with
AUC as the scoring metric. The SHapley Additive exPlanations (SHAP)
values were calculated using the Shap library (v0.46.0) to assess
N-glycoprotein contributions’. The AZS subtypes analysis was per-
formed on the discovery cohort using the ConsensusClusterPlus
package (v1.70.0) and on the validation cohort using the k-means
package in R (v4.3.1)".

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The proteomics and N-glycoproteomics data generated in this study
have been deposited in ProteomeXchange Consortium via the iProX
partner repository’>® (identifier: PXD057512 [https://www.iprox.cn//
page/project.html?id=IPX0010057000] and PXDO057515 [https://www.
iprox.cn//page/project.html?id=IPX0010090000]). The initial and
final configurations of the molecular dynamics simulation generated in
this study have been deposited at [https://zenodo.org/uploads/
15898317]. Unless otherwise stated, all data supporting the results of
this study can be found in the article, supplementary, and source data
files. Source data are provided with this paper.

Code availability

The molecular dynamics simulation can be accessed at [https://
zenodo.org/records/15898317], and the AUC code is available at
[https://github.com/XuejiangGuo/EVGprol. The code is also available
on Zenodo [https://doi.org/10.5281/zenodo.15877846], all with
unrestricted and free access. Code used for generating figures is
available from corresponding authors upon reasonable request.
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