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Childhood epilepsy poses a serious threat to patients’ growth, development, and life safety, creating an 
urgent need for precise, non-invasive, and longitudinally monitorable biomarkers. Previous studies have 
confirmed that extracellular vesicles (EVs) with abnormal N-glycosylation modifications regulate various 
neurological disorders, where characteristic N-glycans serve as potential diagnostic markers. In this 
study, we systematically compared the properties of EVs isolated via three different methods. The results 
demonstrated that an exosome purification filter column (EPF) combined with ultrafiltration emerged as 
the optimal approach for isolating EVs from large-scale clinical samples. Subsequent matrix-assisted laser 
desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS)-based glycomic profiling of EVs 
and serum revealed distinct N-glycan signatures. Utilizing a novel two-step machine learning model, we
identified 47 characteristic N-glycans in EVs as biomarkers for epilepsy diagnosis and classification. These
biomarkers effectively distinguished between normal, focal, and generalized epilepsy subtypes while also
exhibiting superior diagnostic performance compared to serum N-glycan profiles. Furthermore, we con-
structed a correlation network map of glycans, which highlighted dynamic alterations in the expression
patterns of EV glycans during epileptogenesis. Taken together, the N-glycans of EVs exhibit promising
potential as biomarkers for epilepsy detection, offering new insights into non-invasive diagnosis and dis-
ease monitoring.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). 
1. Introductio n

Epilepsy is a chronic neurological disorder characterized by 
recurrent seizures resulting from abnormal neuronal hyperex-
citability. The disease presents as a bimodal age distribution with
peaks at ages 5–9 and around 80 years old [1]. Patients face a 
threefold higher risk of premature mortality, and the condition 
affects over 70 million people, with 60% of cases beginning in
childhood [2]. Current diagnostic methods—clini cal history, elec-
troencephalogram (EEG), and neuroimaging—have significant lim-
itations: clinical history is subjective, EEG lacks sensitivity in 
detecting focal seizures, and neuroimaging often produces non-
specific readouts [3]. These challenges highlight the need for 
improved monitoring techniques and the identification of precise
biomarkers for early detection [3–5]. 

Liquid biopsies play an important function in early detection of 
childhood epilepsy, as well as contributing to understanding etiol-
ogy, and for therapeutic monitoring. Serum is commonly used and
easily accessible for detection purposes; however, its complexity
often obscures disease signals [6]. Extracellular vesicles (EVs) are 
defined as cell-released, lipid-bilayer-delimited particles that can-
not replicate on their own and are ubiquitous in various biofluids
[7]. As EVs play important roles in physiological and pathological
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pathways, they represent a promising biomarker candidate for liq-
uid biopsy applications [8]. In recent years, development of novel 
exosome-based diagnostic technologies has increased, driven by
advances in methodologies such as microfluidics [9], electric field 
enhancement [10,11], and nanomaterials [12]. Notably, efficient 
EV enrichment is critical for molecular analysis and diagnostics. 
The separation process significantly influences the quality and 
molecular characteristics of EVs; however, standardization of isola-
tion methods is limited and further optimization for clinical bio-
logical samples is also warranted [13]. Current techniques, 
including ultracentrifugation (UC), size-exclusion chromatography 
(SEC), and immunoaffini ty capture, often co-isolate impurities,
compromising purity and yield [14,15]. To address these 
limitations, the integration of complementary methods and 
systematic workflow optimization is crucial for obtaining
high-purity, high-yield EV preparations and for ensuring clinical
reliability.

Glycosylation patterns of serum glycoproteins correlate with 
inflammatory responses and disease progression, underscoring
the potential of N-glycans in disease stratification [16]. Despite 
growing interest in EVs, studies on their glycosylation remain lim-
ited. EVs transport diverse cargoes and exhibit differential glycosy-
lation patterns on protein and lipid components, influencing
biogenesis, intercellular communication, and disease progression
due to structural diversity and synthetic complexity of EV surface
glycans [17–19]. Thus, EV glycans show promise as biomarkers in
cancers [20,21] and neurological disorders [22,23]. Although 
research on glycosylation profiles for epilepsy is not extensive, 
growing evidence suggests that abnormal N-glycosylation of mem-
brane proteins, including ion channels and receptors, may enhance
neuronal excitability, leading to seizures [24–28]. Furthermore, 
seizures increase blood–brain barrier (BBB) permeability and the 
natural ability of EVs to freely cross the BBB, further enabling
EVs entry into systemic circulation [29]. Emerging evidence indi-
cates that EVs released by brain cells can be detected in peripheral
blood [30,31], and their glycans may offer greater diagnostic value 
than serum glycans. Analyzing EV glycans in childhood epilepsy 
would enhance the understanding of EV biology and advance 
translational research towards the development of tools for the
diagnosis and treatment of epilepsy. However, current understand-
ing of glycosylation pathways is limited to in vitro studies, with
in vivo validation hindered by complex and technological con-
straints [32]. Thus, understanding glycosylation at the molecular 
level could clarify glycan regulation in epilepsy and explore patho-
genic mechanisms in childhood epilepsy.

Artificial intelligence (AI) has revolutionized biomarker identifi-
cation, enabling rapid image interpretation, cancer biomarker dis-
covery, and early diagnosis [33]. It has been widely applied in
cancer screening [21,34]. Traditional statistical approaches in gly-
comics research, such as the Wilcoxon–Mann–Whitney test [35] 
and partial least squares discriminant analysis [36], focus on iso-
lated glycan features, while machine learning is highly effective 
in analyzing complex glycan–disease interactions, thus improving 
the identification of diagnostics and biomarkers. Collectively, AI 
and machine learning approaches show promise for exploring EV
N-glycosylation in childhood epilepsy, identifying glycan biomark-
ers, and developing predictive models for stratified management of
epilepsy.

In this study, we first assessed the impact of three advanced EV 
separation methods—differential UC, reagent precipitation (REG), 
and a combined exosome purification filter column/ultrafiltration 
approach (EPF/UF, hereafter referred to as EPF)—on EV glycosyla-
tion. The EPF was selected for glycomic analysis of EVs in epilepsy.
High-throughput matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF-MS) was applied to ana-
lyze serum- and EV-derived N-glycome profiles in healthy controls
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and childhood epilepsy cohorts stratified by seizure type (focal/-
generalized). In an attempt to decode glycomic signatures, a two-
step machine learning framework identified potential N-glycome 
biomarkers and a glycan-based diagnostic model for epilepsy was 
developed. The model demonstrated robust diagnostic perfor-
mance, and comparative analysis between the epilepsy cohort 
and controls emphasized the significance of EV-derived N-
glycans in epileptogenesis. A glycan interaction network mapped
dynamic changes in EV glycans, establishing a novel link between
childhood epilepsy and aberrant EV glycosylation, offering new
insights into the pathophysiology of epilepsy.

2. Materials and methods

2.1. Serum preparati on

All serum samples were collected according to standard proce-
dures and stored in the Wuhan Children’s Hospital, China. Whole 
blood samples were collected and briefly held at room temperature 
in ethylenediaminetetraacetic acid (EDTA)-coated tubes for less 
than 30 min. Prior to any processing, a visual inspection was per-
formed to confirm the absence of hemolysis. Subsequently, the 
blood was centrifuged at 5300 r∙min−1 for 15 min at room tempera-
ture to obtain a cell pellet, and the resulting supernatant was fur-
ther centrifuged at 9700 r∙min−1 for 30 min to remove cellular deb-
ris and larger vesicles. Serum samples were prepared immediately
prior to their application in downstream procedures. For the pur-
pose of methodological comparison, 3 mL of fresh serum obtained
from a single donor was evenly distributed into three identical ali-
quots, with each aliquot being processed using a distinct extraction
method. Utilizing samples from the same donor under uniform
pretreatment conditions serves to minimize inter-individual vari-
ability throughout the experimental process.

2.2. EV isolation

To minimize potential impacts of freezing on sample integrity, 
EV isolation was conducted immediately after sample acquisition. 
Three distinct EV isolation techniques were compared in this
study: UC, EPF, and an exosome isolation reagent (REG).

(1) The EVs isolated by UC: EVs were isolated by differential 
centrifugation, which is the most commonly used method. Serum 
samples underwent sequential centrifugation steps at 4 °C: first 
at 1600 r∙min−1 for 10 min, followed by 4300 r∙min−1 for an addi-
tional 10 min, and finally at 9700 r∙min−1 for 30 min. The super-
natant was subsequently passed through a 0.22 lm pore-size 
filter. Then, the processed serum was subjected to ultracentrifuga-
tion at 40 000 r∙min−1 for 70 min in a polymer tube using a rocking
rotor (Type 70Ti; Beckman Coulter, USA) and maintained at 4 °C.
The above precipitates were washed using phosphate-buffered sal-
ine (PBS) and then centrifuged at 4 °C and 40 000 r∙min−1 for
70 min. The precipitate of EVs was resuspended in 100 lL of PBS.

(2) The EVs isolated by EPF: EPF was conducted according to the 
manufacturer’s instructions. Briefly, pretreatment of samples: 
Serum was first centrifuged at 9700 r∙min−1 for 10 min at 4 °C. 
The resulting supernatant was then aliquoted into 500 lL aliquots. 
If the sample volume was insufficient, it was adjusted to 500 lL 
with PBS. Removal of heterogeneous proteins: 400 lL of pre-
chilled protein denaturing buffer (Exosome Extraction & Purifica-
tion kit; Duolaimi Biotechnology, China) was added to 500 lL of
serum sample. The centrifuge tube was immediately sealed tightly
and mixed thoroughly for 30 s (followed by prompt centrifuga-
tion). The mixture was then subjected to centrifugation at
9700 r∙min−1 for 20 min at 4 °C to pellet contaminants, following
which the clarified supernatant was collected and transferred into
a 1.5 mL centrifuge tube. Precipitate of EVs: To the supernatant



Y. Liu, Y. Guo, C. Li et al. Engineering 57 (2026) 126–137
obtained after protein precipitation, 120 lL of exosome precipita-
tion reagent (Exosome Extraction & Purification kit; Duolaimi 
Biotechnology) was added and thoroughly mixed by vortexing 
for 2 min. The mixture was then incubated at room temperature 
for 5 min. Subsequently, the tube was centrifuged at 9700 r∙min−1 

and 4 °C for 15 min, followed by careful removal of the super-
natant. The pellet was subjected to a second centrifugation under 
the same conditions (9700 r∙min−1 ,  4  °C) for 2 min, after which 
the residual supernatant was completely aspirated. Finally, the 
1.5 mL tube containing the pellet was left uncapped at room tem-
perature for 10 min to air-dry. Resuspension and recovery of EVs:
200 lL of PBS was added to the precipitate for repeated aspiration
and thorough dissolution. Then centrifugation at 4 °C and
9700 r∙min−1 for 5 min was performed and the supernatant was
collected. Purification of EVs: The crude exosome pellet was trans-
ferred into the upper chamber of the exosome purification filter
column and centrifuged at 4 °C and 5300 r∙min−1 for 10 min. The
fluid from the lower chamber of the EPF column was collected
and subjected to two cycles of ultrafiltration (100 kDa), with the
resulting filtrate collected as EVs.

(3) The EVs isolated by REG: REG was performed according to 
the manufacturer’s instructions. Briefly, 1/3 volume of RiboTM 
exosome isolation reagent (for plasma or serum) was added to 
the resuspended sample and the mixture was inverted until com-
pletely mixed. The mixture was incubated at 4 °C for 30 min and 
then centrifuged at 12 000 r∙min−1 for 2 min under the same tem-
perature conditions. The supernatant was carefully pipetted off
and the exosomes were recovered in the precipitate. Each EV pro-
tein concentration was determined using a bicinchoninic acid
(BCA) protein assay kit (Beyotime Biotechnology, China).

2.3. Transmission electron microscopy (TEM)

For TEM imaging, freshly isolated EVs were fixed in 4% 
paraformaldehyde for 30 min. Approximately 5 lL of the suspen-
sion was applied to copper grids, allowed to settle for 30 min, 
and gently blotted to dry. Negative staining was carried out using
5 lL of 1% uranyl acetate for 30 s, followed by removal of excess
stain with filter paper. Grids were fully air-dried before
observation.

2.4. Nanoparticle tracking analysis (NTA)

The concentration and size distribution of EVs were analyzed by 
NTA employing a ZetaView system (PMX-120; Particle Metrix, 
Germany). Prior to sample measurements, the system was 
calibrated using 100 nm polystyrene standard beads. Data on
nanoparticle concentration (expressed as particles∙mL–1) were
processed and recorded with the integrated NTA software.

2.5. Western blotting

Total protein was extracted from EVs using an exosome-specific 
lysis buffer, followed by centrifugation at 12000 r∙min−1 for 10 min 
at 4 °C. Protein concentration was quantified with a BCA protein 
assay kit. Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and visualized via 
Coomassie blue staining. Subsequently, proteins were transferred 
onto polyvinylidene difluoride (PVDF) membranes after elec-
trophoretic separation. Membranes were blocked with 5%
skimmed milk for 1 h and then incubated overnight at 4 °C with
primary antibodies against CD81, CD63, tumor susceptibility gene
101 coded protein (TSG101), and calnexin. Following three washes
with tris buffered saline with Tween 20 (TBST), membranes were
incubated with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies for 1 h at room temperature. Finally, protein
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bands were detected using an enhanced chemiluminescence
(ECL) substrate system.

Detailed methods for glycan enrichment and machine learning 
model construction are provided in Appendix A.

3. Results 

3.1. Comparative analysis of three methods for EV isolation

EVs are promising biomarkers for disease diagnostics. To evalu-
ate the efficiency and clinical applicability of methods to isolate 
EVs, serum-derived EVs were isolated using UC, EPF, and REG, fol-
lowed by TEM, NTA, Western blotting, and MALDI-TOF-MS (Fig. 1 
(a)). EVs exhibited a typical cup-shaped structure (60–200 nm), 
with EPF showing a unimodal peak (Fig. 1(b)). The mean sizes of 
EPF-EVs were smaller than REG-EVs but slightly larger than UC-
EVs (Fig. 1(c)). Notably, the data indicated that EPF-EVs yielded 
26-fold (P = 0.033) and 7-fold ( P = 0.049) higher outputs compared
to UC-EVs and REG-EVs, respectively (Fig. 1(c)).

To estimate the purity of EVs isolated by all three methods, the 
protein concentrations of EVs were measured. The results indi-
cated that protein concentrations were highest in REG-EVs, fol-
lowed by UC-EVs and EPF-EVs (Fig. 1(d)). EPF-EVs showed a 
higher particle/protein ratio relative to REG-EVs and UC-EVs
(Fig. 1(e)), indicating enhanced purity. Next, EV samples were ver-
ified through Western blotting. As shown in Fig. S1 in Appendix A, 
EV markers CD63 and CD81 were detected in the isolated EVs. The 
weak TSG101 signal is likely due to low protein concentration, and 
the negative control EV marker calnexin was not detected. Taken
together, our findings indicated that, using all three methods, EVs
were efficiently isolated and thoroughly purified from serum.

Upon evaluating the practical applicability of the three meth-
ods, EPF emerged as the optimum technique for isolating EVs for
clinical practice.

3.2. Glycomics analysis of serum EVs isolated by EPF, UC, and REG

To confirm the higher feasibility of EPF for isolating EVs, N-
glycan features of EPF-EVs, UC-EVs, and REG-EVs were compared
using MALDI-TOF-MS (Fig. 2(a)). Distinct mass spectra signals 
indicated varying glycan expression across the three methods
(Fig. 2(b)). Following mass confirmation (mass-to-charge ratio 
(m/z)), baseline correction, and noise filtering of the spectra 
(signal/noise threshold = 3), 54 N-glycans were selected for further
analysis (Table S1 in Appendix A). Structures of the selected 
glycans were confirmed by MALDI-MS/MS (Fig. S2 in Appendix 
A) and aligned with Ref. [37]. The stability and reproducibility of 
the analytical process were confirmed through sample quality con-
trol (QC) (relative standard deviations (RSDs) < 20%; Table S2 in 
Appendix A). From the perspective of glycosylation features, radar
plots (Fig. 3(a)) showed differences in EV glycan expression, 
particularly in mannosylation, fucosylation, and sialylation. 
Furthermore, significant differences in species and distribution
were noted among EPF-EVs, UC-EVs, and REG-EVs (Fig. S3(a) in 
Appendix A).

To determine distinctive features between glycans enriched by 
the three methods, heterogeneity was rigorously analyzed using 
post-hoc evaluations of pairwise comparisons. Post-hoc pairwise
comparisons quantified glycan expression changes via multiple
P-value comparisons (Fig. 3(b)), confirming method-specific glyco-
sylation signatures and were consistent with the observed varia-
tions in glycan features. Furthermore, sparse partial least squares
discriminant analysis (sPLS-DA; Fig. 3(c)) and clustering heatmaps 
revealed a clear separation of EVs by isolation method (Fig. 3(d), 
Fig. S3(b) in Appendix A), indicating that methodological variations 
drive observed differences rather than intrinsic differences. Our
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Fig. 1. Characterization of EV separated by distinct methods. (a) Workflow of evaluating EV separated by UC, EPF, and REG. (b) Representative NTA and TEM images of UC-
EVs, EPF-EVs, and REG-EVs. (c) Mean size and concentration of UC-EVs, EPF-EVs, and REG-EVs. (d) Protein concentration of the isolated EVs by UC, EPF, and REG was
determined by a BCA protein assay kit. (e) The particle/protein ratios of EVs by UC, EPF, and REG. UC-EVs, EPF-EVs, and REG-EVs indicated EVs isolated by UC, EPF, and REG,
respectively. *P < 0.05; ****P < 0.0001; ns: no significant difference.
findings suggest that EV glycosylation profiles may be influenced
by the isolation technique used.

3.3. Comparative analysis of EV and serum N-glycome profiles

To assess glycan patterns of EVs in clinical sera samples, serum-
derived EVs were isolated from healthy donor’s sera using EPF and 
analyzed via glycomic approaches. As EVs are capable of bidirec-
tional transport between the central nervous system and periph-
eral circulation [31,38], we hypothesized that, in the context of 
neurological disorders, EV-derived glycans exhibit superior bio-
marker potential compared to serum glycans. Consequently, we 
conducted a comprehensive comparative analysis of the glycosyla-
tion patterns between serum and EVs. The profiles revealed dis-
tinct signals for different mass spectra in serum and EVs, directly
indicating the distinctive abundant expression of diverse glycan
129
motifs (Fig. S4 in Appendix A). QC samples confirmed analytical 
consistency (RSDs < 20%; Table S3 in Appendix A). Further analysis 
indicated higher neutral and monosialylated glycan levels in EVs,
but no significant differences in polysialylated glycans (Fig. S5(a) 
in Appendix A). Subsequently, detailed differential analysis as rep-
resented by volcano plots (Fig. 3(e)) showed a downtrend in the 
abundance of glycans H5N2, H6N2, and H5N4S1 in EVs, with dom-
inant high mannosylation and sialylation motifs. In contrast, 
increased glycans included H3N4F1, H4N4F1, H3N5F1, H4N5, 
H4N4S1, H5N4F1, H4N5F1, and H5N5S2F1, featuring galactosyla-
tion, fucosylation, sialylation, and bisection. These findings suggest
EVs exhibit specific glycosylation patterns linked to their parent
cells’ physiological state and type.

We next analyzed differences in glycosylation by comparing 
glycosylation features in EVs and serum across four categories:
high mannose, fucosylation (F), sialylation (S), and galactosylation
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Fig. 2. Workflow of N-glycome and representative MALDI-TOF-MS spectra of the three methods. (a) Workflow of serum and EV N-glycans profiling. (b) Representative 
MALDI-TOF-MS spectra of UC-EVs, EPF-EVs, and REG-EVs N-glycan profiles. PNGaseF: peptide N-glycosidase F; SPE: solid-phase extraction; PGC: porous graphitic carbon;
MCC: cellulose microcrystalline.
(G) (Fig. S5(b) in Appendix A). EVs were enriched in S2 total (31.9%) 
and F total (17.9%), followed by S1 total (11.5%), F neutral (9.4%), 
and F sialo (8.1%). In serum, S2 total (45.9%) and S1 total (14.8%) 
dominated, with F total (10.9%), F sialo (7.6%), and F neutral
(3.1%) showing lower expression. Moreover, galactosylation trends
were similar in both EVs and serum. Correlation analysis revealed
low inter-sample correlations (mostly correlation coefficient (r) <
0.5; Fig. S5(c) in Appendix A) among sample types. Orthogonal par-
tial least squares-discriminant analysis (OPLS-DA) demonstrated
clear separation of EVs and serum (Fig. 3(f)), highlighting signifi-
cant glycosylation pattern variations. These findings emphasize 
glycosylation complexity and provide insights for further serum 
and EV glycan analysis. Although lectin arrays are commonly used
for EV glycan analysis, expression abundance of individual glycans
can be obtained through MALDI-TOF-MS. For large-scale clinical
130
studies, the EPF-MALDI combination is more suitable than lectins. 
Thus, EPF was used to isolate EVs from epilepsy patients’ sera
samples.

3.4. N-glycan analysis of sera and EVs from childhood epilepsy patients

The clinical applicability of the EPF method was assessed by 
analyzing glycans in sera and EVs from epilepsy patients using
MALDI-TOF-MS (Table S1 and Fig. S6 in Appendix A) and their 
potential as biomarkers for childhood epilepsy was also explored. 
Subsequently, OPLS-DA of N-glycan data from 218 sera and EV 
samples was undertaken to comprehensively understand the gly-
comic landscape and assess meaningful differences in the glycome
of childhood epilepsy patients (normal/focal/generalized). Com-
pared to the serum glycome, EV glycan profiles effectively
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Fig. 3. Evaluation of glycan features of EVs isolated by UC, EPF, and REG from serum of three healthy subjects. (a) Radar chart showed global analysis of the representative 
glycan signatures in UC-EVs, EPF-EVs, and REG-EVs. (b) For individual N-glycan, post-hoc analysis was further executed to examine the detailed glycan difference in three 
methods. P values calculated from Fisher’s least significant difference (LSD) multiple comparison test was categorized into five levels. (c) sPLS-DA score plot of N-glycan 
profiling of EVs isolated from serum of three healthy controls by UC, EPF, and REG. (d) Heatmap and hierarchical clustering analysis of 54 N-glycans in UC-EVs, EPF-EVs, and
REG-EVs. (e) Volcano plots of differential N-glycans in serum vs EV. The q-value, representing the false discovery rate (FDR) adjusted P-value, was calculated using the
Benjamini–Hochberg procedure to correct for multiple hypothesis testing. (f) OPLS-DA score plot of N-glycan profiling of serum and EV. Man: mannose; F: fucosylation; S:
sialylation; FC: fold change.
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Fig. 4. N-glycans analysis of serum and EV from epilepsy patients. (a) OPLS-DA plot of identified N-glycans in EV N-glycan from normal, focal, and generalized patients. 
(b) Pearson correlation of identified EV N-glycans in normal, focal, and generalized patients. Bars on the right sides of the heat map show the Pearson correlation coefficient. 
(c) Confusion matrix and receiver operating characteristic (ROC) curve performance of the EV N-glycans in normal, focal, and generalized using RF, XGBoost, Log, and MLP.
Metrics results of traditional machine learning methods for classification of epilepsy in serum and EV. (d) Detailed side-by-side metric comparison of biomarker between
serum and EV groups. AUC: area under the curve.
distinguished normal from epilepsy groups but not between 
epilepsy subtypes, indicating altered glycan patterns in epilepsy
with similar expression trends within the group (Fig. 4(a), 
Fig. S7(a) in Appendix A). These preliminary findings highlight 
the potential of glycans as biomarkers for childhood epilepsy.

To extend upon these observations, we performed Pearson cor-
relation analysis on 54 sera and EV N-glycans across epilepsy sub-
types and normal groups. Epilepsy groups demonstrated strong
intra-group correlations, contrasting with weak clustering
between healthy and diseased groups (Fig. 4(b), Fig. S7(b) in 
Appendix A). These findings indicate significant differences in gly-
can abundance and independent expression patterns between 
groups, while revealing moderate correlations between inter-
subtype associations. Moreover, changes in glycan feature levels 
in sera and EVs further corroborated the above findings. Compara-
tive analysis against normal controls revealed significant glycan
feature alterations in epilepsy groups, particularly in bisection
and sialylation. Bisected glycans (e.g., H3N5, H3N5F1, H4N5F1,
H5N5) were markedly lower in abundance, while sialylated forms
exhibited substantially higher numbers in both sera and EVs
(Figs. S8 and S9 in Appendix A). Notably, epilepsy patients dis-
played elevated bisected glycans (H3N5F1, H5N5F1, and
H5N5S1F1) and reduced mono-antennary H4N3S1F1 compared
to controls (Fig. S10 in Appendix A). In addition, the generalized 
group showed decreased sialylated H6N5S1F1 and H5N5S2F1 
when compared to the focal group. To understand the contribution 
of N-glycans to the variable glycan derived traits, a preliminary
diagnostic evaluation of sera and EVs N-glycans was performed
in controls and epilepsy patients. Compared with sera-derived gly-
cans, EV glycans showed better diagnostic accuracy (Tables S4 and
132
S5 in Appendix A). These findings align with established roles for 
glycosyla tion dynamics in neural development and synaptic
function [22,30,39], strongly supporting N-glycans as potential epi-
lepsy biomarker s through their disease-specific modification
patterns.

To further investigate the potential of N-glycan signatures in 
diagnosing childhood epilepsy, four machine learning algorithms, 
random forest (RF), XGBoost, logistic regression (LR), and multi-
layer perceptron (MLP), were employed to analyze the test dataset.
The performance of our model was evaluated using standard met-
rics, including accuracy, sensitivity, specificity, and F1-score.

As shown in the confusion matrix (Fig. S11(a) in Appendix A), 
serum N-glycans exhibited limited diagnostic value in making a 
diagnosis of epilepsy, with subpar machine learning performance
across multiple algorithms. The receiver operating characteristic
(ROC) curve (Fig. S11(b) in Appendix A) revealed that serum gly-
cans achieved moderate classification accuracy, with macro-
averaged area under the curve (AUC) values ranging from 0.7642 
to 0.8637 for multiclass epilepsy diagnosis. In comparison, EV gly-
cans demonstrated markedly superior diagnostic precision, as
illustrated in Fig. 4(c). EV glycans yielded macro-averaged AUC val-
ues of 0.8552 to 0.9152, which significantly outperformed sera N-
glycans. A detailed side-by-side metric comparison (Fig. 4(d)) high-
lights the distinct performance disparity between the two biomar-
ker sets. This performance disparity likely stems from the ability of 
EV glycans to penetrate the BBB and reduced interference from 
highly abundant proteins present in sera samples, which lead to
signal dilution in conventional serum analyses. These findings
position EV-derived N-glycans as clinically superior biomarkers
for epilepsy diagnosis and characterization.

move_f0020
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3.5. Epilepsy diagnosis and classification via the proposed two-step
machine learning model

Guided by the workflow described in Fig. 5(a) and Section S1.5 
in Appendix A, we developed a two-step machine learning model 
for epilepsy using EV N-glycans. For epilepsy diagnosis (normal
vs epilepsy), feature importance ranking identified candidate EV
N-glycans (Fig. S12 in Appendix A). Recursive feature elimination 
was applied to this ranking, retaining the top 47 glycans as diag-
nostic biomarkers. For subtype classification (focal vs generalized),
feature importance analysis (Fig. S13 in Appendix A) revealed that 
only glycans H3N4F1, H3N5F1, and H4N5 exhibited measurable 
importance, and these three glycans were selected as classifiers. 
Notably, these three subtype-specific biomarkers were members 
of the initial diagnostic set, strongly proposing that the complete
feature collection remains consolidated at 47 biomarkers. This uni-
fied biomarker panel was used to construct epilepsy diagnosis and
classification models via 4-fold cross-validation (Figs. S14 and S15
and Tables S6 and S7 in Appendix A). These models were then inte-
grated to establish the final machine learning model for three-class
epilepsy classification.

The model demonstrated robust performance on the indepen-
dent test set (n = 85: normal, n = 38; focal, n = 23; generalized,
n = 24): macro-averaged AUC = 0.9235 (Figs. 5(b) and (c)), accu-
racy = 0.8118, and F1-score = 0.8130 (Table S8 in Appendix A). In 
contrast, repeating this process with serum glycans yielded lower
significance results: macro-averaged AUC = 0.8139 (Figs. 5(d) and 
(e)), accuracy = 0.6471, and F1-score = 0.6375 (Table S8), thereby 
reinforcing the conclusion above (Section 3.4) that EV glycans were 
far superior for diagnostic purposes, in comparison to serum
glycans.

Furthermore, to evaluate potential effects of antiepileptic drugs 
(AEDs) on EV glycans, we analyzed correlations between glycan 
features and AED use in epilepsy patients. Among the 47 selected
glycans, ten (H3N4F1, H4N4F1, H5N4S1, H5N4S1F1, H5N5S1,
H5N4S2, H5N4S2F1, H5N5S2F1, H6N5S3, and H6N5S3F1) showed
strong AED-associated correlations (Fig. S16 in Appendix A) . Nota-
Fig. 5. Improved machine learning methods for diagnostic and classification performance
confusion matrix represents how the improved method distinguishes between normal
represent proposed a method for normal, focal, and generalized diagnostic capabilities ba
distinguishes between normal, focal, and generalized in the test set data based on seru
generalized diagnostic capabilities based on serum N-glycans. SMOTE: synthetic minori
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bly, four glycans (H4N4F1, H5N4S2, H6N5S3, and H3N4F1) were 
pivotal in constructing epilepsy diagnostic and classification mod-
els, confirming EV N-glycans as novel diagnost ic and therapeutic
targets for childhood epilepsy. These findings underscore the
dynamic interplay between AEDs and glycome composition in
recurrent seizures.

3.6. EV N-glycomics correlation networks for epilepsy

Monitoring dynamic changes in glycans during epilepsy can 
provide valuable insights into glycan characteristics closely associ-
ated with seizures. EV glycans were classified into high-mannose, 
complex, and hybrid types, with further subdivision into mono-, 
bi-, tri-, and tetra-antennary structures. Pearson correlation analy-
sis across normal, focal, and generalized groups revealed strong
intra-group correlations (e.g., within focal or generalized groups)
but limited inter-group associations (off-diagonal blocks in
Fig. 6(a)), indicating dynamic and partially independent glycan 
expression patterns in epilepsy. Subsequently, the Pearson correla-
tion matrix was translated into a correlation network of glycans
(Fig. 6(b)), where nodes represent glycans and edges denote statis-
tically significant correlations. By applying glyco-synthetic rules
[32], the biosynthetic pathways hierarchy of the 54 epilepsy-
related N-glycans was reconstructed. As shown in the map, after 
the formation of a high-mannose type from a precursor, hybrid-
and complex-type pathways are initiated by the addition of a
GlcNAc residue to Man5GlcNAc2. Then, the hybrid-type pathway
proceeds through elongation via addition of monosaccharides,
while the complex-type pathway extends from Man3GlcNAc3
(Fig. 6(b)). This structured heterogeneity confirms that epilepsy-
associated EV glycans adhere to conserved biosynthetic principles,
linking glycan architecture to seizure-related modifications.

To fully understand glycan dynamics during progression of epi-
lepsy, we analyzed differences in glycan correlation across focal vs 
normal, generalized vs normal, and generalized vs focal groups.
Sialylated glycans at pathway termini exhibited upregulated
trends in focal vs normal and generalized vs normal comparisons
 in epilepsy. (a) Workflow of feature selection and machine learning model. (b) The 
, focal, and generalized in the test set data based on EV N-glycans. (c) ROC curves 
sed on EV N-glycans. (d) The confusion matrix represents how the improved method
m N-glycans. (e) ROC curves represent proposed a method for normal, focal, and
ty oversampling technique.
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Fig. 6. Correlated changes in epilepsy EV N-glycans. (a) Pearson correlation characterization of differentially expressed glycan features in normal (N), focal (F), and 
generalized (G) groups. Three typical categories: high-mannose, complex, and hybrid, which are mono-, bi-, tri-, and tetra-antenna glycans. Partial glycans are shown in map. 
(b) The Pearson correlation matrix is visualized as a network. Differences between glycan correlation between focal population and normal population. Taking normal
population as a reference, correlation change = correlation of connected glycan pairs in focal population-correlation of connected glycan pairs in normal population/
correlation of connected glycan pairs in normal population. Red arrows represent up-regulated, blue arrows represent down-regulated. The numerical value on the line
represents the degree of correlation change, and the thickness of the line represents the strength of correlation change of glycan pairs.
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but were downregulated in generalized vs focal analyses (Fig. 6(b), 
Fig. S17 in Appendix A). Furthermore, major alterations occurred 
predominantly in bi-antennary complex glycans, comprising 
mainly of sialylation and high mannose enrichment. Specifically, 
key glycan pairs displayed marked correlation shifts. For example, 
H8N2 to H9N2, H4N4F1 to H4N4S1F1, H4N5F1 to H4N5S1F1, 
H5N4S1 to H5N4S2, H5N4F1 to H6N5S1F1 and H7N6S2F1, and
H6N5 to H6N5S1 and H7N6S1. H4N5F1 to H4N5S1F1 correlations
increased by 3.97-fold in generalized vs normal and 10.17-fold in
focal vs normal, but only by 0.56-fold in generalized vs focal
(Fig. S17). These changes aligned with ranking of glycan impor-
tance determined from diagnostic models, suggesting that alter-
ations in glycan synthesis strongly contribute to childhood
epilepsy pathogenesis. Overall, this systematic profiling approach
elucidated molecular mechanisms underlying seizure-associated
EV glycome remodeling.
4. Discussion 

Glycan patterns are altered in diseases such as cancer, neuro-
logical disorders, inflammatory conditions, and immune related
disorders [40]. While serum glycans show potential in cancer diag-
nosis, there is a need to improve their specificity [34,37,41–43]. 
Previous studies have shown that EVs play a critical role in trans-
ferring functional molecules (e.g., nucleic acids, lipids, proteins,
and sugars) between cells, facilitating intercellular communication
in both physiological and pathological environments [44]. In this 
process, glycans significantly influence protein function and exhi-
bit greater stability in circulation compared to proteins and nucleic
acids [45]. Despite this, most EV-based liquid biopsy studies have 
focused on proteins or nucleic acids, with limited attention given
to EV glycans [46]. Serum-derived EVs are emerging as promising 
non-invasive biomarkers for neurological disorders, outperforming 
whole serum where limitations arise due to complexity of the
serum and attenuated disease signals.

EV surface glycan patterns show high potential in efforts to 
identify biomarkers and pathological causes in neurological disor-
ders [22,23,30,47]. Notably, aberrant glycan signatures on central 
nervous system (CNS)-derived EVs have been identified during dis-
ease progression, in particular, surface biomarkers such as L1 cell
adhesion molecule, glutamate aspartate transporter, and myelin
oligodendrocyte glycoprotein [48]. In Alzheimer’s disease, a preva-
lent neurological disorder, sialylation levels and branched glycan
structures are reduced while high-mannose glycans are elevated
[49]. Critically, pharmacological blockade of N-glycan maturation 
using mannosidase inhibitors disrupts amyloid precursor protein
(APP) transport and proteolytic processing [50]. Conversely, over-
expression of sialyltransferase ST6GAL1 potentiates APP secretion 
and amyloid beta peptide (Ab) production [51]. Furthermore, EVs 
mitigate epilepsy-related cerebral damage by regulating neuroin-
flammation and inhibiting post-seizure cytokine storms. 
Gamma-aminobutyric acid (GABA) interneuron and medial gan-
glionic eminence-derived EVs significantly suppress seizures [52], 
proposing EV glycans as novel biomarkers for non-invasive detec-
tion. However, the complexity of clinical samples and the struc-
tural diversity of glycans pose significant challenges to accurate 
EV glycan analysis. To overcome these challenges, we character-
ized EVs isolated from serum using different methods . Our findings
show that EPF-EVs produced the highest EV yield and purity, with
minimal protein contamination, compared to UC and REG. These
results underscore the efficiency of EPF for serum EV extraction,
consistent with previous studies [53], and emphasize the necessity 
for detailed characterization of EV populations across different iso-
lation techniques.
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EV glycosylation is a challenging yet emerging field in disease
research [46]. Various methods, such as lectin-ba sed techniques
[21,54] and combined microfluidic and surface-enhanced Raman
scattering techniques [55], have been developed to detect EV gly-
cans. In this study, EV glycans isolated using different methods 
(UC, EPF, and REG) showed heterogeneous profiles, particularly 
for high mannose glycosylation, fucosylation, and sialylation. Fur-
thermore, EPF-EVs exhibited greater glycan diversity compared 
to UC-EVs and REG-EVs, which closely resembled serum glycan 
profiles. Thus, EPF was proved to be the most effective method
for isolating serum EVs, highlighting its potential for EV glycosyla-
tion biomarker discovery. Serum and EV glycan patterns share sim-
ilarities but also exhibit differences as a result of biological factors
(e.g., glycosyltransferase activity and EV secretion dynamics) [18] 
and technical factors (e.g., selective enrichment during extraction)
[53,54]. We postulate that the observed similarity arises from the 
following aspects. Firstly, direct biogenetic linkage occurs as exo-
somes incorporate host cell membrane and cytosolic components
(including glycoproteins) through inward budding of intracellular
multivesicular bodies [46]. Serum glycoproteins may be endocy-
tosed or adsorbed onto EVs, establishing N-glycan homogeneity
[56]. EVs also selectively encapsulate specific glycoproteins (e.g., 
CD63 and CA125) released into serum, with their lipid bilayer pro-
tecting these glycoproteins from degradation and maintaining gly-
cosylation stability [46,56]. Secondly, in terms of technical 
limitations during isolation, current separation methods inade-
quately remove serum components sharing similar physicochemi-
cal properties (e.g., size and density) with EVs [14]. Co-isolated 
serum glycoconjugates are detected during glycan analyses, lead-
ing to EVs exhibiting serum-like glycan profiles. Finally, molecular 
validation in pathological states demonstrates that 11 N -glycans
(e.g., complex-type fucosylated/sialylated glycans) show syn-
chronous upregulation in both serum and exosomes, with higher
modification ratios in exosomes [57]. This indicates exosomes 
not only inherit serum glycosylation features but also undergo 
dynamic remodeling in the tumor microenvironment, resulting in 
highly correlated glycan profiles. These differences reflect distinct 
biosynthetic, functional, and metabolic dynamics, offering valuable 
insights for biomarker research. Therefore, by utilizing EPF and gly-
comic profiling, we characterized N-glycan trajectories in child-
hood epilepsy subtypes, demonstrating their biomarker potential
through statistical and machine learning analyses.

Distinct machine learning strategies improve glycan-based 
diagnostics and biomarker discovery [34]. Using a proposed two-
stage modeling strategy, we successfully constructed a diagnostic 
model by dividing the three-class classification task into two par-
allel binary classification tasks: epilepsy diagnosis (patients vs 
healthy controls) and subtype classification (focal vs generalized). 
Integrating these tasks yielded a hierarchical model validated on 
test data. We identified 47 N-glycan panels as potential biomarkers
that demonstrated excellent performance in distinguishing focal,
generalized, and normal groups. Notably, in clinical applications,
EV glycan-based diagnostics outperformed serum-based methods
due to the ability of EVs to cross the BBB, concentrate cell-
specific cargo, and protect molecules from degradation [47]. Thus, 
EV glycans represent promising epilepsy biomarkers, with the 
identified N-glycan panel offering potential for the development
of diagnostics and treatment strategies.

Correlation network analysis showed significant changes in 
complex bi-antennary glycan correlations, mainly between normal 
and epileptic groups, with sialylation and high mannose levels as 
the main changes. While focal and generalized epilepsy glycosyla-
tion profiles were normal, quantitative differences remain. These
specific glycan alterations support epilepsy subtyping diagnosis
via EV glycans and propose glycoengineering targets. As EV surface
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glycosylation plays a critical role in cellular uptake [18], targeted 
glycoengineering modulation offers the dual benefits of ① opti-
mizing the cell-type (e.g., neurons) or organ-specific targeted EV 
delivery efficiency and ② enabling precise targeted delivery of 
AEDs by regulating the uptake process, thereby providing diagnos-
tic and therapeutic utility. These benefits support the development
of glycoengineered EV glycan formulations (e.g., nasal sprays) as
innovative strategies for novel AEDs, to enable more efficient, con-
venient, and target-specific therapies [26,58]. Furthermore, during 
epileptogenesis, the dynamic changes in EV glycosylation likely 
reflect the regulator y outcomes of specific biological processes
(e.g., neuron–glia interactions) [26]. This would enable deeper 
exploration of glycan-mediated signal transduction functions in 
neurological disorders. Specifically, the following avenues can be 
explored: ① precise intervention in glycosylation signaling path-
ways using glycan-modifying enzymes to elucidate the biological 
functions of specific glycan structures; ② comparing glycan net-
works from healthy vs epileptic individuals to identify aberrant
glycosyltransferase activity and reveal epilepsy-related regulatory
mechanisms. Data from these studies will provide a solid founda-
tion for the clinical translation of glycomedicine, for epilepsy
towards predictive, preventive, and personalized precision
medicine.

While EV glycans show promise for childhood epilepsy detec-
tion, further improvements are needed to facilitate clinical applica-
tion. Additional functional validation studies on N-glycans are 
required to uncover biological mechanisms and identify interven-
tion targets. As the cohort of epilepsy patients in this study was 
limited to the east Asian population in central China, a rigorously 
designed prospective study on a cohort with diverse geographic
and ethnic representation is essential for global clinical translation.
Further research is also needed to explore the feasibility of N-
glycan fingerprinting for epilepsy diagnosis and subtype classifica-
tion. Lastly, expanding the cohort size is necessary to validate the
clinical utility of EV glycan profiling for diagnosis, monitoring,
and prognosis.

5. Conclusion 

Our study demonstrated that EPF is optimal for isolating serum 
EVs from large-scale clinical samples and revealing distinct EV gly-
cosylation patterns. We comprehensively characterized differences 
between serum and EV-derived glycans. In a clinical study of 281 
individuals, 47 N-glycan panels were identified as biomarkers for 
diagnosis and classification of childhood epilepsy using EV gly-
comics and a novel two-step machine learning algorithm. These 
biomarkers effectively distinguish normal, focal, and generalized 
epilepsy subtypes, outperforming serum N-glycans in diagnostic 
performance. This represents a pioneering advancemen t in
epilepsy-related N-glycomics, with potential applications in early
detection, diagnosis, subtype classification, and treatment tracking.
Additionally, a glycan synthesis correlation network offers a pre-
cise depiction of protein glycosylation in epilepsy at the molecular
level, providing experimental evidence to further explore the
dynamic changes in glycans during progression of epilepsy. In con-
clusion, N-glycan biomarkers are promising tools for childhood
epilepsy screening and disease monitoring, contributing to the
advancement of personalized healthcare.
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