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Highlights:

e An enzyme-assisted nanopore sensing platform is established for exosome analysis.
e Peptide substrates convert enzymatic reactions into distinguishable nanopore signals.
e The platform enables sensitive and quantitative exosome analysis down to 102 particles/mL.

Abstract: Exosomes contain abundant molecular information derived from parental cells and represent
promising biomarkers for liquid biopsy. However, current exosome detection methods often suffer from
complicated procedures, insufficient sensitivity, and limited applicability in complex biological samples.
Herein, we developed a nanopore-based enzyme-linked immunosorbent assay (NELISA) for sensitive
exosome analysis. This strategy employs exosomal surface antigens to construct alkaline phosphatase
(ALP)-labelled sandwich immunocomplexes, followed by enzymatic conversion of the phosphorylated
peptide probe FGpYDs (where “p” denotes phosphorylation modification). The substrate and product
peptides generate distinct current signatures during translocation through a protein nanopore, enabling
quantitative analysis through statistical evaluation of nanopore events. By rational selection of capture
antibodies, the proposed method enables differential analysis of exosomes from distinct cellular origins
and achieves a broad dynamic range of 10*-10° particles/mL with a detection limit of 10? particles/mL for
HeLa cell-derived exosomes, while maintaining reliable performance in complex biological matrices.
This work provides a sensitive and versatile platform for exosome analysis and highlights its potential
for exosome-based liquid biopsy applications.
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1. Introduction

Exosomes are a class of nanoscale extracellular vesicles (EVs) actively released by cells and
characterized by a lipid bilayer membrane structure, with reported diameters typically ranging from 40
to 160 nm [1]. They are widely distributed in biological fluids, including blood, saliva, urine, and breast
milk [2]. Exosomes carry abundant molecular information derived from their parental cells, including
proteins, nucleic acids, and lipids [3]. The heterogeneity of these molecular cargos reflects the
phenotypic characteristics, physiological states, and functional alterations of their cells of origin [1,3,4].
In particular, tumor-derived exosomes participate in intercellular communication and contribute to
diverse biological processes, including tumor initiation and progression, immune regulation, metastasis,
and therapeutic resistance [5]. The molecular signatures of tumor-associated exosomes can therefore
provide valuable information for cancer diagnosis, prognosis evaluation, and disease monitoring [6].
Consequently, exosomes have emerged as promising biomarkers for liquid biopsy-based cancer
detection [7-9].

Current strategies for exosome analysis largely rely on the recognition of surface proteins or
molecular cargos. Flow cytometry is one of the most widely used approaches; however, its limited
sensitivity toward small EVs may result in incomplete profiling of exosome populations and compromise
analytical accuracy [10]. A variety of alternative methods, including colorimetric assays [11],
fluorescence-based approaches [12,13], electrochemical sensing [14], and clustered regularly
interspaced short palindromic repeats (CRISPR)-mediated strategies [15] have been developed for
exosome detection. Despite these advances, achieving high sensitivity, accurate molecular profiling, and
reliable performance in complex biological matrices remains challenging [16]. Therefore, the
development of sensitive, specific, and facile analytical platforms is essential for advancing exosome-
based liquid biopsy applications.

Nanopore sensing represents a powerful label-free single-molecule analytical technology that
enables real-time molecular analysis through measurement of characteristic ionic current signatures
generated by analyte translocation or interaction with nanopores [17,18]. Owing to its intrinsic
single-molecule sensitivity, high throughput, and potential for miniaturization [19,20], nanopore
sensing has been widely applied in ion detection [21,22], molecular detection [23,24], biomolecular
analysis [25,26], single-molecule chemistry [27-29], disease biomarker detection [30-32], DNA
sequencing [33-35], amino acids discrimination [36] and protein sequencing based on full-length
chain [37-41] and enzyme-assisting [42—44]. In our previous studies, we established an enzyme-assisted
nanopore sensing platform that converts conventional enzymatic recognition events into electrical signals
using enzyme-responsive peptide probes, enabling sensitive quantitative detection of various biomarkers,
including antigens, antibodies, and nucleic acids [45,46]. Here, we extend this strategy to exosome
analysis by developing a nanopore-based enzyme-linked immunosorbent assay (NELISA). This platform
utilizes exosomal surface antigen recognition to construct alkaline phosphatase (ALP)-labeled
sandwich immunocomplexes, in which ALP-mediated conversion of the phosphorylated peptide
probe FGpYDs generates distinguishable nanopore current signatures. The resulting NELISA
enables quantitative detection of HeLa cell-derived extracellular vesicles with a broad dynamic
range of 10?10 particles/mL and a detection limit of 10? particles/mL. Furthermore, by exploiting
heterogeneous surface antigen expression patterns, this approach provides a strategy for differential
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analysis of extracellular vesicles derived from distinct cellular origins, highlighting its potential for
exosome-based liquid biopsy applications.

2. Methods
2.1. Materials and characterization

1,2-Diphytanoyl-sn-glycero-3-phosphochline (DPhPc) was purchased from Avanti Polar Lipids
(Alabaster, AL). FGpYDs were purchased from QYAOBIO (ChinaPeptides Co., Ltd.) and purified by
HPLC. All antibodies were purchased from Bioss Biotechnology Co., Ltd (Beijing). All antigen standard
samples and alkaline phosphatase labelled streptavidin were purchased from Sangon Biotechnology
(Shanghai). Fetal bovine serum (FBS) was purchased from Gibco, Thermo Fisher Scientific (Waltham,
MA, USA). The peptide samples were dissolved in deionized water (Millipore, MA) and stored at —20 °C.
Wild type a-hemolysin-D8H6 (aHL) proteins were produced as described previously [18].

2.2. Buffer preparation

Coating buffer for ELISA. 0.7500 g of NaxCO3 (99.9%, Sigma-Aldrich), 1.4600 g of NaHCO3 (99.9%,
Sigma-Aldrich) were dissolved in 450.0 mL of deionized water (Millipore, MA). 2.0 M NaOH was used
to adjust the pH to 9.6. The solution was diluted with deionized water to 500.0 mL. The final buffer
solution consists of 50.0 mM carbonate at pH 9.6.

Blocking buffer for ELISA. 2.0000 g of BSA (99.0%, Sigma-Aldarich) was dissolved with coating
buffer and diluted to 100.0 mL.

Washing buffer for ELISA. 500.0 uL of Tween-20, 2.9000 g of Na,HPO4 * 12H,0, 0.2000 g of
KH>POy4, 8.0000 g of NaCl were dissolved in 950.0 mL of deionized water. 2.0 M NaOH was used to
adjust the pH to 7.4. The solution was diluted with deionized water to 1.0 L. The final buffer solution
consists of 0.05% Tween-20, 150.0 mM NaCl, 20.0 mM PBS at pH 7.4.

Antibody dilution buffer for ELISA. 0.6050 g of Trizma (99.9%, Sigma-Aldarich), 0.8750 g of NaCl
and 1.0000 g of BSA were dissolved in 95 mL of deionized water. 2.0 M HCI was used adjust the pH to
7.4. The solution was diluted with deionized water to 100.0 mL. The final buffer solution consists of 1.0 %
BSA, 150 mM NaCl, 50 mM Tris at pH 7.4.

Sample dilution buffer for ELISA. 0.1000 g BSA was dissolved with washing buffer to 100.0 mL.

Assay buffer. 0.4383 g of NaCl (99.9%, Sigma-Aldrich), 0.0969 g Trizma (99.9%, Sigma-Aldrich),
0.0081 g of MgCly-6H20 (99.9%, Sigma-Aldrich) were dissolved in 40.0 mL of deionized water
(Millipore, MA). 2.0 M HCI was used to adjust the pH to 9.0. The solution was diluted with deionized
water to 50.0 mL. The final buffer solution consists of 150.0 mM NaCl, 20.0 mM Tris, 2.0 mM MgCl,
at pH 9.0.

2.3. Methods for exosomes detection

Preparation of capture antibody-coated plates. The antibody was diluted to 2.0 pg/mL with
coating buffer. 100.0 puL of the solution was added to each well of a 96-well microassay plate. The
plate was incubated at 4.0 °C overnight covered with plastic film sheets. After incubation, the plate
was washed with washing buffer three times and blocked with blocking buffer at 37 °C for 4 h. And
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then, the plate was washed with washing buffer for three times and covered with plastic film sheets,
stored at 4.0 °C or used for next step.

Exosomes-capture antibody interactions. 100.0 pL. Exosomes solutions or sample solutions were
added to different wells of the plate and incubated at 37 °C for 90 min. After incubation, the plate was
washed with washing buffer for three times and then used for next step.

Preparation of alkaline phosphatase-labelled anti-CD63 detection complex. ALP-labeled streptavidin
was diluted to 100.0 pg/mL and biotinylated anti-CD63 antibody was diluted to 50.0 pg/mL with
dilution buffer. The two solutions were 1:1 (v/v) mixed and incubated at 37 °C for 60 min to form
the ALP-labelled anti-CD63 detection complex through biotin—streptavidin interaction. The resulting
complex was diluted 25-fold before use in the subsequent detection step.

Antigen-detection antibody interactions. 100.0 uL ALP-labelled anti-CD63 were added to each well
of the plate and incubated at 37 °C for 60 min. After incubation, the plate was washed with washing
buffer for three times and then used for next steps.

Enzymatic reaction. The peptide FGpYDs were diluted to 2.5 uM with assay buffers. 100.0 pL of
the solution was added to each well of the plate and incubated at 37 °C for 60 min. The incubation was
terminated by transferring the solutions into tubes, which were then stored at —20 °C for single-channel
recording experiments.

2.4. Single-channel current recordings

1,2-Diphytanoyl-sn-glycero-3-phosphocholine was used to form a synthetic lipid bilayer across an
aperture 100-150 um in diameter in a 25-um-thick polytetrafluoroethylene film (Goodfellow, Malvern,
PA) that divided a chamber into two compartments, cis and trans. Both compartments contained 1.0 mL
of buffer solution. 40.0 pLL enzymatic reaction product solution and 5.0 uL CB[7] (5.0 mM) were added
to the cis compartment, which was connected to ground. The trans compartment was connected to the
head-stage of the amplifier. All experiments were carried out in 1.0 M KCI, 10.0 mM PBS, pH 5.0 in
cis, 3.6 MKCI, 10.0 mM PBS, pH 5.0 in trans, at 23 + 2 °C. Ionic currents were measured using Ag/AgCl
electrodes with a patch-clamp amplifier (Axopatch 200B; Axon instruments, Foster City, CA), filtered
with a low-pass Bessel filter with a corner frequency of 10 kHz and then digitized with a Digidata
1550B A/D converter (Axon Instruments) at a sampling frequency of 100 kHz. The potential was held
at +200 mV unless otherwise stated.

2.5. Data analysis

Current traces were analyzed with Clampfit 11.7 software (Axon Instruments). Events were identified
based on characteristic current blockade amplitudes (/o) of peptide translocation. The event frequency
was calculated by dividing the number of characteristic events by the recording duration. For each
sample, current traces were recorded for at least 10 min, and the same event identification criteria were
applied for all measurements. OriginPro 2024 (Microcal, Northampton, MA) and Clampfit 11.7 were
used for histogram construction, curve fitting and graph presentation. Adobe Illustrator 2023 was used
for making figures.
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3. Results

Principle of the NELISA for exosome detection. The NELISA-based exosome detection strategy
relies on the construction of a sandwich immunocomplex on a solid-phase interface. As illustrated
in Figure 1, capture antibodies pre-coated on the microplate recognize surface antigens on target
exosomes. Subsequently, an ALP-labelled detection antibody is introduced to form a sandwich
immunocomplex. Following immunocomplex formation, the phosphorylated peptide probe FGpYDs
is added as an enzymatic reporter. The ALP associated with the immunocomplex catalyzes the
dephosphorylation of FGpYDs, converting it into FGY Dg. After incubation, the reaction products are
collected and introduced into an a-hemolysin (aHL) nanopore sensing system in the presence of
cucurbit [7] uril (CB [7]). Owing to their distinct interactions with the nanopore, the substrate peptide
FGpYDsg and the dephosphorylated product FGYDg generate distinguishable ionic current signatures,
enabling single-molecule-level readout of the enzymatic conversion (Figure 2a). Because the amount of
ALP captured on the microplate depends on the abundance of antigen-positive exosomes, higher
concentrations of target exosomes result in increased enzymatic conversion of FGpYDs during a fixed
reaction period. Consequently, the residual FGpYDg event frequency decreases with increasing exosome

concentration, providing a quantitative readout for exosome analysis.
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Figure 1. Schematic diagram of the NELISA for exosomes detection. samples containing exosomes
were obtained through the exosomes isolation from cell culture medium using isolation reagent.
these samples were then added to plate wells precoated with a capture antibody. the enzyme-labelled
detection antibody was subsequently added to form a sandwich structure. after washing, peptide
probe was introduced to the wells to interact with the enzyme. finally, the sample solution was
collected for nanopore translocation measurements.
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We first selected CD63, a commonly used exosomal surface marker, as the target antigen for both
capture and detection antibodies, and demonstrated the feasibility of the NELISA strategy using HeLa
cell-derived exosomes (Figure S1). In high exosome concentration samples, the FGpYDs event
frequency decreased to 175 min!, representing a substantial reduction compared with 383 min™!
obtained in the PBS control (Figure 2b). This decrease resulted from ALP-mediated consumption of
FGpYDs during the enzymatic reaction, confirming the feasibility of converting exosome recognition
events into nanopore-readable signals. Subsequently, the concentration of the peptide substrate was
optimized (Figure S2), and 2.5 uM FGpYDs was selected as the optimal substrate concentration for

subsequent NELISA measurements.
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Figure 2. Current signal alterations during exosomes detection. (a) Enzymatic cleavage of
FGpYDs by alkaline phosphatase and the corresponding translocation current signal changes;
(b) Current traces of NELISA for different samples (top: PBS solution, bottom: HeLa exosome
solution). all data were acquired in a buffer comprising 3.6 M KCl, 10.0 mM PBS and pH 5.0 in
trans compartment and 1.0 M KCl, 10.0 mM PBS and pH 5.0 in cis compartment, with the
transmembrane potential held at +200 mV. event frequency represents the number of characteristic

peptide translocation events detected per minute.
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Differential analysis of exosomes derived from different cell types. Exosomes derived from
different cell types exhibit heterogeneous surface antigen compositions and expression levels, providing
a potential strategy for differential analysis of exosomes from distinct cellular origins. To explore this
possibility, exosomes derived from HEK293 and HeLa cells were cultured separately and isolated under
identical conditions (Figure S3). Antibodies against CD63, CEA, EGFR, and EpCAM were individually
employed as capture antibodies, while an ALP-labelled anti-CD63 antibody was used as the detection
antibody. NELISA was subsequently applied to analyze HEK293- and HeLa-derived exosomes at a
concentration of 108 particles/mL (Figure S4). To compare the influence of different capture antibodies
on exosome analysis, the FGpYDsg event frequency obtained from HEK?293-derived exosomes using
each capture antibody was normalized to 1.0, and the corresponding values for HeLa-derived exosomes
were calculated accordingly (Figure 3). Among the tested capture antibodies, the EpCAM-based assay
produced a substantially lower FGpYDsg frequency for Hela-derived exosomes compared with
HEK293-derived exosomes, whereas assays using the other capture antibodies showed comparable
responses between the two exosome sources. These results demonstrate that heterogeneous surface
antigen expression patterns of exosomes can be exploited for differential analysis of vesicles derived
from distinct cellular origins. With appropriate selection and combination of surface biomarkers, the
NELISA platform may provide a promising approach for multiplexed profiling and characterization of
exosomal surface signatures.
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Figure 3. Selection of capture antibody. normalized NELISA measurement results of HEK293- and
HeLa-derived exosomes with different capture antibodies all data were acquired in a buffer
comprising 3.6 M KCl, 10.0 mM PBS and pH 5.0 in trans compartment and 1.0 M KCl, 10.0 mM
PBS and pH 5.0 in cis compartment, with the transmembrane potential held at +200 mV. data are
presented as mean = SD (n = 3) from three independent experiments.

Analytical performance of NELISA for exosome detection. Under the optimized conditions
established above, a series of gradient-diluted HeLa-derived exosome samples were analyzed using the
NELISA platform for quantitative evaluation. The NELISA assay exhibited a broad dynamic response
range from 107 to 10° particles/mL, with a limit of detection (LOD) of 107 particles/mL for HeLa-derived
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exosomes (Figure 4a). Compared with previously reported exosome detection methods, the NELISA
platform demonstrates a broad quantitative range and high analytical sensitivity (Table S1). Furthermore,
the specificity of the NELISA was evaluated using several common protein tumor biomarkers as
potential interfering substances. As shown in Figure 4b, only exosome samples induced a substantial
change in FGpYDs event frequency, whereas free protein antigens produced responses comparable to
the blank control. These results indicate that soluble protein antigens potentially present in biological
samples have minimal interference with the NELISA measurement, highlighting the high specificity
of the immunorecognition-based strategy. Overall, these results indicate the NELISA enables sensitive
and quantitative exosome analysis with a broad dynamic range, providing a promising platform for
exosome-based biomarker analysis.
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Figure 4. Performance of exosomes detection. (a) Correlation of event frequency with the
concentration of HeLa-derived exosomes in the range of 10°—10° particles/mL various concentrations
of HeLa-derived exosomes (10%, 10%, 10% 10° 107, 10° particles/mL) were detected with alkaline
phosphatase in ELISA step. Then, the samples and CB [7] were added to the nanopore system to
achieve final concentrations of 100.0 nM probe and 25.0 uM CB [7] in the detection system. the linear
equation is y = —37.18 Igx + 559.94, R? = 0.989. limit of detection is 10* particles/mL; (b) Specificity
of NELISA for exosomes detection. 10° particles/mL of HeLa-derived exosomes and different
types of protein antigens (1.0 pg/mL EpCAM, 1.0 pg/mL CD63, 190 ng/mL CEA, 400 U/mL
CA19-9 and 500 U/mL CA125) are used in the ELISA step. Then, samples and CB [7] were added
to the nanopore system to achieve final concentrations of 100.0 nM probe and 25.0 uM CB [7] in the
detection system. all data were acquired in a buffer comprising 3.6 M KCl, 10.0 mM PBS and pH 5.0
in trans compartment and 1.0 M KCl, 10.0 mM PBS and pH 5.0 in cis compartment, with the
transmembrane potential held at +200 mV. Data are presented as mean + SD (n = 3) from three
independent experiments.

Feasibility of NELISA for exosome detection in complex biological matrices. To further evaluate
the robustness of the proposed method in complex biological environments, exosome spike-in
experiments were performed in 10% FBS samples (FBS:PBS = 1:9, v/v). The 10% FBS model matrix
contains abundant proteins and other biomolecular components that may interfere with immunorecognition
and nanopore-based signal readout. Despite the presence of these potential interfering substances, the

8
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NELISA platform maintained a quantitative response range of 10>~10° particles/mL and achieved the
same limit of detection (10? particles/mL) as that obtained in PBS samples (Figure 5). These results
demonstrate the excellent matrix tolerance of the NELISA platform and indicate that the combination of
specific antibody recognition and nanopore-based molecular readout enables reliable exosome analysis
under biologically relevant conditions. This capability highlights the potential of NELISA as a sensitive
platform for extracellular vesicle analysis in real biological samples containing a large amount of
interfering substances.
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Figure 5. Detection results of HeLa-derived exosomes in 10% FBS spiked samples. The
working curves of HeLa-derived exosomes obtained from 10% FBS spiked samples. Linear
equation is y = —20.75 lgx + 487.03, R> = 0.995. All data were acquired in a buffer comprising
3.6 M KCl, 10.0 mM PBS and pH 5.0 in trans compartment and 1.0 M KCI, 10.0 mM PBS and
pH 5.0 in cis compartment, with the transmembrane potential held at +200 mV. Data are
presented as mean £+ SD (n = 3) from three independent experiments.

4. Conclusion

Overall, this study establishes a NELISA platform for sensitive and quantitative exosome analysis. By
integrating antibody-mediated molecular recognition, enzyme-amplified peptide conversion, and
nanopore single-molecule readout, NELISA overcomes the limitations of conventional exosome
detection methods in terms of sensitivity and signal transduction. The proposed platform achieves a
broad quantitative range of 10°-10° particles/mL with a detection limit of 10? particles/mL, while
maintaining reliable performance in the presence of soluble antigens and complex biological matrices.
Despite these advances, the application of this method to exosome-based liquid biopsy still faces
several challenges in practical use, including the heterogeneity of exosomal populations, the lack of
universally specific surface markers, and the complexity associated with exosome isolation from
biological samples. Future integration of multiple surface biomarkers, standardized exosome enrichment
strategies, and automated sample processing may further improve the accuracy and robustness of
NELISA for exosome profiling. In addition, coupling the nanopore sensing platform with miniaturized
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instrumentation could facilitate the development of portable and high-throughput analytical systems.
Collectively, this work provides a versatile strategy for translating exosome-associated molecular
information into electrical signals and establishes a foundation for next-generation extracellular vesicle
analysis in biomedical research and liquid biopsy applications.
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