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ABSTRACT: Neutrophil-derived extracellular vesicles (NEVs)
are critically involved in disease progression and are considered
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potential biomarkers. However, the tedious processes of NEV 'V A, miver o
separation and detection restrain their use. Herein, we é 37 1
presented an integrated microfluidic chip for NEV (IMCN) . — @
analysis, which achieved immune-separation of CD66b* NEVs o8 in som > 2 C 2\ Ou- - e
and multiplexed detection of their contained miRNAs (termed ’\ %Q © O f’
NEV signatures) by using 10 gL serum samples. The optimized NEVS capture ©~ ReaMBs —

microchannel and flow rate of the IMCN chip enabled efficient
capture of NEVs (>90%). After recognition of the captured
NEVs by a specific CD63 aptamer, on-chip rolling circle
amplification (RCA) reaction was triggered by the released aptamers and miRNAs from heat-lysed NEVs. Then, the RCA
products bound to molecular beacons (MBs), initiating allosteric hairpin structures and amplified “turn on” fluorescence
signals (RCA-MB assay). Clinical sample analysis showed that NEV signatures had a high area under curve (AUC) in
distinguishing between healthy control (HC) and gastric cancer (GC) (0.891), benign gastric diseases (BGD) and GC (0.857).
Notably, the AUC reached 0.912 with a combination of five biomarkers (NEV signatures, CEA, and CA199) to differentiate
GC from HC, and the diagnostic accuracy was further increased by using a machine learning (ML)-based ensemble
classification system. Therefore, the developed IMCN chip is a valuable platform for NEV analysis and may have potential use
in GC diagnosis.
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INTRODUCTION

Gastric cancer (GC) is the third leading cause of cancer-related
death worldwide." As a result of atypical symptoms and rapid
development at the onset, GC patients are often diagnosed at a
late stage, leading to a low five-year survival rate and poor
prognosis. Carcinoembryonic antigen (CEA) and carbohydrate
antigen 199 (CA199) are two commonly used serum tumor
biomarkers for GC diagnosis but are challenged by low
sensitivity and specificity. Extracellular vesicles (EVs) are
membrane nanovesicles secreted by almost all types of cells.”
The bioactive molecules selectively packaged into EVs are
considered promising biomarkers for cancer liquid biopsy.’

progression by direct release of bioactive molecules or EV-
mediated cellular communications.”” "> Neutrophils are
reported to be the main sources of elevated cell free DNA
(cfDNA) in the plasma of cancer patients.'” Previous studies
suggested that a high density of CD66b" neutrophils and
neutrophil/lymphocyte ratio (NLR) is closely associated with
tumor progression and patient survival.'* CD66b was also
previously identified as one of the most sensitive and specific
markers to detect neutrophil-derived EVs (NEVs)."* There-
fore, CD66b* NEVs may offer new information for cancer
liquid biopsy. We previously reported that the abundance of
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increase their diagnostic accuracy.

Neutrophils are a critical component of the tumor
microenvironment (TME) and play important roles in tumor
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Figure 1. Schematic illustration of IMCN chip for NEV separation and detection. (A) The IMCN chip integrates the NEV separation,
enrichment, lysis, and signal amplification and detection. Serum samples were injected from “inlet 17, and the NEVs were enriched and lysed
in “chamber 1”. After introducing LP, Phi29 DNA polymerase, INTP mix, and MBs, the RCA-MB assay was reacted in “chamber 2”, and the
reaction solution was collected at “outlet” for signal reading. (B) NEVs capturing by CD66b antibody-coupled Dynabeads and aptamer
recognition in herringbone micromixer. (C) NEV lysis and release of aptamers and contained miRNAs. (D) Working principle of RCA-MB
assay. (E) Fluorescence signal detection by microplate read system, and the data analysis via machine learning for GC diagnosis and

prognosis. Some elements of the figure were provided by BioRender.

certain miRNAs (miR-223-3p and miR-425-Sp) is increased in
the serum CD66b" NEVs of GC patients and offer potential
biomarkers for GC diagnosis.'® However, it remains technically
challenging to selectively separate NEVs and accurately analyze
their cargos. Conventional EV isolation approaches, such as
ultracentrifugation (UC), ultrafiltration, size-exclusion chro-
matography (SEC), and precipitation techniques, need time-
consuming processes and obtain EVs with relatively low
purity.'” In addition, the existing technologies for EV cargo
detection, such as qRT-PCR and ELISA, involve multiple
manual steps and take a long assay time.'®'? Moreover, these
analyses are prone to be interfered with free nucleic acids and
proteins in the biofluids, whose abundance is several orders
higher than those in EVs. Therefore, developing a rapid,
simplified, and robust platform to separate, quantify, and
profile EVs in the biofluids is essential to promote their clinical
use.

Microfluidic chips have been used in EV separation and
detection.”””' Compared with conventional EV isolation
approaches, microfluidic chips exhibit the superiority of easy-
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to-operate, small sample volume demand, and high yield.””
The specific surface proteins are generally used to identify
unique EV subsets.”> By manipulating the affinity particles/
magnetic beads or modifying the microchannel surface with
antibodies or aptamers,”*>® microfluidic chips can efficiently
and specifically separate EV subsets. Moreover, microfluidic
chips enable in situ detection of EV cargos by integrating
colorimetric,”” fluorescent, or electrochemical detection
technologies,”*’ skipping the laborious and time-consuming
procedures of traditional techniques. For example, Li et al.
have developed an anti-CD9 antibody-coated 3D porous
sponge microfluidic chip integrating quantum dot (QD)-
labeled SORLI1 (sorting protein-related receptor) antibody,
which enables a high capture of serum EVs (90%) and rapid
quantification of SORLI on them.’® Lu et al. have presented
an integrated microfluidic EV isolation and detection system
(EXID system). By incorporating CD9 antibody-modified
magnetic beads and PD-L1 protein recognition probes, the
EXID system achieves the rapid separation and quantification
of PD-L1* EVs within 2 h.>" The simultaneous detection of
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multiple EV cargoes, such as proteins and microRNAs
(miRNAs), may improve the accuracy of diagnosis. For
example, Zhou et al. have designed a 3D microfluidic chip
that incorporates immune capture and QDs labeling with
molecular beacon (MB) detection to achieve a comprehensive
profiling of EV proteins and miRNAs, which shows an overall
accuracy of around 100% for cancer diagnosis and staging.”®
Therefore, the microfluidic platform that integrates rapid
separation and sensitive and multiplexed detection of EVs will
offer a promising tool for cancer liquid biopsy.

Here, we reported an IMCN analysis, which favored rapid
separation of NEVs and triplex detection of CD66b" NEV
abundance and their contained miRNAs (miR-223-3p and
miR-425-Sp), which were termed NEV signatures. CD66b
antibody-coupled Dynabeads were prepared to specifically
recognize and sort NEVs, and the CD63 aptamers were
simultaneously introduced for the recognition of NEVs,
thereby enabling the separation and quantification of NEVs.
The miRNAs in NEVs were obtained by thermal lysis on chip,
which is simple and rapid for subsequent miRNA detection
and is free from the lengthy processes of RNA extraction and
reverse transcription. RCA-MB assay was established and
optimized for the amplification and detection of NEV
signatures, which was carried out under isothermal conditions,
avoiding the expensive reagents, special equipment, and strict
temperature control procedures of qPCR. We tested the levels
of NEV signatures in serum samples from healthy controls
(HCs), benign gastric diseases (BGD), and GC patients and
analyzed the performance of NEV signatures alone or
combined with conventional serum biomarkers. Moreover, a
random forest (RF)-assisted classification system was estab-
lished to improve the diagnostic accuracy and promote their
clinical use. The IMCN chip enabled sensitive quantification of
NEVs and their contained miRNAs (NEV signatures) in less
than 4 h by using only 10 uL of serum samples. We expected
that the developed IMCN chip would provide a novel tool for
NEV analysis and GC diagnosis.

RESULTS AND DISCUSSION

Design Principle of IMCN Chip. We established the
IMCN chip model using SolidWorks software. The micro-
fluidic device was a polydimethylsiloxane (PDMS) chip, which
is 85 mm X 30 mm in size and composed of five holes (3 mm
in diameter), four sets of herringbone mixer channels, a
magnetic capture chamber (chamber 1, 10 mm in diameter),
and a reaction chamber (chamber 2, 10 mm in diameter)
(Figure SIA). Each mixer channel had four groups of
asymmetrical herringbone grooves, and each group contained
20 grooves. The angle between the herringbones and channel
axis was set at (0) 45° (Figure S1B,C). The channel aspect
ratio is one of the key factors that affects fluid mixing. It has
been reported that channels with deeper grooves always obtain
higher fluid mixing efficiency. In addition, the wider flow
channel helps generate more vortex and turbulent structures
and enhance the transfer of mass and momentum between
fluids.** Therefore, the appropriate aspect ratio is conducive to
the formation of three-dimensional flow characteristics and
promotes the fluid to get fully mixed in all directions. We
performed computational fluid dynamics (CFD) simulation to
analyze the fluid dynamics of the chip with different aspect
ratios (80:40, 80:50, 100:40, and 100:50 xm). As a result, the
fluid flow formed more complex vortex structures at a 100:50
pum channel aspect ratio. Streamline charts and pressure

profiles were applied to evaluate the fluid characteristics in
channels with different parameters. As shown in Figure S1D,
streamline charts indicated that the flow velocity on the sides
of the fluid was much higher than that in the middle when the
channel was set at a 100:50 ym width-to-depth ratio, and the
pressure profile validated that the highest-pressure drop was
obtained at this ratio (Figure S1E). Consequently, the particles
in the sample tended to move into the region of high velocity,
which could increase the collision frequency between NEVs
and Dynabeads and effectively improve the NEVs capture
efficiency.

WORKING PRINCIPLE OF IMCN CHIP

The workflow of the IMCN chip had five steps (Figure 1A).
First, 10 uL of serum samples, together with CD66b antibody-
coupled Dynabeads and CD63 aptamers, was driven through
“inlet 17. With the constant thrust of the injection pump
(Figure S2A), NEVs were labeled with CD63 aptamers and
captured by CD66b antibody-coupled Dynabeads in herring-
bone-structured microchannels (Figure 1B). After NEVs
enrichment in “chamber 17, the chip channels were
sequentially washed with PBS and air at a flow rate of 10
#L/min for 10 min to remove wastes and impurities and
ensure no remaining Dynabeads and complete NEV collection
(Figure S2B—D). Second, the NEVs enriched by an external
magnetic field were then lysed with heated DEPC water (95
°C) to release CD63 aptamers and miRNAs in NEVs (Figure
1C). Third, the released CD63 aptamers and miRNAs in NEVs
were used as primers to hybridize with three prepared loop
probes (LP) and trigger triplex RCA reactions with the
assistance of Phi29 DNA polymerase and dNTPs. Fourth,
three MBs labeled with Cy3, FAM, and CyS were introduced
and reacted with the RCA products, breaking the “turned off”
state of MBs that was induced by the proximity of fluorophores
and the quenching groups and initiating allosteric hairpin
structures and amplified “turn on” fluorescence signals (RCA-
MB assay; Figure 1D). Finally, the reaction solutions were
collected and measured by the cell imaging microplate
detection system, and the readouts were further analyzed by
a machine learning algorithm for diagnostic performance
evaluation (Figure 1E).

Characterization of NEVs Isolated by Ultracentrifu-
gation. NEVs isolated by UC from a neutrophil cell culture
medium (NCM) were characterized and used for chip
performance evaluation. We first characterized the properties
of NEVs by transmission electron microscopy (TEM),
nanoparticle tracking analysis (NTA), and Western blot. The
results showed that UC-isolated NEVs had typical cup-shaped
morphology, uniform particle size (~140 nm), and high
expression of EV markers (Figure S3A—C). In addition, the
expression and location of CD66 on NEVs were also
characterized. As shown in Figure S3D, CD66b was detected
on the membrane of NEVs by gold-labeled immune-TEM, and
the colocalization of CD66b and CD63 on NEVs was further
verified by immunofluorescence microscope (Figure S3E).
These results confirmed the high purity of UC-isolated NEVs
and their utility for the downstream chip performance analysis.

Characterization of Aptamer Binding Activity. Before
the on-chip assay, we validated the binding activity of aptamers
to NEVs. FAM-labeled CD63 aptamers (green) and Dil-
stained NEVs (red) were coincubated on the slides, and the
binding was observed under a laser confocal fluorescence
microscope. As shown in Figure S4A, the green and red

https://doi.org/10.1021/acsnano.4c16894
ACS Nano 2025, 19, 10078—10092


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c16894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org
A Control beads NEVs@Dynabeads B Bright field Dil-NEVs FAM-CD63 apt Merge 1
ijc>“‘
[OLSC R
3§ _.j:".;_ O(e‘) :
®6
§8:5y <
3 (i»iD,.(g>
(O TRt
R or
C NEVs injected D = NEVsinjected [ EV injected
NEVs captured 60+ mm NEVs captured 15- EV recovered
15 =) —_ I I
3 = iy T 2 I 2 = 2 & I I
= >
404 2 104 ™
@10 w @ 10
S = = o
- [ s
55 3 204 3 5
£ g g
< < " z
b ' o iR, ES u e it g
Straight Herringbone 5 O & & & &
Flow rate (pL/min) W & QS,(' ‘xg,°
°\°100 °\,1oo s 1009
> > 2 80
g a0 2 s Es
2 2 S 604
g 60 S g
3 £ s0 o 40
o 40 o 5
3 5 55 £ 204
a 20 -4 8 = . e S
o 8 T L} T L} T
0 T T 0 \? \? K] 32 32
Straight  Herringbone 10 5 2 0.5 K22 éj@ 00.@ C’Ofo
Flow rate (uL/min) [

Figure 2. Evaluation of the capturing performance of IMCN chip by using UC-isolated NEVs. (A) SEM images of the control beads (top left)
and NEVs captured beads (NEVs@Dynabeads). The captured NEVs were pointed with white arrow. (B) Characterization of the aptamer
labeling (green) to the captured Dil-stained NEVs (red) under fluorescence microscope (scale bar, 5 gm). The Dynabeads with captured
NEVs and aptamer labeling were circled with black dotted line. (C) The capturing performance of chips with straight channels and
herringbone channels on NEVs. (D) Optimization of the chip flow rates (from 10 to 0.5 #L/min) for NEVs capturing. (E) The specificity of
the chip for NEVs capturing (NEVs, neutrophil-derived EVs; LEVs, lymphocyte-derived EVs; GES-EVs, human gastric epithelial cell-derived

EVs; HGC-EVs and MGC-EVs, human GC cell-derived EVs).

fluorescence were found highly colocalized, suggesting that the
aptamers efficiently bound to CD63 on NEVs.

For further optimization, different concentrations of FAM-
labeled CD63 aptamers were incubated with NEVs that were
covalently coupled to aldehyde beads, and the fluorescence
intensity was then detected by flow cytometry. As shown in
Figure S4B,C, the fluorescence intensity gradually increased
with the increase of CD63 aptamer concentration and reached
the highest level when 1 uM aptamer was used. The
fluorescence intensity did not continue to increase when
more aptamers were added, and around 70% of NEVs were
labeled when 1 yM CD63 aptamer was used (Figure S4D).
Therefore, 1 uM was chosen as the optimal aptamer
concentration.

In addition, to verify the stability and applicability of
aptamers to label NEVs from serum samples, the aptamers
were incubated with 10% PBS diluted serum samples (10 L of
serum was diluted ten times by 90 uL of PBS) at 37 °C for 3 h
with an interval of 0.5 h or heated at 95 °C for 10 min. After
that, the aptamers were applied for agarose gel electrophoresis,
and the results showed that they were stable with the extension
of time, suggesting good stability and resistance to the
degradation by nuclease in serum samples (Figure SSA) and
the high-temperature environment (Figure SSB).

10081

Evaluation of the Capturing Performance of IMCN
Chip by Using UC-Isolated NEVs. NEVs isolated by UC
were used for chip performance evaluation and optimization.
First, NEVs and CD66b antibody-coupled Dynabeads were
pumped into the IMCN chip for capturing. As detected by
scanning electron microscopy (SEM) compared to control
beads (top left), NEVs (as indicated by a white arrow) were
enriched on the surface of Dynabeads with the mixing effect of
herringbone microchannels (Figure 2A). The capturing
performance was further verified by introducing Dil-stained
NEVs and FAM-labeled CD63 aptamers into the chip. It was
observed that Dil-stained NEVs (red) and FAM-labeled
aptamers (green) were colocalized and enriched on the surface
of Dynabeads (circled with a black dotted line) under a
fluorescence microscope, indicating the successful capturing
and labeling of NEVs in the chip (Figure 2B).

For better capturing performance, we optimized the
microchannel structures and flow rate, which could affect the
flow characteristics and fluid mixing in the chip. The
herringbone microchannels could change the flow direction
and velocity distribution and promote the shear force and
disturbance between different fluid layers, thereby disrupting
the laminar flow and generating turbulent microvortices, which
contributes to the enhanced mixing effect of the fluid flow and
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Figure 3. Optimization of the RCA-MB assay using synthetic sequences. (A) Optimization of the amplification time (from 0.5 to 120 min).
(B) Optimization of the hybridization time for MBs and RCA products (from 15 to 130 min). (C) Optimization of the hybridization
temperature for MBs and RCA products (from 10 to 50 °C). (D) Optimization of the concentration of MBs used in the hybridization
reaction (from 0.1 to 12.5 uM). (E) The specificity and feasibility of the triplex RCA-MB assay. (F,G) The specificity of the amplification and
detection of the triplex RCA-MB assay. (F) Agarose gel electrophoresis of the RCA products generated by different primers and LPs. (G)
Fluorescence intensity of the reaction between different RCA products and MBs.

highly efficient EV capture.””** To evaluate the effect of
channel structures on the capturing efficiency, we developed
chips with herringbone microchannels or straight channels for
NEVs capturing. The amount of captured EVs was defined as
the difference in protein amount between the original EVs
(injected from “inlet 1”) and the recovered EVs (collected at
“outlet”), and the capturing efficiency was calculated as the
ratio of the captured EVs amount to the original one. As a
result, we found that the chip with herringbone microchannels
captured significantly higher amount of NEVs and obtained
higher capturing efliciency than the chip with straight channels
(Figure 2C). In addition, an increased flow rate can enhance
the fluid disturbance, but too high a flow rate may induce a
short residence time of the fluid, resulting in large flow
resistance and insufficient fluid mixing in the flow channel
Herein, we optimized the flow rate from 10 to 0.5 yL/min to
further improve the capturing efficiency of the chip. It was
found that the amount of captured NEVs increased with the
decrease of flow velocity, and more than 90% of NEVs were
captured at a flow rate of 0.5 yL/min (Figure 2D). Therefore,
a flow rate of 0.5 uL/min was chosen for further use.
Moreover, the capturing specificity of the chip was validated
by injecting EVs from other cells, including EVs from
lymphocytes (LEVs), human gastric epithelial cells (GES-
EVs), and GC cell lines (HGC-EVs and MGC-EVs). The
results showed that except for NEVS, all of the other EVs were

not captured by the chip, and nearly 90% of them were
recovered at “outlet” (EV recovered) (Figure 2E). The above
results indicated that the IMCN chip with optimized channel
design and flow rate was highly efficient and specific for NEV
capturing.

Verification of the Superiority of IMCN Chip for NEV
Separation. To further validate the superiority of the IMCN
chip, we compared the quality of NEVs isolated from 20 mL of
NCM by ExoQuick, UC, and the chip. For the microfluidic
chip, 200 uL of glycine-HCL buffer (pH 2.8) was pumped into
the chip to elute NEVs, and the NCM without NEVs was
collected at the outlet and set as “Chip waste”. NTA results
showed that the average size of NEVs eluted from the
microfluidic chip was 138 nm, which was a little bit smaller
than those isolated by ExoQuick (169 nm) and UC (154 nm).
Moreover, the chip achieved 1.1 X 10'° particles/mL of NEVs,
while the NEV concentration of ExoQuick and UC was 1.7 X
10" particles/mL and 1.4 X 10" particles/mL, and chip waste
obtained the lowest particle concentrations (Figure S6A,B).
Although ExoQuick obtained large amounts of nanoparticles,
the high particle concentration may be attributed to
contamination of lipoproteins. These results were further
verified by TEM. As shown in Figure S6C, compared to NEVs
isolated by ExoQuick and UC, NEVs of the chip had a
complete vesicle structure, uniform particle size, and less
contamination, whereas no obvious vesicle particles were
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observed in chip waste. In addition, NEVs isolated by chip
highly expressed CD9, CD63, and HSP70, showing a purity
comparable to that of UC (Figure S6D). In contrast, the
expression of EV markers was relatively low in the sample of
ExoQuick when the same amounts of total proteins were
loaded for the Western blot assay. All of the above results
verified that NEVs obtained by the IMCN chip had high
efficiency and purity (Table S1).

Optimization of RCA-MB Assay Using Synthetic
Sequences. In order to eliminate the tedious EV cargo
extraction and detection procedures, we applied on-chip
thermal lysis and RCA-MB assay for NEV detection, which
enabled nucleic acid amplification and detection under
isothermal conditions.”> Before the on-chip assay, the
feasibility of the RCA-MB assay was verified and optimized
in homogeneous solutions, in which the RCA reaction was
triggered by synthetic aptamer and miRNAs (Figure S7A;
sequences listed in Table S2).

The LPs were prepared as previously reported®® and
functioned as templates for the RCA reaction. The LPs were
obtained by linking the connection probes (CPs) to §'-
phosphorylated padlock probes (PP) and validated by agarose
gel electrophoresis. Detailed procedures are described in the
Experimental Methods. As shown in Figure S7B, the products
exhibited an increased molecular weight of the band (lane 3)
after the connection of CP (lane 1) with PP (lane 2) by T4
DNA ligase. Lane 4 showed the same molecular weight of band
as lane 2 after exonuclease I and exonuclease III treatment,
indicating that the prepared LPs were resistant to enzymatic
digestion. Then, we used the synthetic aptamer and miRNAs
as primers to trigger RCA reactions, and random sequence
primers were used as negative controls (NCs). The amounts of
LP, phi29 DNA polymerase, and other reagents were referred
to previous studies,””*® and described in detail in the
Experimental Methods. For each LP, a bright band was
observed only when the specific primers were introduced (lane
S), showing a large molecular weight of the RCA products. On
the contrary, no band was found in the NC group. Taken
together, these results suggest high specificity of the RCA
reaction.

To obtain the best performance, LP-2, miR-223-3p, and
MB-2 were selected to test and optimize the established RCA-
MB assay. Figure 3A shows that the RCA reaction tended to
reach saturation after amplification for 60 min, and the
fluorescence intensity did not increase even with the extension
of amplified time. Agarose gel electrophoresis of the RCA
products showed the same results (Figure S7C). Moreover, we
optimized the time, temperature, and concentration of the
hybridization reaction between MBs and the RCA products. It
could be observed that the maximum signal-to-noise ratio was
obtained when the reaction was performed at 40 °C for 75 min
with S yM MBs, whereas the background noise greatly
increased when MB concentration rose to 12.5 uM (Figure
3B—D). Consequently, the optimized conditions of the RCA-
MB assay were used for on-chip NEV detection.

Detection Performance of RCA-MB Assay Using
Synthetic Sequences. We then evaluated the detection
performance of the RCA-MB assay by using synthetic aptamers
and miRNAs under the optimized conditions. As a result, the
fluorescence intensity increased linearly with the increasing
concentration of aptamer and miRNAs (ranging from 107'° to
107" M), and the limit of detection (LOD) was calculated to
be 0.77, 0.61, and 0.24 fM for CD63 aptamer, miR-223-3p, and

miR-425-Sp, respectively (Figure S8A). The LOD was
calculated as three times the standard deviation of a set of
blank measurements. Moreover, a weak fluorescence signal was
detected when MBs were reacted with RCA products triggered
by NC, which indicated a good specificity of the assay (Figure
S8B). We also used qRT-PCR as the gold standard to measure
different concentrations of synthetic miRNAs, and a high
correlation coefficient of 0.893 was obtained between the
RCA-MB assay and qRT-PCR (Figure S8C,D).

Next, we verified the multiplexed amplification and
detection performance of the RCA-MB assay. Three pairs of
LPs and their corresponding primers (for CD63 aptamer, miR-
223-3p, and miR-425-5p) were added to one tube, and the
RCA products were simultaneously reacted with three MBs.
We found that the triplex RCA-MB assays obtained similar
fluorescent signals to the single assay (Figure 3E). To further
verify the specificity of the triplex RCA reaction, the aptamers
were reacted with different LPs, and the products were verified
by agarose gel electrophoresis. Figure 3F shows that the RCA
products were only detected when the aptamers were reacted
with LP-1 (lane 1), while no bands were found in the reaction
with LP-2 and LP-3 (lane 2). The same results were obtained
in miRNAs triggered RCA reactions (lanes 3—6) (Figure 3F).
In addition, we used MB-1 to detect the RCA products
triggered by different primers (aptamers and miRNAs) to
validate the detective specificity of MBs. It was found that the
enhanced fluorescence intensity of MB-1 was only detected in
aptamer-induced RCA products (histogram 1), while the
others did not show significantly enhanced fluorescence signals
(histogram 2). The same results were obtained in the detection
of miRNAs induced RCA products by MB-2 and MB-3
(histograms 3—6) (Figure 3G). These results indicated that
the triplex RCA-MB assay is highly specific in amplification
and detection.

To verify the applicability of the RCA-MB assay in NEV
detection, we isolated NEVs by UC and incubated them with
the aptamers at 37 °C for 1 h and washed with PBS for S times
to remove unbound aptamers. The aptamer@NEV complex
was then heated at 95 °C for S min to lyse NEVs and release
their derived miRNAs for the multiplexed RCA-MB assay. As
shown in Figure S9, the assay could achieve triplex
amplification and detection of the CD63 aptamer and two
miRNAs from NEVs (miR-223-3p and miR-425-5p). All of the
above results indicate that the RCA-MB assay is applicable for
simultaneous detection of NEV marker protein and miRNAs.

Detection of Serum NEV-Derived miRNAs by RCA-MB
Assay. To evaluate the potential of the RCA-MB assay in the
diagnosis of GC, we collected serum samples from 51 GC
patients, 38 BGD patients, and 41 HC. Serum NEVs were
isolated as previously reported by our group,'® and their
derived miRNAs (miR-223-3p and miR-425-5p) were detected
by RCA-MB assay. As shown in Figure S10A—D, the
fluorescence intensity of miR-223-3p and miR-425-5p was
significantly increased in the GC group compared to HC and
BGD groups. Moreover, the fluorescence intensity gradually
increased with tumor stage, and a higher intensity was
observed in I/II stages of the GC group than in the noncancer
(HC and BGD) groups (Figure S10E,F). Receiver operating
characteristic (ROC) curve indicated that the area under curve
(AUC) of miR-223-3p was 0.804 to distinguish GC from HC,
and 0.856 to distinguish GC from BGD, while the AUC of
miR-425-5p was 0.740 and 0.709, respectively (Figure S10G
and Table S3). The combination of two miRNAs showed a
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Figure 4. Detection performance of RCA-MB-based IMCN chip using UC-isolated NEVs. (A) Multiplexed analysis and detection of NEVs by
the chip. (B—D) Linear range curve of the fluorescence intensities and NEVs with gradient concentrations (B) CD63 aptamers, (C) miR-
223-3p, and (D) miR-425-5p. (E) Verification of the specificity of the fluorescence signals from NEV samples as detected by the chip. (F)
Anti-interference performance of the chip in the presence of high concentrations of free miRNAs and RNase.

higher AUC of 0.853 and 0.872, respectively. Moreover, the
AUC of combined miRNAs was 0.811 for I/II stages of GC
patients, and 0.937 for III/IV stages of GC patients to
differentiate them from noncancer individuals (Figure S10H
and Table S4). These results suggest that the RCA-MB assay
can efliciently detect miRNAs in serum NEVs and shows a
favorable performance in GC diagnosis.

Detection Performance of RCA-MB-Based IMCN Chip
for UC-Isolated NEVs. The RCA-MB assay was then applied
on the IMCN chip to evaluate its detection performance by
using UC-isolated NEVs. As shown in Figure 4A, significant
fluorescence signals were obtained by on-chip analysis of
NEVs, and the expression of CD63 aptamers, miR-223-3p and
miR-425-5p, was consistent with that measured by off-chip
examination. Next, NEVs with gradient concentrations were
used to assess the detective sensitivity. The fluorescence
intensities were found to be increased with the increase of
NEV concentrations, and a good linear correlation was
obtained when the concentrations of NEVs ranged from 10°
to 10° EVs/mL (Figure 4B—4D). The detection limit for
CD63 aptamers, miR-223-3p and miR-425-Sp, was estimated
to be 19.5 X 10% 22 x 10* and 1.6 X 10* EVs/mL,
respectively. For specificity validation, Figure 4E shows that
enhanced fluorescence signals were only observed when the
NEVs were lysed on the chip, while the signals were weak
without NEV lysis, indicating that the fluorescence signals
specifically originated from the lysed NEVs. To further validate
the anti-interference ability of the IMCN chip, UC-isolated
NEVs were mixed with high concentrations of RNase (2 U, 20
U/uL) or free miRNAs (10 M) to simulate the complicated
components of human serum samples, and they were then
applied on the chip. As can be seen in Figure 4F, no enhanced
fluorescence signal was detected when NEVs were not lysed
(histograms in yellow and blue), even with the addition of a

high concentration of RNase or free miRNAs. This may be
attributed to the complete removal of impurities by channel
washing and the protective effect of miRNA cargos by the
complete double-layer vesicle structure of NEVs. In contrast,
significantly enhanced fluorescence signals can only be
observed after NEV lysis (histogram in red and green),
indicating that the detected signals were specifically from
NEVs. Therefore, the NEV detection by the IMCN chip was
stable in the presence of high concentrations of RNase, and the
addition of high concentrations of free miRNAs did not cause
unspecific signals. In summary, the IMCN chip has good
sensitivity and specificity to detect NEVs and low interference
by nuclease and free nucleic acid in serum samples.

For repeatability evaluation, UC-isolated NEVs were applied
on the chip at a concentration of 10° EVs/mL. The amounts of
CD63 aptamers and expression levels of miRNAs were
continuously measured for 4 days (three times per day).
Relative standard deviation (RSD) was used to describe the
interday and intraday accuracy of the chip. As a result, no
statistically significant difference was observed between the
measurements (Figure S11). For the amount of CD63
aptamers, the intraday RSD was 1.54%, and the interday
RSD was 2.59%. For miR-223-3p and miR-425-5p expression,
the intraday and interday RSD were 0.79% and 0.65% and
1.37% and 1.91%, respectively. These results suggest that the
RCA-MB assay-based IMCN chip has great stability and
repeatability.

Detection of Human Serum Samples by IMCN Chip
and Evaluation of Its Diagnostic Performance. We next
performed on-chip isolation of NEVs and detection of NEV
signatures by introducing 10 uL of serum samples from
different individuals. The diagnostic performance of the IMCN
chip was evaluated by using a cohort containing 71 HC, S0
BGD patients, and 67 GC patients. As shown in Figure SA—C,

https://doi.org/10.1021/acsnano.4c16894
ACS Nano 2025, 19, 10078—10092


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16894/suppl_file/nn4c16894_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16894?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16894?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16894?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c16894?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c16894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

Www.acsnano.org

CD66b/CD63* EVs miR-223-3p miR-425-5p
A ~ *kk B ~ *kk C - *kk
E] ] 3 1 Fl —
} - : *kk s
i 4000 *kk i 5000+ — i 5000 al
= L] = L] E
g 30004 % 4000+ o g 4000+ 5
= L] - [} = Y
] ° £ 30004 £ 30004
= 20004 o = 1 P s
e P 2 20004 ° £ 20004
@ 3 @
£ 10004 o 2 b =
] @ 10004 & 1000+ .
S S S
=2 0 I* T T 2 0 T T T = 0 T T T
. HC BGD GC v HC BGD GC . HC BGD GC
D~ E - *okk F =
%k k %k %k %k
S 4000- — S 50007 . & 5000- ——
2 ns ° 2 4000 2 z
‘a 3000+ 1 . [ U u ‘a 4000+ 'ﬁ. @
|
g £ 30001 : A £ 3000 T
= 2000+ " ° - - 5
e g 2000 s S 20004 il
3 @ . i 3 -
g 10007 : @ 1000- : @ 1000 s
o o 4 .
3 0 I 1 T g 0 ! ! H § 0 T T T
e Non-cancer /Il nmnv [ Non-cancer I/l nnv w Non-cancer Il mnv
G HCvs GC BGD vs GC 1 cFB K
100 100 miR-223-3p
. . 80+ . 801 _ 1004
B X 2 [
> 2
g S 601 ? 60+ g 757
| 3 3 2
g a0/~ e | 2 404 ac [ 2 40 £ 504
%) | — CD66b/CD63*EVs  0.790 n ﬂ —— CD66b/CD63*EVs  0.623 ] AuC 3 )
20" —— miR-223-3p 0.861 204 — miR-223-3p 0.850 20~ === HCvsGC 0.894 H 254 - Low expression
— miR-425-5p 0.853 Jr —— miR-425-5p 0.707 == HCvsIll 0.823 o — High expression P=0.025
== NEV signatures 0.891 i = NEV signatures 0.857 = HCvs IV 0.907
0 T T T T 0 T T T T 0 T T T T 0 ! ! ! !
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 200 400 €00 800
100% - Specificity% 100% - Specificity% 100% - Specificity% Days
H Non-cancer vs l/ll GC Non-cancer vs lIl/IlV GC J cNCB
100 i 100 100 miR-425-5p
80- 80 80- s 1°°'—|:|—|—
X X X %
o o 2 754
s 607 £ 60 £ 60 5
s 2 2 £ 501
S 40 ac| 5 40 . Auc S 40~ avc g )
(2] CD66b/CD63" EVs 0.642 on CD66b/CD63" EVs  0.742 (2] o 254 Low expression
204 — miR-223-3p 0.792 20 — miR-223-3p 0.851 20- == HCvsGC 0.912 o — High expression P=0.052
=== miR-425-5p 0.657 = miR-425-5p 0.808 === HCvs 0.815 2
| = NEV signatures  0.768 == NEV signatures 0.895 = HC vs NV 0.933 0 T T T 1
0-r T T T T 0 T T T T 0 T T T T 0 200 400 600 800
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 Days

100% - Specificity% 100% - Specificity%

100% - Specificity%

Figure 5. Detection of human serum samples by IMCN chip and evaluation of its diagnostic performance. (A—C) The amount of (A)
CD66b/CD63" NEVs and expression of (B) miR-223-3p and (C) miR-425-Sp in HC, BGD, and GC groups (***P < 0.001). (D—F) The
amount of (D) CD66b/CD63" NEVs and expression of (E) miR-223-3p and (F) miR-425-5p in HC and GC of different stages (***P <
0.001). (G) ROC curves of NEV signatures in distinguishing between HC and GC, BGD and GC groups. (H) ROC curve of NEV signatures
in distinguishing between noncancer and GC of I/1I and III/IV stages. (I) ROC curve of the combination of four used biomarkers, CD66b/
CD63" NEVs, miR-223-3p, CEA, and CA199 (cFB). (J) ROC curve of the combination of NEV signatures and commonly used biomarkers
(cNCB). (K) The prognostic value of miR-223-3p and miR-425-5p (as detected in NEVs by the chip) in GC patients.

the amount of CD66b/CD63" NEVs (as indicated by CD63
aptamer fluorescence signal) and the expression levels of NEV-
derived miRNAs were significantly increased in the GC group
compared to the HC and BGD groups. The fluorescence
signals varied in GC patients with different stages, and a higher
intensity was obtained in I/II stages of GC patients than in
noncancer (HC and BGD) individuals (Figure SD—F). The
ROC curve indicated that the amount of CD66b/CD63*
NEVs and the expression levels of NEV-derived miRNAs
exhibited good performance in GC diagnosis. As shown in
Figure 5G, the AUC value of CD66b/CD63" NEVs to
differentiate between HC and GC was 0.790, while miR-223-
3p and miR-425-5p were 0.861 and 0.853, respectively.

10085

Moreover, the combination of three NEV biomarkers (NEV
signatures) showed better differentiation of HC and GC, with
an AUC of 0.891 (83.58% of sensitivity and 84.51% of
specificity). NEV signatures could well distinguish between
GC and BGD groups, with an AUC of 0.857 (70.15%
sensitivity and 88.00% specificity; Figure SG). In addition,
when comparing GC patients of different stages with
noncancer individuals (BGD and HC), NEV signatures
showed a higher diagnostic accuracy than a single biomarker,
with an AUC of 0.768 for GC in I/II stages and 0.895 for GC
in III/IV stages (Figure SH).

In addition, we investigated the diagnostic performance of
CEA and CA199 in the same cohort. The ROC curve showed
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Figure 6. Diagnostic performance of IMCN chip assisted with machine learning for GC diagnosis. (A—E) The predicted value of different
biomarkers to distinguish between HC and GC under the RF model. (F—G) ROC curves and the confusion matrix of CEA, CA199, and their
combinations (cCB) to distinguish GC from HC. (H) ROC curves and confusion matrix of NEV signatures to distinguish GC from HC. (I)
ROC curves of the combination of four used biomarkers, CD66b/CD63" NEVs, miR-223-3p, CEA, and CA199 (cFB), and the combination
of NEV signatures, CEA, and CA199 (cNCB) to distinguish GC from HC. (J) The confusion matrix of cFB to distinguish between HC and
GC. (K) The confusion matrix of cNCB to distinguish between HC and GC.

that the AUC value of CEA and CA199 was 0.618 and 0.682 to
distinguish GC patients from HC, while an AUC of 0.704 was
achieved when these two common biomarkers (cCB) were
combined (Figure S12A,B). Similarly, the combination of CEA
and CA199 did not behave as good as NEV signatures to
differentiate between GC of different stages and HC, with an
AUC of 0.707 for GC in I/II stages and 0.712 for GC in III/IV
stages (Figure S12C,D).

We further analyzed the diagnostic performance of NEV
signatures combined with the commonly used biomarkers. The
ROC curve indicated that the diagnostic value was markedly
improved by combing four biomarkers (CD66b/CD63" NEVs,
miR-223-2p, CEA, and CA199, termed as cFB), with an AUC
of 0.894 to differentiate GC patients from HC, 0.823 for GC in
I/1I stages, and 0.907 for GC in III/IV stages (Figure SI).
Moreover, the AUC value was further increased to 0.912,

10086

0.815, and 0.933 when miR-425-5p was added (cNCB)
(Figure SJ). In addition, we found that the high levels of miR-
223-3p in NEVs predicted poor prognosis in GC patients,
while miR-425-5p, CEA, and CA199 did not show significant
correlation with the patients’ survival (Figures SK and S12E,F).
Hence, NEV signatures showed superior diagnostic perform-
ance to the conventional biomarkers, and their combinations
further improved GC diagnosis (Tables S5—S7).

Diagnostic Performance of IMCN Chip Assisted with
Machine Learning for Gastric Cancer Diagnosis. RF is a
randomly constructed classifier that contains multiple decision
trees and is commonly used to accomplish prediction tasks.*”
To further improve the performance of the IMCN chip in GC
diagnosis, 70% of samples (48 GC and 49 HC) was randomly
selected and trained to construct a diagnostic model by RF on
the combined biomarkers (NEV signatures, CEA, and CA199),
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and 30% (20 GC and 22 HC) was used for testing. The
predicted value of different biomarkers to distinguish between
HC and GC under the RF model is presented in Figure 6A—E.
ROC analysis was then performed to determine the sensitivity,
specificity, and AUC value of a single marker and the
combined biomarkers. The performance of CEA and CA199
was improved under RF (Figure 6F), showing an AUC value of
0.78 for CEA and 0.67 for CA199, and 0.76 for the two
combined (cCB, with 75.00% sensitivity and 59.09%
specificity; Figure 6G). The diagnostic efficiency of NEV
signatures was relatively high, showing an AUC value of 0.88
(with 80.00% sensitivity and 81.81% specificity; Figure 6H). In
addition, the diagnostic performance gradually increased when
more biomarkers were used. The combination of four
biomarkers (CD66b/CD63* NEVs, miR-223-2p, CEA, and
CA199, termed cFB) yielded an AUC of 0.89 (with 85.00%
sensitivity and 86.36% specificity) (Figure 6L]). The diagnostic
value of NEV signatures combined with commonly used
biomarkers (cNCB) increased significantly in the RF-assisted
diagnostic model (AUC of 0.91, 90.00% of sensitivity, and
86.36% of specificity) (Figure 6LK). These results indicate that
the diagnostic performance of NEV signatures as detected by
the IMCN chip for GC diagnosis was significantly improved
when combined with conventional biomarkers with the
assistance of machine learning (Tables S8 and S9).

CONCLUSIONS

In summary, we present here an IMCN analysis and GC
diagnosis. CD66b antibody-coupled Dynabeads incorporating
CD63 aptamers enabled rapid and efficient separation of
CD66b/CD63" NEVs, which avoids the lengthy isolation
process of UC and lipoprotein contamination by ExoQuick
methods.*’ Optimized herringbone microchannel and flow rate
facilitated more than 90% capturing of NEVs, which is hi%her
than that reported in our previous study and other studies.”***
After NEVs enrichment, all of the wastes and potential
contaminants in serum could be thoroughly cleared by chip
channel washing, thereby reducing the unspecific background
noise. In addition, the membranous vesicle structure of NEVs
could effectively resist the degradation by nucleases in the
biofluids and well protect the carried miRNAs to be measured,
which facilitated specific NEV analysis and increased detection
accuracy.”' Moreover, on-chip thermal lysis and RCA-MB
assays were established and optimized, which favored
simultaneous and triplex detection of CD66b/CD63" NEVs
and their contained miRNAs (NEV signatures). The method
endows simple and low-cost nucleic acid amplification and
detection under isothermal conditions,*~** which is free from
the process of cargo extraction and avoids the expensive
reagents and special instruments required by the previously
reported studies”™*”* (Table S12).

The IMCN chip is confirmed with high sensitivity,
specificity, and repeatability. By using only 10 uL of serum
samples, the chip achieved efficient and automatic detection of
NEV signatures, which showed good performance in
distinguishing among HC, BGD, and GC patients, as well as
GC of different stages. In addition, the diagnostic accuracy of
NEV signatures was significantly higher than that of commonly
used serum biomarkers, and their combination achieved a
higher diagnostic accuracy. Machine learning has shown great
potential in cancer precision diagnosis."”*” We further used
the RF algorithm to analyze the readout of the NEV signatures.
The diagnostic performance of the NEVs was significantly

improved under the RF model, and the highest diagnostic
accuracy was obtained by the five combined biomarkers (NEV
signatures and CEA, CA199).

In the future, we will further conduct a multicenter clinical
trial to validate the performance of the IMCN chip. We will
optimize chip fabrication to reduce production costs, increase
stability and reliability, and improve analytic performance. In
addition, we will design a chip for the high-throughput NEV
analysis of multiple samples. Moreover, the development of
automatic sampling equipment will reduce manual operations
and enhance detection accuracy and reproducibility.

EXPERIMENTAL METHODS

Study Design. The objective of this study was to develop an
IMCN for isolation and multiplexed detection of NEV-derived
miRNAs. For NEV separation, a 3D herringbone micromixer was
constructed and optimized to promote rapid, efficient, and high-purity
enrichment of NEVs by using CD66b antibody-coupled Dynabeads.
CD63 aptamers were introduced to recognize NEVs and detect the
amount of CD66b/CD63* NEVs. The RCA-MB assay was established
for nucleic acid amplification and signal detection under isothermal
conditions. The assay was optimized and evaluated in off-chip
reactions and then applied to the chip. The fluorescence signal was
measured via a cell imaging microplate detection system (Cytation S,
BioTek) at an excitation wavelength of 484 nm for FAM, 540 nm for
Cy3, and 640 nm for CyS. The measurement was repeated three times
for each sample and each experiment. Serum samples of HC, BGD,
and GC groups (aged ranging from S0 to 90) were collected and
tested by the chip. The diagnostic performance of the NEV signatures
and commonly used biomarkers was evaluated in the diagnosis,
staging, and prognosis of GC and was further analyzed by a machine
learning-based ensemble classification system with single and
combined biomarkers.

MATERIALS AND REAGENTS

Injection pump was bought from Longer (LSP02-2A; Shanghai,
China). Fetal bovine serum (FBS) and RPMI 1640 were purchased
from Gibco (NY, USA). ExoQuick-TC (EXOTCI10A-1) was
purchased from System Biosciences (CA, USA). 100 kDa ultra-
filtration centrifugal tubes were purchased from Millipore (MA,
USA). Dynabeads antibody coupling kit, Dil cell membrane staining
reagent, and aldehyde/sulfate latex beads were acquired from
Invitrogen (CA, USA). Phosphate buffer solution (PBS, pH 7.3—
7.5) was purchased from Servicebio (Wuhan, China). Yeast RNA was
purchased from Beyotime (Shanghai, China). Gold-labeled goat
antirabbit IgG antibody was obtained from Wokai (Beijing, China).
Anticalnexin antibody (ab75801), anti-CD63 antibody (ab271286),
and anti-CD66b antibody (ab300122) were purchased from Abcam
(Cambridge, UK). Anti-CD9 antibody (13404) and anti-HSP70
antibody (4873) were purchased from Cell Signaling Technology
(MA, USA). BCA protein quantification kit, MiRNA first strand
cDNA synthesis kit, and AceQ qPCR SYBR Green Master Mix were
obtained from Vazyme (Nanjing, China). MiRNeasy serum/plasma
kit was obtained from QIAGEN (Dusseldorf, Germany). DNA
marker, aptamers, and all the nucleic acid sequences were provided by
Sangon (Shanghai, China) (Table S2). T4 DNA Ligase, exonuclease
I, and exonuclease III were acquired from New England Biolabs (MA,
USA). Phi29 DNA polymerase and dNTP Mix were purchased from
CWBIO (Beijing, China).

Cell Culture and EV Isolation. Neutrophils Isolation and
Culture. Neutrophils were isolated from the peripheral blood of
healthy volunteers by polymorphprep (Axis-Shield Po CAS, Norway)
and cultured in RPMI 1640 supplemented with 10% EVs-free FBS at
the conditions of 5% CO, and 37 °C for 24 h.

NEV Isolation by UC and ExoQuick. The NCM was collected and
sequentially centrifuged at 300g for 20 min, 2000g for 20 min, and
10,000g for 30 min. The supernatants were then filtered through 0.22
pum Millex-GV filter and concentrated by 100 kDa ultrafiltration
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centrifugal tubes. After that, the NCM was ultracentrifuged at
100,000g for 70 min twice, and the NEV pellets were resuspended in
PBS and stored at —80 °C until use. For ExoQuick, the reagents were
added to the NCM at a ratio of 1:5 and precipitated at 4 °C
overnight. On the next day, the NEV precipitates were obtained by
centrifugation at 1500g for 30 min and redissolved in PBS.

NEVs Characterization. Nanoparticle Tracking Analysis. For
NTA (ZetaView, Particle Metrix), the NEV samples were diluted to 1
mL and injected into the NTA chamber. The samples were measured
in scatter mode with a 488 nm laser for size distribution and
concentration measurement.

Western Blot. NEVs were lysed by radio immunoprecipitation
assay (RIPA) lysis buffer containing a protease inhibitor cocktail, and
the protein concentration was determined by the BCA protein
quantification kit. Next, equal amounts of NEVs obtained by different
methods were separated by SDS-polyacrylamide gel electrophoresis
and then transferred onto the polyvinylidene difluoride (PVDF)
membrane. After blocking with 5% bovine serum albumin (BSA) for 2
h, the membrane was incubated with primary antibodies at 4 °C
overnight. The next day, the membrane was incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies at
room temperature for 2 h, and the band signals were detected by the
enhanced chemiluminescence reagent (Beyotime, Beijing, China).
NEVs were quantified as protein amounts by the BCA Protein Assay
Kit, and the particle concentrations were measured via NTA.

Transmission Electron Microscopy. The morphology of the NEVs
was characterized by TEM (HT7800, Hitachi). For immune electron
microscopy, 20 uL of NEVs was fixed on copper grids for S min at
room temperature. Next, the NEV samples were sequentially
incubated with anti-CD66b primary antibody and gold-labeled
secondary antibody (10 nm gold nanoparticles) for 30 min. After
that, 20 uL of 2% phosphotungstic acid was added to stain for another
S min, and the excess solution was washed away with PBS. Finally, the
samples were dried for TEM observation.

NEVs Recognition by Aptamers. Fluorescence Microscope.
Aptamers were heated to 95 °C and slowly cooled to room
temperature before use. NEVs were loaded on polylysine-coated
slides and fixed at room temperature for 30 min. Next, 2 uL of Dil
membrane staining reagent with S0 uL of BSA/PBS (2%) was added
and stained for another 30 min. The slides were then washed with
PBS, followed by incubation with 1 yM FAM-labeled CD63 aptamer
for 1 h. After washing twice, the slides were blocked and examined
under a laser confocal fluorescence microscope (GE, USA).

Immunofluorescence. NEVs were fixed on the poly-L-lysine-coated
slides at room temperature for 30 min and incubated with the primary
antibodies against CD66b (1:50, rabbit antihuman) and CD63 (1:50,
mouse antihuman) at 4 °C overnight. The slides were washed with
PBS twice to remove the unbound antibodies, followed by incubation
with Cy3-labeled secondary antibodies (rabbit) and FITC-labeled
secondary antibodies (mouse) for 1 h. After three washings with PBS,
the slides were blocked with neutral resin and examined under a laser
confocal fluorescence microscope.

Flow Cytometry. NEVs were attached to aldehyde/sulfate latex
beads by mixing 10 L EVs with 10 uL latex beads (4% w/v) for 1§
min at room temperature with continuous rotation.** The mixture
was then diluted to 1 mL by PBS and continually rotated for 30 min.
The reaction was stopped with 100 yL of 1 M glycine and 20% BSA/
PBS and left 2 h rotating at room temperature. After that, the NEV-
bound beads were washed with 2% BSA/PBS at 10,000 rpm for 1
min, blocked with 10% BSA with rotation at room temperature for 30
min, and finally resuspended in 50 uL 2% BSA/PBS. Afterward, 1 uL
of NEV-bound latex beads was diluted 50 times and incubated with 1
UM FAM:-labeled CD63 aptamer in 450 uL of aptamer binding buffer
(4.5 g/L glucose, S mM MgCl,, 1 mg/mL BSA, and 0.1 mg/mL yeast
tRNA) during 2 h rotating at 37 °C. After that, the mixture was
washed two times with aptamer washing buffer (4.5 g/L glucose and S
mM MgCl,) for 1 min at 3000g. The NEV-bound latex beads were
finally dissolved in 400 uL of PBS for flow cytometry analysis
(CytoFLEX, Beckman).

PREPARATION OF CD66B ANTIBODY-COUPLED
DYNABEADS

The preparation and characterization of CD66b antibody-
coupled Dynabeads was previously described.'® Briefly, 12 ug
of anti-CD66b antibody and 2 mg of Dynabeads were
conjugated through covalently binding by reaction at 37 °C
for more than 18 h. After sequential washing, the antibody-
coupled Dynabeads were finally resuspended in PBS at a final
concentration of 0.1 mg/mL for further use.

Design and Preparation of the Microfluidic Chip.
Design and Fluid Simulation of the Microfluidic Chip. The
IMCN chip is 85 mm X 30 mm in size and has five holes (3
mm in diameter), four sets of herringbone mixer channels, a
magnetic capture chamber, and a reaction chamber (10 mm in
diameter). Each mixer channel had four groups of asym-
metrical herringbone grooves, and each group contained 20
grooves with a spacing of 0.1 mm. Fluid dynamics in the chip
were analyzed by performing velocity and pressure simulations
through Multiphysics 5.2 software (COMSOL, MA, USA).
The simulation was based on realizable k-¢ turbulence model
and Navier—Stokes’ equation for three-dimensional incom-
pressible fluid. The flow velocity at the inlet was set at 2.4 mm/
s. The boundary conditions were set to a velocity inlet and a
pressure outlet of 1 atm. Different channel aspect ratios were
set in the simulation (80:40, 80:50, 100:40, and 100:50 yum),
and the streamline charts and pressure profile were obtained to
evaluate the mixing effect.

Microfluidic Chip Fabrication. Soft lithography was applied
for microfluidic chip fabrication. Briefly, the flow channel
template was prepared by a lithographic machine and SUS8
negative photoresist according to CAD drawings. The PDMS
prepolymer and curing agent were stirred at a mass ratio of
10:1 and slowly covered the flow channel template after bubble
removal by vacuum kettle. After being baked and solidified, the
PDMS chip was carefully removed and then cut and punched
as designed. Finally, the chip was put into a plasma machine
for plasma treatment and then baked in an oven again to
improve the bonding quality.

Scanning Electron Microscopy. The prepared Dynabeads
and NEV suspensions were driven into the chip for NEV
capture and enrichment. After continuous phosphate balanced
solution (PBS) and air washing, the chip was kept as dry as
possible. Then the external magnetic field was removed, and
the conductive material was attached to the bottom of the chip.
Finally, the chip was placed on the sample table and vacuumed
for 30 min, and the NEVs captured by Dynabeads (NEVs@
Dynabeads) were observed under SEM with backscatter mode
(Phenom XL).

RCA Reaction Assay and MB Detection. Preparation of
Loop Probes. To prepare LP, 6 uL of the PP (10 uM) was
hybridized with 6 uL of 10 uM CP in S uL of 10 X T4 DNA
ligase reaction buffer at 85 °C for 5 min and slowly cooled to
room temperature. Next, the hybridization product was added
to a ligation mixture containing 1 L of T4 DNA ligase (10U/
uL) and 32 uL of DEPC water. The ligation process was
performed at 25 °C for 3 h and stopped at 65 °C for 10 min.
Then, 2 uL of exonuclease I (20U/uL) and 2 uL of
exonuclease III (100U/uL) were added into the ligation
product at 37 °C overnight to eliminate the unlooped linear
nucleic acids.

RCA Reaction. The RCA reaction was carried out in a
mixture containing 1 yL LP, 2 uL 10X phi29 DNA polymerase
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reaction buffer, 2 uL ANTPs (10 mM for each of dATP,
dGTP, dCTP, and dTTP), 1 uL phi29 DNA polymerase
(10U/uL), synthesized miRNAs or aptamers (or lysed NEVs),
and DEPC water (20 uL in total). The mixture was incubated
at 37 °C for 1 h and heated at 65 °C for 15 min to stop the
reaction. The random sequence was used as the NC. The
synthesis of LP and the products of the RCA reaction were
verified by agarose gel electrophoresis.

Agarose Gel Electrophoresis. Microwaving a triangular
bottle with 30 mL of Tris-Borate-EDTA (TBE) buffer and 0.9
g of agarose to boil. The gel was cooled to 60 °C and then
mixed with a nucleic acid dye. The samples were loaded after
the gel solidified, and the electrophoresis was carried out at
120 V under a constant voltage. The gel was finally observed
and photographed by a UV analyzer.

Detection of RCA Products by MBs. Ten uL of RCA
products was mixed with different concentrations of MBs and
diluted to a final volume of 30 uL by DEPC water. The
mixture was incubated at different temperatures or for different
durations. The fluorescence signal was measured via a cell
imaging microplate detection system (Cytation S, BioTek) at
an excitation wavelength of 484 nm for FAM, 540 nm for Cy3,
and 640 nm for CyS.

On-Chip RCA Reaction and MB Detection. A mixture
containing 3 uL three kinds of LP, 2 yL 10X phi29 DNA
polymerase reaction buffer, 2 4L dNTPs (10 mM for each of
dATP, dGTP, dCTP, and dTTP), and 1 uL phi29 DNA
polymerase was driven and incubated with the lysed NEVs.
On-chip RCA reaction was performed on an electronic hot
plate (KAISI) at 37 °C for 1 h and stopped at 65 °C for 15
min. Next, 3 pL of a mixture of three MBs was injected
through “inlet 4” for NEV quantification and miRNA
detection. After incubation for 1 h, the air was pumped into
the channels to ensure complete collection of liquids from the
channel, and the fluorescence intensity of the MBs was
measured by a cell imaging microplate detection system
(Cytation S, BioTek).

PATIENTS AND CLINICAL SAMPLES

The clinical samples of GC patients, BGD patients, and HC
were obtained from the Affiliated People’s Hospital of Jiangsu
University. This study was approved by the Ethics Committee
of Jiangsu University (UJS-IACUC-AP-2023022703) and was
conducted in accordance with the ethical principles of the
World Medical Association Declaration of Helsinki. Informed
consent was obtained from all of the subjects. GC patients
were included with histology confirmation and primary
diagnosis without surgical treatment, radiotherapy, or chemo-
therapy. The patients with multiple primary cancers were
excluded. Before use, the serum samples were centrifuged at
1500¢ for 15 min and 10000g for 20 min to remove cell debris
and large vesicles.

For off-chip detection, ultracentrifuged and Dynabeads-
separated serum NEVs were lysed by heating the NEVs@
Dynabeads in 10 yL of DEPC water at 95 °C for 5 min. The
lysis solution was then adapted for the RCA reaction and MB
detection in a homogeneous solution as described above. For
on-chip serum NEV detection, 10 yL of diluted serum samples
(1:10 in PBS) was injected to the chip together with aptamers
and antibody-coupled Dynabeads. All of the other steps were
the same as described above. The information on clinical
samples used in RCA-MB assay and on-chip NEV analysis is
listed in Tables S10 and S11, respectively.

Development of a Machine Learning-Assisted Diag-
nostic Model. The data of five biomarkers (NEV signatures,
CEA, and CA199) was analyzed by a machine learning model
(RF) developed via Python 3.9.0. Each random decision tree of
the model performed binary classifications between HC and
GC cases, with the final outcome determined by a majority
vote across all biomarker panels. For model construction, a
hyperparameter tuning process was employed for optimal
algorithm performance. The RandomizedSearchCV function
was utilized to explore potential hyperparameters to identify
the best set of parameters that maximized the model’ s
accuracy while minimizing overfitting. The model was trained
by a supervised learning method, and the enrolled patients
were randomly divided into 70% training sets and 30%
independent testing sets to validate the diagnostic perform-
ance. The expression of five biomarkers from testing set
samples was analyzed by the model, and the generated
predicted values of single biomarker and their combinations
were further analyzed by ROC curves to evaluate the
diagnostic efficiency. A confusion matrix was applied to
determine the diagnostic sensitivity, specificity, and accuracy.
The source code is available from https://github.com/
yudan911/RF-model/blob/main/main2.py.

Statistical Analysis. All experiments were performed in
triplicate of each group, and GraphPad Prism (PRISM version
9) software was used to construct bar plots, correlation
analysis, ROC curve analysis, and PCA analysis. Shapiro—Wilk
test and the Kolmogorov—Smirnov test were used to verify the
normality of the data, and the Levene test was applied to verify
the homogeneity of the variance. The statistical significance of
the difference was performed by Student’” s ¢ test if data were
normally distributed. Otherwise, one-way analysis of variance
(ANOVA) and two-way ANOVA for multiple groups were
determined. If the data did not meet the assumptions of these
parameter tests, nonparametric testing methods or data
transformation were then performed. Survival time was
analyzed by the Kaplan—Meier method and a log-rank test.
The correlation between the outcome of the RCA-MB assay
and qRT-PCR was evaluated by Pearson correlation
coefficients. P < 0.05 was considered significant. The 95%
ClIs for sensitivity and specificity in GC diagnosis and staging
were estimated by the Clopper—Pearson method.
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