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ABSTRACT: Extracellular vesicles (EVs) have recently emerged
as a promising tumor biomarker, and EV phenotyping offers many
benefits for cancer diagnosis. However, the practicality of EV assays
remains a challenge due to macromolecule disturbances, biomarker
heterogeneities, and EV abundance limitations. Here, we
demonstrate a membrane-based biosensor for precise and sensitive
EV identification. The sensor synergistically integrates EV capture
and detection by virtue of EV membrane features (membrane
protein and lipid bilayer), comprising antibody-conjugated
magnetic beads (AbMBs) and duplex-specific nuclease (DSN)-
mediated amplification cycles. Bivalent cholesterol (biChol)-
modified RNA−DNA duplexes are designed to insert into the EV membrane, transforming EV signals into RNA signals and
initiating the signal amplification. The membrane-based signal production pattern eliminates protein interference. By employing four
antibodies specific to PCa-related membrane proteins, the AbMB−biChol platform enables the successful differentiation and
monitoring of PCa-related EVs and distinguishes PCa patients from healthy donors with improved efficacy, exhibiting superior
efficiency over the analyses based on clinically used biomarker CA19-9 and PCa-related proteins. As such, the developed system has
great potential for clinical PCa diagnosis.

Pancreatic cancer (PCa) is predicted to be the second
leading cause of cancer-related deaths within the next 10

years owing to untimely diagnosis and poor prognosis.1

Currently, carbohydrate antigen 19-9 (CA19-9) is a well-
established and noninvasive indicator in routine clinical use.
However, serum CA19-9 as an individual marker can be
considerably limited for PCa discrimination, resulting in low
PCa diagnosis efficacy.2 Promising PCa diagnostic patterns
with effectual or multivariate biomarker analysis have expanded
prospective clinical applications.
Recently, studies on extracellular vesicle (EV)-based

biomarkers have made headway in cancer diagnosis. EVs are
abundantly secreted by most cells and ultimately accumulate in
the circulation, which are generic nanoscale particles and
delimited by the lipid bilayer naturally.3 EVs have been favored
in biomarker development due to their structural stability, wide
distribution, and more importantly, the abundance of multiple
biomarkers (proteins, nucleic acids, and lipids).4−7 To date,
EV-based proteomic markers have attracted much attention
since their origin and relationship with living cells are better
than those of most free serum proteins.8−11 Typically, by
characterizing PCa-related proteins on the membrane of EVs,
studies have demonstrated the feasibility of PCa detection and
metastatic forecasting.12−14 Thus, the accurate differentiation
of EVs with cancer signatures is regarded as highly beneficial
for PCa diagnosis.

While growing evidence has suggested that EV identification
reflects cancer states, the current clinical practice of EVs is still
challenging since the conventional isolation processes (e.g.,
ultracentrifugation, ultrafiltration, microfluid-based enrich-
ment, polymer-based precipitation, and cohesion) are non-
specific, complex, and inefficient with long turnaround
times.15−17 Recently, methods have been developed to isolate
and identify tumor-derived EVs via specific antibodies binding
to the candidate tumor-regulated markers on the EV
membrane.18−20 Nevertheless, such immune affinity-based
strategies are inevitably affected by con-specific free proteins,
which render the quantification of targeting EV subpopulations
inaccurate and compromise sensitivity and specificity. Some
studies have utilized different capture ligands (e.g., CD63 and
CD81 antibodies) and specific detection ligands simulta-
neously for precise EV detection, partially abating non-EV
signals.21,22 However, circulating EVs have highly heteroge-
neous molecular signatures (e.g., lack of capture receptor
expression), resulting in the missed detection of specific EVs.
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For instance, the CD63 expression of EVs varies greatly in
different samples with low abundance observed in plasma,
leading to insufficient EV capture efficacy from plasma
samples.23 Furthermore, EV quantification approaches based
on membrane proteins result in inaccuracies that arise from
variations in target protein abundance on the EV membrane.24

Inspired by the features of the lipid bilayer of EVs, we
develop a novel EV assay utilizing cholesterol as a hydrophobic
moiety that inserts into the EV membrane.25−27 This lipid
affinity-based EV characterization strategy assists signal
transformation and eliminates the interference of proteins,
precisely reflecting the EV content by accurately quantifying
the lipid levels.28,29 The proposed platform paves the way for
the implementation of precise and sensitive EV differentiation
and noninvasive PCa detection. In detail, specific antibody-
conjugated magnetic beads (AbMBs) and bivalent cholesterol
(biChol, cholesterol modified on the adjacent end of each
signal strand)-modified RNA−DNA duplexes served as the EV
capturer and the signal transporter, respectively. Samples were
first incubated with AbMBs and the biChol-modified duplex
was anchored on the EV membrane. Then the AbMBs, EVs,
and duplexes were isolated by magnetism. Duplex-specific
nuclease (DSN), a unique nuclease that is preferable to cleave
DNA in RNA−DNA duplexes and is practically inactive
toward RNA,30,31 was introduced for signal amplification. The
fluorescent signal emerged and amplified after selective
digestion of the DNA probe, followed by recurrent RNA
detection cycles. Such amplification cycles produced enhanced
fluorescent signals to a great extent for identification (Scheme
1). Modified with antibodies specific to four PCa-related
protein biomarkers (EGFR, EpCAM, GPC1, and EphA2), the
AbMB−biChol platform exhibited great EV differentiation
potential and achieved impressive diagnostic efficacy in
discriminating between PCa patients and healthy donors,

surpassing clinical biomarker CA19-9 and PCa-related protein
analysis.

■ EXPERIMENTAL SECTION
Reagents and Materials. Protein A/G-modified magnetic

beads were purchased from Invitrogen (Dynabeads TM).
Antibodies for immune capture or western blot were purchased
from Abcam. High-glucose Dulbecco’s modified Eagle’s
medium (DMEM) medium, RPMI-1640, and antibiotics
were bought from KeyGEN BioTECH, China. Fetal bovine
serum (FBS) was bought from Gibco. Carcinoma cell lines
PANC-1, BxPC-3, MCF-7, U87, and THP-1 were purchased
from China Type Culture Collection. All of the oligonucleo-
tides used in this work were synthesized by Sangon Biotech,
China. The cholesterol-modified duplex and the siRNA-Mate
transfection agent were purchased from GenePharma, China.
The Trizol Plus RNA purification kit was purchased from Life
Technologies. Duplex-specific nuclease (DSN) was purchased
from Evrogen, Russia. The poly-A cDNA synthesis kit, SYBR
qPCR master kit, and AceTaq master mix kit were purchased
from Vazyme, China. The cell-free nucleic extraction kit was
purchased from Tiangen, China. The total protein extraction
kit, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) preparation kit, and protein quantification kit
(BCA method) were purchased from KeyGEN BioTECH,
China. Enzyme-linked immunosorbent assay (ELISA) kits
(EGFR, EpCAM, GPC1, and EphA2) were purchased from
Jianglai Biology, China.

Instrumentation. A NanoDrop One (Thermo Scientific)
was employed to determine the UV absorbance of the
antibody. A DynaMag-Spin scaffold (Invitrogen) was em-
ployed to perform magnetic separation. An Ultracentrifuge (L-
80XP, Beckman) was used for EV preseparation. NanoSight
NTA system (Malvern, U.K.) was employed for EV
quantification and diameter measurement. A real-time
polymerase chain reaction (PCR) system (7300Plus, Applied
Biosystem) was used for RNA and DNA quantified detection.
A fluorescence microscope (DMi8, Leica, Germany) was used
for EV observation. A fluorescence spectrophotometer
(Hitachi, Japan) was employed for fluorescence signal
determination. An Attana Cell 200 (Sweden) was employed
for affinity verification between the cholesterol-modified
duplex and the cell membrane.

Preparation of Antibody-Modified Magnetic Beads.
Dynabeads were preblocked by 5% BSA to reduce the
nonspecific binding. Then, the beads were washed with
TBST and separated by magnetism 3 times. Twenty microliters
of resuspended beads were incubated with 1, 2, 4, 5, and 10 μg
of the primary antibody (or IgG) on a rocker platform,
separately, and the incubation time was set from 0.5 to 4 h.
Then, the antibody amount from the supernatant and beads
was detected by electrophoresis and Coomassie blue staining.
The UV absorbance at 280 nm of the supernatant was detected
for the quantification of the uncombined antibody. The
indirect method based on the random RNA (R-RNA) recovery
rate was used to confirm the optimized incubation conditions.

Cell Culture and EV Collection by Ultracentrifuga-
tion. Fetal calf serum (FBS) was centrifuged first at 120 000g
and 4 °C overnight to remove EVs. PANC-1, MCF-7, and U87
cells were cultured in DMEM medium, and BxPC-3 and THP-
1 cells were grown in RPMI-1640 medium. All cells were
cultured in media supplemented with 10% EV-free FBS,
penicillin (100 μg/mL), and streptomycin (100 μg/mL) and

Scheme 1. Schematic Overview of the AbMB−biChol
Platform for Specific EV Detection in Plasmaa

aPlasma was collected and incubated with antibody-modified
magnetic beads and separated by magnetism. To specifically amplify
the EV signal, a cholesterol-modified RNA−DNA duplex was
introduced on the EV membrane and the DSN-assisted amplification
cycle was initiated, producing an amplified signal, while proteins were
unable to trigger the signal for incompatibility with cholesterol.
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then maintained in an incubator with 5% CO2 at 37 °C. The
supernatant was collected after being incubated for 48 h. About
100 mL of the supernatant was centrifuged at 300g for 10 min,
2000g for 20 min, and 10 000g for 30 min, to remove cells,
cellular debris, and large extracellular vesicles, sequentially.32

The sediment was collected for EV identification experiments.
The concentrations of EVs were detected by NTA.
Clinical Sample Collection. According to the exper-

imental implementation plan and the norms and reasonable
operating procedures of collection, the whole process strictly
followed the relevant ethical requirements and all volunteers
signed the informed consents before collecting the human
plasma sample from each of 21 PCa patients and 29 non-
cancer donors (Table S1). All of the sample donors were
fasting for at least 12 h. Ten milliliters of blood samples were
collected with ethylenediaminetetraacetic acid (EDTA)
anticoagulant tubes and centrifuged at 4 °C for 5 min at
2000g to remove blood cells. Then, plasma samples were
further centrifuged at 4 °C for 30 min at 20 000g to remove
cell debris. Plasma samples were then stored at −80°C until
further use. Plasma EVs were collected both by the AbMB−
biChol platform and the ultracentrifugation platform for
practicability verification and comparison of the proposed
method, respectively.
R-RNA Transfection, Extraction, and RT-PCR. Random

RNA with the sequence (Table S2) was transfected into cells
via the siRNA-Mate transfection agent according to the
protocol. Then, the cells were further cultured and EVs were
collected. Total RNA was extracted from the EVs using the
Trizol Plus RNA purification kit. As the random RNA was
designed as a short RNA single strand for higher EV loading
efficiency, reverse transcription (RT)-PCR by the poly-A
method was conducted for R-RNA quantification by the
following method: 10 μL of 2 × miRNA solution, 2 μL of the
miRNA RT enzyme mix, total RNA extracted from real
samples, and DEPC-treated water were mixed to a final volume
of 20 μL. The RT process was conducted under the following
conditions: 37 min at 60 °C and 5 min at 85 °C. The qRT-
PCR process was conducted by the following method: 5 μL of
the 2 × SYBR qPCR master mix, 0.2 μL of the forward primer
(10 μM), 0.2 μL of the universal reverse primer (10 μM), 2 μL
of the RT product, and DEPC-treated water were mixed to a
final volume of 10 μL. The qRT-PCR process was conducted
under the following conditions: 95 °C for 5 min, 40 cycles of
95 °C for 10 s, and 60 °C for 30 s. The fluorescence signal was
detected at 60 °C.
Isolation and Detection of EVs by the AbMB−biChol

Platform. Twenty microliters of antibody-modified magnetic
beads were collected and incubated with EVs for different
times and temperatures and then separated via magnetism. The
capture yield was calculated by comparing the R-RNA copies
in total EVs and separated EVs, which could be calculated by
the following equation33

EV capture rate
R RNA transcripts

R RNA transcripts
cap EV

total EV

=
−

−
−

−

Different incubation orders were also explored. The separated
AbMBs and captured EVs were then incubated with 10 μL of
the EV membrane dye PHK 67 and observed under a
fluorescence microscope. The cholesterol-modified RNA−
DNA duplex (biChol, 1 μM) as well as ribonucleoside vanadyl
complexes (RVC, RNA stabilizer) was added and incubated

with captured EVs for 0.5 h at room temperature, followed by
magnetic separation; 1 μM of the NA probe and 0.1 U of the
DSN enzyme in a 30 μL reaction with 5 mM Mg2+ were added
into the system and incubated at 60 °C for 2 h. The fluorescent
signal was measured by a fluorescence spectrophotometer. The
linear relationship was explored by incubation with RNA and
EVs of different concentrations. Plasma EVs were isolated and
detected by the AbMB−biChol platform. For plasma
detection, 100 μL of plasma was incubated with 20 μL of
AbMBs and detected by the biChol platform as described
before.

Amplification Refractory Mutation System PCR
(ARMS-PCR). The mutated KRAS was detected by amplifica-
tion refractory mutation system PCR (ARMS-PCR). Total
nucleic acid was extracted by the cell-free nucleic extraction kit
and cDNA was synthesized by the following methods: 4 μL of
5 × RT buffer, 1 μL of the dNTP mix (10 nM), 1 μL of the
RNA inhibitor (40 U/μL), 1 μL of the RT primer (20 nM),
1 μL of reverse transcriptase (100 U/μL), total RNA extracted
from real samples, and DEPC-treated water were mixed to a
final volume of 20 μL. The prime for ARMS-PCR was designed
with two allelic mismatches compared to the wild type, and
one allelic mismatch compared to the mutated type. The
ARMS-PCR was conducted under the following conditions:
5 μL of 2 × AceTaq master mix, 0.2 μL of the forward ARMS
primer (10 μM), 0.2 μL of the reverse primer (10 μM), 0.4 μL
of the Taqman probe (10 μM), 2 μL of the RT product, and
DEPC-treated water were mixed to a final volume of 10 μL.
The qRT-PCR process was conducted under the following
conditions: 95 °C for 5 min, 40 cycles of 95 °C for 10 s, and
55 °C for 30 s. The fluorescence signal was detected at 55 °C.
The sequences of primers are listed in Table S2.

Interaction and Affinity Determination between the
Cholesterol-Modified Duplex and the Membrane. The
quartz crystal microbalance (QCM) method was utilized to
explore the affinity between cholesterol and the bilayer
membrane. First of all, the PANC-1 cell was cultured and
fixed on the COP-1 chip of the Attana Cell 200 with a 4%
formaldehyde solution for 15 min. Then, the cholesterol-
modified duplex (50 nM) at a flow rate of 250 μL/min was
injected and the real-time change of vibration frequency (Δf)
was recorded. Once injection was stopped, the change of the
vibration frequency curve was used to evaluate the
combination force between cholesterol and the membrane.
The larger absolute value of the slope represented the weaker
or nonspecific combination.

Protein Extraction and Western Blot Analysis.
Captured EVs were mixed with loading buffer and heated to
100 °C for 15 min for denaturation, and then western blot
analysis was carried out on 8% SDS-PAGE according to the
protocol and electrotransferred onto nitrocellulose filters. After
blocking in TBS with 0.1% Tween 20 (TBST) and 5% skim
milk for 1 h at the same temperature, the membranes were
incubated with the specific primary antibody in TBST
containing 5% BSA at 4 °C overnight. The HRP-labeled
secondary antibody was added, washed 3 times with TBST,
and incubated for 1 h at room temperature. Then, the
developing agent was added dropwise onto the nitrocellulose
filters, and bands were scanned by Quantity One Imaging
Software from Bio-Rad.

Enzyme-Linked Immunosorbent Assay (ELISA). EGFR,
EpCAM, GPC1, and EphA2 protein expressions were
determined by the ELISA kit according to the protocol.
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Briefly, 0.1 mL of the diluted antibody (1 g/mL) was added
into the reaction hole and placed at 4 °C overnight. The
diluted sample (0.05 mL) to be tested and 0.05 mL of the fresh
diluted enzyme standard antibody were added into the hole
and incubated at 37 °C for 1 h successively. Then, 0.1 mL of
the 3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution
was prepared, added in each reaction hole, and incubated at 37
°C for 10−30 min. Sulfuric acid (2 M, 0.05 mL) was added to
stop the reaction, and the OD value was measured using a
microplate reader at 450 nm.
Statistical Analysis. Data were presented as mean ±

standard deviation (SD). The statistical significance between
different groups was calculated via t-test analysis using
GraphPad Prism 8.2.

■ RESULTS AND DISCUSSION
Proof-of-Principle Validation of EV Capture by the

AbMB Platform. The magnetic isolation of the prepared
immunobeads accompanied by target EVs was the primary step
of the whole process and was characterized by various
methods. First, transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) were employed to
characterize the AbMB interface when harvesting PANC-1
EVs in phosphate-buffered saline (PBS), which was collected
by ultracentrifugation and is characterized in Figure S1. As
shown in Figure 1a, representative transmission electron
microscopy (TEM) and scanning electron microscopy
(SEM) images revealed the harvested EVs on EGFR-AbMB,
and the inset images indicated that the captured EVs exhibit
spherical or cup-shaped morphologies. No EVs were observed
on IgG-conjugated protein A/G beads by either TEM or SEM,

reflecting that the nonspecific adsorption of the MBs was
ignorable (Figure S2). The tetraspanins CD63, CD9, and
CD81 were expressed in both the cell lysate and the MB-
bound precipitate, while the expression of the EV-irrelevant
protein calnexin was negligible in the precipitate, indicating
that the EVs were precisely captured (Figure 1b). In addition,
PANC-1-derived EVs were first labeled with the fluorescent
dye PKH 67 so that they could be directly tracked by the
fluorescence microscope. The micrographs in Figure 1c
exhibited conspicuous EV signals around AbMBs, evidencing
that the EVs were successfully captured.
For the accurate evaluation of the performance of AbMBs,

RNA with random sequence (R-RNA) was used as a tag for
PANC-1 EVs, which was designed to be sorted into EVs with a
specific 3′-GGAG motif34 and transfected into cells in advance.
After separation via AbMBs, R-RNA was extracted and
determined by RT-qPCR. The presence of the R-RNA tag
allowed reliable quantification of PANC-1-derived EVs. The
recovery rate of AbMBs under a given condition was defined
by comparing the R-RNA copies in total EVs (total-EV) and
captured EVs (cap-EV). The average capture rate of the AbMB
platform was approximately 80% (Figure 1d). Then, we
confirmed the accuracy of the capture rate (R2 = 0.9832) using
various EV concentrations containing 90−110 000 copies of R-
RNA transcripts per 100 μL volume (Figure 1e). In addition,
the optimized conditions were further explored as described in
Figures S3 and S4. The antibody combination was first verified
by Coomassie blue staining and the uncombined antibody in
the supernatant was determined by UV absorbance for the
confirmation of the best ratio (20 μL of MBs: 4 μg of the
antibody) and incubation time (1 h). Then, the optimum
incubation condition of EVs was determined directly profited
from the R-RNA tag in EVs. The best incubation time was 1 h.
The incubation temperature (4 °C or room temperature) and
order of incubation (antibodies incubated with EVs and then
beads or antibodies incubated with beads and then EVs) did
not significantly affect the EV capture efficiency, as verified by
the approximative recovery rate of the EVs.

Verification and Quantification of the Amplification
System. In addition to efficient capture, ultrasensitivity is a
prerequisite for samples with limited volumes and low EV
abundance. In the cholesterol-mediated anchor strategy, the
EV signal was successfully transmitted to the nucleic acid
signal, laying the foundation for a DSN-assisted signal
amplification cycle (Figure 2a). The DNA probe modified
with FAM (fluorescence group) and BHQ-1(quenching
group) on the separated end of the sequence was
complementary to the RNA of the cholesterol-labeled RNA−
DNA duplex. Owing to the specific cleavage ability of DSN,
the DNA of the RNA−DNA duplex was selectively digested by
DSN, subsequently leading to the fluorescence signal being
turned on (Figure S5). The RNA signal amplification process
and fluorescence (FL) intensity of target RNA at different
concentrations are illustrated in Figure 2b. After calibrating the
FL intensity to that of the control, the FL changes exhibited a
linear dependence on the logarithm (lg) of duplex concen-
trations (ranging from 10 pM to 10 nM), and the correlation
equation (F/F0 − 1) = 100.2x − 85.45 lg C (RNA) (R2 =
0.990) was obtained, where F0 and F represented the FAM
fluorescence signal in the absence and presence of target RNA,
respectively (Figure 2c). Similarly, after the cholesterol-
modified RNA−DNA duplex was inserted into the EV
membrane, a linear relationship was observed between the

Figure 1. Characterization and validation of EV capture efficiency via
AbMBs. (a) TEM and SEM images of AbMBs with captured EVs. (b)
Western blot analysis of the EV protein biomarker expression in the
corresponding cell lysate, MBs, and supernatant. (c) Schematic
illustration of AbMB-captured EVs incubated with the EV membrane
dye PHK 67 and fluorescence of the captured EVs. The white dotted
circles represented MBs. (d) The capture rate of EVs with different
concentrations via AbMBs. (e) The capture rate determined by the
random RNA (R-RNA) recovery rate before and after AbMB
separation.
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change in FL intensity and the EV concentrations (Figure 2d),
with the equation (F/F0 − 1) = 57.32x − 91.76 lg C (EV) (R2

= 0.978, Figure 2e). Moreover, the limit of detection (LOD)
indicated in Figure 2e was approximately 10 particles/μL

Figure 2. Amplified quantification of RNA in the RNA−DNA duplex and EVs. (a) Schematic illustration of DSN-based amplified detection cycles.
Fluorescence emission spectra (excitation at 488 nm and emission at 520 nm) upon addition of the (b) RNA−DNA duplex and the (d) EVs at
different concentrations. Inset: fluorescence responses to the duplex or EVs at low concentrations. The scatter plot of (F/F0 − 1) as a function of
the concentrations of (c) the RNA−DNA duplex and (e) EVs, where F0 and F were the FAM fluorescence signals in the absence and presence of
RNA−DNA or EVs, respectively.

Figure 3. Membrane affinity comparison between covalent and bivalent cholesterol-modified duplexes. (a) Schematic illustration of the anchor
pattern of single and double cholesterol-modified duplexes into the phospholipid bilayer. (b) PAGE gel electrophoresis analysis of the uncombined
duplex in the supernatant after incubation with EVs of different concentrations (104, 105, 106, and 107 particles/μL). ++: bivalent duplex modified
with double cholesterol and +: covalent duplex modified with single cholesterol. (c) Fluorescence emission spectra of the covalent and bivalent
cholesterol-modified duplex detection platform with the same concentration of EVs. Inset: fluorescence images of corresponding systems.
Fluorescence responses to EVs with different concentrations diluted in the (d) PBS buffer and (e) EV-free plasma, where F0 and F were the FAM
fluorescence signals in the absence and the presence of EVs, respectively.
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(Blank + 3SD), which was superior to that of most previously
reported methods (Table S3). The described amplification
platform possesses favorable EV detection accuracy and
sensitivity and can be applied to limited sample volumes for
the detection of EVs.
Optimization of the Cholesterol-Based RNA Anchor-

ing Strategy. The cholesterol-based anchor of DNA or RNA
has been widely reported in biomedical applications, and the
cholesterol anchoring efficiency was essential to the sensitivity
of the described method and had great relevance to the
amount of the RNA−DNA duplex anchored. However, the
covalent anchoring of cholesterol was relatively weak,25

resulting in insufficient cholesterol binding and signal transfer
efficiency. To further improve the strength of cholesterol-based
coupling to the lipid membrane, a bivalent coupling of the
RNA−DNA duplex was developed by hybridizing equivalent
5′-end cholesterol-modified RNA and 3′-end cholesterol-
modified DNA. A duplex with single-strand cholesterol
modification (covalent cholesterol) was investigated for
comparison, as illustrated in Figure 3a. After incubation with
different amounts of EVs and AbMB-captured EVs for the
same amount of time, the covalent cholesterol-modified duplex
was observed at a higher concentration in the supernatant than
the bivalent cholesterol duplex, indicating that less duplex was
inserted into the EV membrane (Figure 3b). Similar results
were observed in the fluorescence signal in the DSN-assisted
amplification system, as exhibited in Figure 3c. The responsive
fluorescence signal emerged when target EVs and DSN existed
(Figure S6). The interaction between the cholesterol-modified
duplex and the EV membrane was further explored with an
Attana Cell 200 system, which is a quartz crystal microbalance
(QCM) system for the study of the interaction between
membranes and the bivalent cholesterol-modified duplex. The
cell membranes were first fixed on chips, and then the covalent
or bivalent cholesterol-modified duplex was injected. During
the dissociation period, the change in frequency (−Δf)

decreased more obviously in the covalent cholesterol system,
indicating that a stronger binding force was achieved in the
bivalent cholesterol system (Figure S7). To verify the behavior
of the bivalent cholesterol-modified duplex in different media,
EV detection was conducted in PBS buffer and EV-free human
plasma. In all of the tested EV solutions, the fluorescence
signals increased corresponding to EV concentrations, as
exhibited in Figure 3d,e. Typically, the signal intensity in the
bivalent cholesterol system was higher than that in the covalent
cholesterol system at the same EV concentration, confirming
the favorable sensitivity and potency of the bivalent cholesterol
modification strategy.

Specific and Selective Detection of EVs via the
AbMB−biChol Platform. To determine the detection
specificity of the AbMB−biChol platform, the EV discrim-
ination capacity from the protein was investigated. First of all,
the free total protein was extracted from PANC-1 cells using
the protein extraction kit, and EVs were collected by
ultracentrifugation. As shown in Figure 4a, when the free
protein without any lipid component incubated with the
AbMB−biChol platform, no fluorescence signal was observed,
indicating the incapable binding between the protein and the
cholesterol-modified duplex, despite the fact that target protein
(EGFR) expressions were detected in both the cell lysate and
EVs by western blot. Then, we divided EVs into two parts, and
one was introduced with the free total protein (EV−protein
mixture). To demonstrate the EV specificity and compared it
with the proposed AbMB−biChol platform, ultracentrifugation
(UC) together with the ELISA kit was utilized to describe the
EGFR expression of individual EVs and EV−protein mixtures.
An obvious protein increase was observed in the UC + ELISA
group, indicating that some free protein was settled by
ultracentrifugation. However, no big difference was observed in
the AbMB−biChol platform. The free protein was unable to
interfere with EVs in the AbMB−biChol detection process.
The UC + ELISA assay for EV quantification was affected by

Figure 4. Specificity of EV detection via the AbMB−biChol platform. (a) Fluorescence emission spectrum obtained for the AbMB−biChol
platform in the detection of the total protein and EVs from PANC-1 cells. Inset: (i) fluorescence image corresponding to the fluorescence emission
spectrum and (ii) EGFR expression level in the total protein and EVs. (b) EV quantification determined by the UC-ELISA assay and AbMB−
biChol in the EVs and EV−protein mixtures. (c) Expression of membrane proteins EGFR, EpCAM, GPC1, and EphA2 in different cell lines
determined by western blot analysis. (d) Expression of the EVs in different cell lines as determined by the AbMB−biChol platform modified with
corresponding antibodies.
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the protein to a great extent, while the AbMB−biChol platform
was able to recognize the EVs and exclude any protein
disturbances, with no significant signal difference before and
after protein addition. The AbMB−biChol platform ensured
the EV-specific identification in complex samples (Figure 4b).
Furthermore, benefitting from the affinity of the antibodies,

the AbMB−biChol platform was used to identify different cell-
derived EVs with unique protein expression levels. Four
membrane proteins (EGFR, EpCAM, GPC1, and EphA2)
were selected as biomarkers for PCa cell lines, and the
corresponding expression levels in different cells were
determined by western blot analysis. As shown in Figure 4c,
the PCa cell lines PANC-1 and BxPC-3 exhibited higher
protein expression levels for the four proteins investigated than
other cells, supporting that the selected biomarkers were
available for PCa. Consistent with the cell expression profile,
the EVs derived from different cell lines exhibited similar
characteristics, as determined by the AbMB−biChol platform
(Figure 4d), revealing the practicability of the proposed EV
identification platform for PCa discrimination.
Clinical Application of the AbMB−biChol Platform.

Considering the liquid biopsy features of EVs, we further
explored the clinical utility of the AbMB−biChol platform in
EV-based pancreatic cancer detection. First of all, 21 PCa
patients and 29 healthy donors were recruited as a panel for
the detection of EV via four separate AbMB−biChol (modified
with EGFR, EpCAM, GPC1, and EphA2 antibodies). Differ-
ences existed in all four groups, as displayed in Figure 5a.
Furthermore, the PCa diagnostic efficacy was greatly enhanced
in the unweighted combination platform employing 4 equiv of
AbMB−biChols, as shown in the heatmap and scatter plot in

Figure 5b,c. The combination platform (AUC: 0.909)
outperformed the separated platform conjugated with a single
antibody (Figure 5d) and the widely used serum biomarker
CA19-9 (AUC: 0.714) for PCa diagnosis (Figure 5e), as
displayed in their ROC curves. Notably, the discrimination
effectiveness arose from the difference in the abundance of EVs
rather than four PCa-related proteins. No significant differ-
ences were observed in the plasma protein expression levels of
EGFR, EpCAM, GPC1, and EphA2 between PCa patients and
healthy donors, which was determined by ELISA (Figure S8),
and no diagnostic improvement was achieved in the
unweighted combination of four protein markers (AUC:
0.737) compared with CA19-9 (Figure 5e), revealing that
EVs have diagnostic advantages over proteins in plasma
samples.
Since KRAS mutation is widely reported in pancreatic

cancer,2 it was selected as a benchmark for PCa-derived EVs in
this study. The expression levels of the most common KRAS
DNA mutations (G12D, G12V, and G12R) in the EVs
captured by the AbMB platform were significantly higher in
PCa patients than in healthy donors. Mutation rates in the
captured EVs were 79% (G12D), 62% (G12V), and 17.2%
(G12R) for PCa patients and 0% (G12D, G12V, and G12R)
for healthy donors (Figure S9). These results indicated a
strong correlation between captured EVs and PCa, confirming
the clinical application potential of the proposed EV detection
system for PCa auxiliary diagnosis.

■ CONCLUSIONS

In summary, we presented an EV differentiation platform with
high specificity and sensitivity. We introduced bivalent

Figure 5. Differentiation of PCa patients and healthy donors based on plasma EVs detected by the AbMB−biChol platform. (a) Scatter plots of the
fluorescence signals obtained for PCa patients (n = 21) and healthy donors (n = 29) via the AbMB−biChol platform modified with EGFR,
EpCAM, GPC1, and EphA2. (b) Heatmap of the fluorescence signals obtained for PCa patients and healthy donors. (c) Scatter plot of the
fluorescence signals after combination. (d) Receiver operating characteristic (ROC) curves of the separated antibody-modified platform. (e)
Comparison of the ROC curves of the EV combination, CA19-9, and protein combination. Com referred to the unweighted combination.
Statistical significance was calculated via t-test analysis. *P < 0.05 and **P < 0.01.
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cholesterol-modified RNA−DNA duplexes and a signal
amplification strategy assisted by the selective cleavage enzyme
DSN to convert an EV signal into an amplified RNA signal.
The bivalent cholesterol strategy improved the anchoring
efficiency of the duplex, allowing it to irreversibly bind to the
EV membrane. Consequently, the antibody-modified magnetic
beads along with the bivalent cholesterol-based amplification
detection system enabled profound EV capture and detection
efficiency, achieving a LOD of 10 particles/μL, which is
competitive with current EV analysis methods. Moreover, the
AbMB−biChol system allowed differentiation of EVs origi-
nated from various cancer cells, realizing cell-traceable EV
identification. After inosculated with antibodies against PCa-
related biomarkers, the proposed biosensor exhibited great
promise for PCa-related EV identification and PCa diagnosis,
demonstrating superior characteristics to CA19-9 and four
PCa-related protein combination analysis, embracing great
potential in clinical applications.
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