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ABSTRACT: Extracellular vesicles (EVs) are emerging as key
diagnostic biomarkers due to their widespread presence in body
fluids and the proteins on their surfaces, which reflect the identity
and condition of their parent cells. Research has focused on
detecting EVs with biosensors that target individual trans-
membrane proteins (TMPs) like tetraspanins. However, due to
TMP heterogeneity and the formation of tetraspanin-enriched
microdomains (TEMs), cotargeting multiple TMPs is a promising
strategy for enhancing EV detection. In this work, we introduce a
dual-antibody surface functionalization approach using surface
plasmon resonance (SPR) biosensors to cotarget tetraspanins on
EVs derived from mouse macrophages. The expression of EV
tetraspanin markers followed the trend of CD9 > CD63 > CD81,
which was consistent with the EV detection targeting their nontetraspanin partners, exhibiting LFA-1 > ICAM-1 > VCAM-1, and
suggesting a differential role of tetraspanins with their associated TMPs. Cotargeting EV tetraspanins via CD81/CD63, CD81/CD9,
and CD63/CD9 dual monoclonal antibody surfaces resulted in higher EV detection compared to predictions based on binding with
two monoclonal antibodies against tetraspanins without cotargeting. Furthermore, the optimization of dual monoclonal antibody
surface ratios to improve cotargeting effect yielded a statistically significant enhancement in the sensitivity of EV detection. These
findings underscore the importance of TEMs in designing EV-based biosensing platforms to achieve optimized sensitivity in EV
detection.

■ INTRODUCTION
Extracellular vesicles (EVs) are membrane-enclosed particles
secreted by all cells.1−10 EVs are key in intercellular
communication processes,11 waste management, coagulation,
and cell homeostasis.12 When Raposo et al. established that
EVs were biologically functional,13 a new field unleashed
focused on the fundamental understanding, characterization,
and application of EVs as noninvasive disease diagnostic and
therapeutic markers.10,14 Exosomes comprise the most
abundant EV subset ranging in size between 30 and 150
nm.15−18 Exosomal markers are inherited from the multi-
vesicular bodies (MVBs) in the endosomal region of their
parent cells,19 making them valuable biomarker carriers.
Specifically, exosomes derived from morbid cells often up- or
down-regulate specific transmembrane protein (TMP) bio-
markers, contributing to disease progression and resistance to
therapy.20,21 These characteristics make EVs a promising target
for diagnostic applications using biosensing technologies.
Tetraspanins comprise large subsets of TMPs, and they are

often considered as “molecular facilitators” being involved in
cellular proliferation, mobility, and activation.22,23 CD81,
CD63, and CD9 are tetraspanins commonly recognized as
universal markers on the surface of EVs.24,25 In macrophages,
CD81 and CD9 prevent the fusion of cells and hinder

osteoclastogenesis whereas CD63 is highly expressed on the
neotissue generated by intrafibrillarly mineralized colla-
gen.26−28 Tetraspanins form lateral associations with each
other and with multiple partner proteins, creating structures
known as tetraspanin-enriched microdomains (TEMs).29−32

These domains typically span an area of 200−400 nm2 on the
plasma membrane.30 While the majority of interaction
mechanisms within TEMs remain poorly understood, studies
have highlighted their involvement in cell-to-cell interactions
and in cell-fusion events.31,32 Primary associations within
TEMs are between tetraspanins and nontetraspanin molecules
and proteins where associations depend on the cell type.31 To
illustrate, reports have demonstrated a direct association
between EV tetraspanins and macrophage TMP partners.
Reyes et al. used confocal microscopy co-localization and co-
immunoprecipitation to report the association of CD9 with the
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β2 integrin LFA-1 in T and B monocytic cells.33 Some findings
have shown that upregulation of CD81 in the endothelium of
early atherosclerosis lesions increased the clustering of
endothelial adhesion molecules ICAM-1 and VCAM-1.34,35

Furthermore, multiple tetraspanins like CD81 and CD9 have
been associated with monocyte-like TMPs such as ICAM-1.34

Tetraspanin−tetraspanin associations are referred to as
secondary interactions.31 These interactions are not stoichio-
metric, and it is unclear if all tetraspanins associate with each
other in a given cell line.36 Lastly, tertiary interactions describe
the indirect associations of tetraspanins with additional
proteins, facilitating membrane lateral organization and
intracellular signaling.31 The formation of TEMs and the
heterogeneity of TMPs offer exciting opportunities to enhance
EV detection with biosensors through the cotargeting of
multiple TMPs.
State-of-the-art biosensing technologies for EV detection

target individual tetraspanins with minimal consideration for
TEMs.2,37,38 Among these, labeled-based techniques, such as
Western Blot, enzyme-linked immunosorbent assay (ELISA),
and flow cytometry,39−41 pose challenges in terms of detection
limits, cost, and immunoassay execution time. Surface plasmon
resonance (SPR) biosensors for EV detection have stood out
in the past decade due to label-free, real-time, and cost-
effective monitoring,42−56 and they have been applied in the
screening, diagnosis and prognosis of Alzheimer’s disease and
several cancer subtypes including breast, liver, and ovarian.57,58

Many studies have established the successful capture of EVs via
CD9, CD63, and CD81.44,50,51 A common feature of these
studies is the use of a single antibody type for targeting
tetraspanins. Interestingly, only one work by Wang et al. has
implemented a CD9/CD81 dual-antibody approach for EV
capture using SPR biosensors to profile CD20+ EVs from
transfected Expi293 cells.43 Their work reported binding
affinities in ranges of 0.3−7.4 nM and 0.2−12.3 nM of CD20+
EVs with Rituximab and Obinutuzumab, respectively. How-
ever, to the best of our knowledge, no work has thoroughly
elucidated EV capture enhancement using dual-Ab over single-
Ab functionalization strategies using SPR biosensors.
Here, we present a dual-Ab surface functionalization strategy

to enhance EV detection with SPR biosensors. Specifically, we
co-target tetraspanins CD9, CD63, and CD81 on EVs derived
from RAW 264.7 cells. We first determined the expression
levels of these tetraspanins on EVs using sandwich assays with
SPR biosensors and a comparative double sandwich ELISA.
We then investigated EV detection by targeting nontetraspanin
TMPs LFA-1, ICAM-1, and VCAM-1, which are associated
with TEMs, specifically CD9 and CD81, and correlated these
results with the expression levels of their tetraspanin partners.
Finally, we performed EV co-capture using a dual-Ab
functionalization approach with monoclonal Ab (mAb) against
CD81, CD63, and CD9 at varying ratios of 3:1, 1:1, and 1:3.
We assessed the statistical significance of EV detection
enhancement for each dual-mAb combination and compared
it to the single-Ab methodology. This work advances our
understanding of EV detection with SPR biosensors consid-
ering TEMs, which is key to the development of sensing
technologies that can optimally use EV samples for diagnostic
applications.

■ EXPERIMENTAL SECTION
Single- and Dual-mAb Functionalization for EV

Detection Using SPR Biosensor. Cell culture, EV isolation,

and size/concentration characterization using nanoparticle
tracking analysis (NTA) were performed according to the
protocol described previously.59 A home-built SPR biosensor
was used and all SPR chips were coated with mixed self-
assembled monolayers (SAMs) with OEG4OH and
OEG6COOH at a molar ratio of 9:1 in solution.59 For the
EV detections with the single-mAb functionalization, immobi-
lized CD9, CD63, and CD81 mAbs with ∼40% surface
coverage were used to capture RAW 264.7 derived EVs at a
concentration of 2.0 × 1010 EVs/mL. The detection steps were
performed for 9 min at 30 μL/min, followed by a washing step
with PBS (1×) for 40 min at 20 μL/min. The EV detection
with the dual-mAb functionalization was conducted analo-
gously at a fixed EV concentration of 2.0 × 1010 EVs/mL onto
the surfaces functionalized with CD81/CD63, CD81/CD9,
and CD63/CD9 mAbs at ratios of 1:3, 1:1, and 3:1,
respectively, with a total of ∼40% surface coverage. UP BSA
was used as a reference surface at the same surface coverage as
mAbs.

SPR Sandwich Assays. Sandwich assays were performed
by flowing three mAbs in sequence over the SPR sensing
surfaces captured EVs by CD9, CD63, and CD81 mAbs,
respectively. For example, for EVs captured with CD9 mAbs,
after 60 min of washing captured EVs with PBS (1×), CD9,
CD63, and CD81 mAbs were flown in sequence at a
concentration of 20 μg/mL for 7 min followed by 10 min of
PBS (1×) wash in between sequential exposure at a flow rate
of 20 μL/min. For EVs captured with CD63 and CD81,
respectively, a similar sandwich assay was applied.

Immunocapture-Based Double-Sandwich ELISA for
EV Detection. For the ELISA experiments, mAbs used in SPR
experiments were used to capture EVs, which are referred to as
“capture mAbs”. The mAbs used in the sandwich assay to
profile tetraspanins are referred to as “detection mAbs”, and
they are distinctly denoted with an apostrophe (e.g., CD9′
mAbs). The detection mAbs are produced in rabbit hosts to
ensure compatibility with the secondary HRP Abs. One series
of experiments used CD9, CD63, and CD81 mAbs for EV
capture, followed by sandwich with rabbit host CD9′ mAbs.
Another series of experiments used CD9 mAbs for EV capture,
followed by sandwich with CD9′, CD63′, and CD81′ mAbs for
tetraspanin detection on EVs. Experimental details are
provided in the Supporting Information.

■ RESULTS AND DISCUSSION
Single-mAb Surface Functionalization and Sandwich

Assays for Profiling Tetraspanin Biomarkers on RAW
264.7 EVs. Single CD81, CD63, and CD9-mAb functionalized
SPR sensor surfaces were used for RAW 264.7 EV detection
(Figure 1A). The isolated EVs showed an average diameter
within 50−150 nm (Figure S1), indicating exosomes were
dominant in these samples.15−18 Figure 1B,C show the SPR
detection sensorgrams and the corresponding wavelength shifts
for the EV detection using CD81, CD63, and CD9 mAbs and
the UP BSA reference surfaces. For each measurement, six
replicates were performed on different SPR chips shown in
Figure S2. The EV detection levels followed the trend CD9 >
CD63 > CD81 with measured wavelength shifts of 7.59 ±
0.99, 3.44 ± 0.55, and 2.43 ± 0.34 nm, respectively. Factors
contributing to this trend may include the presence of glycans
surrounding tetraspanins,32,36 variations in glycosylation on the
extracellular loop of tetraspanins that affect Ab binding,60 and

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.4c04086
Anal. Chem. 2024, 96, 16406−16414

16407

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c04086/suppl_file/ac4c04086_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c04086/suppl_file/ac4c04086_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c04086/suppl_file/ac4c04086_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c04086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


different expression levels of CD9, CD63, and CD81
tetraspanins on EVs derived from RAW 264.7 cells.
To decouple these effects, we performed sandwich assays to

profile tetraspanins on captured EVs. Figure 2A depicts a
schematic of the sandwich assay for EVs captured with CD81
mAbs and profiled with CD9, CD63, and CD81 mAbs. The
corresponding full and individual SPR sensorgrams are
presented in Figure S3. A summary of the binding of mAbs
against CD9, CD63, and CD81 tetraspanins on captured EVs
is shown in Figure 2B. The increased tetraspanin detection
signals observed in the sandwich assay correlate with the
number of EVs captured on the SPR chip, following the order:
CD9-mAbs > CD63-mAbs > CD81-mAbs. Among the three
capture surfaces, CD9 mAbs yield the highest signals in the
sandwich assays, followed by CD63 mAbs and CD81 mAbs.
For EVs captured with CD9 mAbs, the sandwich wavelength
shifts are 0.568 ± 0.016 nm for CD9 mAbs, 0.135 ± 0.020 nm
for CD63 mAbs, and 0.092 ± 0.021 nm for CD81 mAbs.
When EVs are captured via CD63 and CD81 mAbs, the
sandwich wavelength shifts of CD9 mAbs decreased
dramatically to 0.069 ± 0.018 nm and 0.007 ± 0.003 nm,

respectively. This trend was also observed for the sandwich
wavelength shifts of CD81 and CD63 mAbs on EVs captured
by CD9, CD63 and CD81 mAbs. These results suggest that
the expression levels of tetraspanins on EVs are CD9 > CD63
> CD81.

Comparative ELISA Assays for Profiling Tetraspanin
Biomarkers on RAW 264.7 EVs. The complex molecular
environment on the EV surface influences how effectively Abs
bind to tetraspanins. The specific epitope sequences targeted
by mAbs can impact their binding efficiency.61 To investigate
this in detail and to verify the tetraspanin profiling results
obtained by the SPR sandwich assays, we performed the
comparative ELISA assays (Figure 3A,B). We used the same
CD81, CD63, and CD9 mAbs to capture EVs on the ELISA
plates. For detection in the ELISA sandwich assay, we used
mAbs against the same tetraspanins but from different host
species, referred to as CD81′, CD63′, and CD9′ mAbs. This
approach ensures that differences in epitope recognition across
mAbs do not significantly affect the detection results. The
detection mAbs were selected to be compatible with the
secondary HRP antibodies. Figure 3C presents the ELISA
results of EVs at a concentration of 2.1 × 1011 EVs/mL
captured with CD81, CD63, and CD9 mAbs and sandwiched
with CD9′ mAbs. The optical density signal follows the trend:
EVs captured with CD9 mAbs > CD63 mAbs > CD81 mAbs,
consistent with the SPR results. We further used CD9-mAb

Figure 1. (A) Immunoassay for RAW 264.7 EV detection using
CD81, CD63, and CD9-mAb functionalized SPR sensor surfaces. (B)
Real-time SPR sensorgrams and (C) wavelength shift of the detection
of RAW 264.7 EVs at a concentration of 2.0 × 1010 EVs/mL.

Figure 2. (A) Schematic of an SPR biosensor sandwich assay with
CD81, CD63, and CD9 mAbs for the profiling of tetraspanin markers
on the surface of RAW 264.7 EVs captured with CD81 mAbs. (B)
Wavelength shift of sandwich CD9, CD63, and CD81 mAbs for
tetraspanin profiling using the SPR biosensor sandwich assay on RAW
264.7 EVs captured with CD81, CD63, and CD9 mAbs, respectively,
at an EV concentration of 2.0 × 1010 EVs/mL and mAb concentration
of 20 μg/mL.
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surfaces to capture EVs at 2.1 × 1010 EVs/mL and sandwiched
with CD81′, CD63′, and CD9′ mAbs, respectively. Figure 3D
shows that with the CD9-mAb surfaces, the sandwich signals
follow the trend: CD9′ mAbs > CD63′ mAbs ≈ CD81′ mAbs,
aligning with the SPR sandwich assay results. The consistency
of these trends across both ELISA and SPR assays, using
different primary mAbs, indicates that variations in epitope
recognition do not significantly impact the results. Moreover,
CD9 tetraspanin is a proteolipid with two glycosylation sites
on its EC1 loop,62 while CD81 tetraspanin is a nonglycerinated

protein.63 CD63 tetraspanin, however, has three N-glycosyla-
tion sites on its EC2 loop, which may affect Ab binding.64,65

Figure S4 provides a schematic of the extracellular loop
glycosylation for CD81, CD63, and CD9 tetraspanins. The
glycosylation of CD63 tetraspanin may obstruct antibody
binding to its EC2 loop, making it challenging to assess its
expression level accurately. Given that antibody binding occurs
in the EC2 loop, the higher binding observed for CD9
tetraspanin suggests greater CD9 tetraspanin expression
compared to CD81 tetraspanin. Furthermore, the pairwise
homology percentages in the conserved region of the EC2 loop
shows limited similarity among these tetraspanins (Figure
S5).36 For example, CD9 and CD81 tetraspanins share a 20%
conserved-EC2 pairwise homology whereas the differences in
EV detection are more pronounced with both SPR biosensors
and ELISA. CD63 tetraspanin exhibits only 7% and 5%
homology with CD81 and CD9 tetraspanins, respectively. The
low pairwise homology percentages highlight the distinct
nature of these tetraspanins in their extracellular domains.
Overall, the consistency in our tetraspanin profiling results
suggests that the observed trends for CD9, CD63, and CD81
tetraspanins are directly related to their expression levels on
RAW 264.7 EVs.

Detection of Tetraspanin Partner Proteins on RAW
264.7 EVs. Macrophage cells are known to express LFA-1,
ICAM-1, and VCAM-1 TMPs.33−35 Some studies have
supported associations of CD9 with LFA-1 and ICAM-1.33,34

Other reports have correlated CD81 partnership with ICAM-1,
and VCAM-1.34,35 We hypothesized that the expression levels
of these nontetraspanin TMPs on EVs might correlate with
their tetraspanin partners, as illustrated in Figure 4A. To
evaluate this hypothesis, we functionalized the SPR sensor
surfaces with LFA-1, ICAM-1, and VCAM-1 mAbs to detect
EVs and assess any correlation with their corresponding
tetraspanin partners CD9 and CD81. Figure 4B,C display the
SPR sensorgrams and wavelength shifts for EV detection using
these nontetraspanin TMP mAb-functionalized surfaces. EVs
captured with LFA-1 mAbs had the highest wavelength shift of
2.55 ± 0.43 nm compared to 2.23 ± 0.07 nm and 1.90 ± 0.06
nm for EVs captured with ICAM-1 and VCAM-1 mAbs,
respectively. These results suggest a direct correlation between
the levels of tetraspanin expression on EV and their
nontetraspanin TMPs partners. Specifically, CD9 tetraspanin
is more highly expressed on RAW 264.7 EVs than CD81
tetraspanin. This may explain the higher EV capture observed
with LFA-1 mAbs, reflecting its partnership with CD9
tetraspanin. A similar conclusion is drawn for ICAM-1 and
VCAM-1 in their corresponding associations with CD81
tetraspanin. CD9 has been correlated with ICAM-1,66 which
could explain the slightly higher wavelength shift from EV
capture compared to VCAM-1. Although the wavelength shifts
did not show statistically significant differences in average
values and standard deviations, this may be due to variability in
experimental replicates. Further experimental repetitions could
provide more precise statistical significance. These findings
reinforce the trends observed for CD9 and CD81 tetraspanins
on EVs, as seen in both SPR and ELISA results.
Moreover, tetraspanin−nontetraspanin partner associations

are primary interactions in TEMs.67 A single tetraspanin
molecule can form distinct associations with nontetraspanin
TMPs depending on the cell line. In the context of cancer,
many TMPs are upregulated or downregulated on the EV
surface, depending on the disease type and stage. Therefore,

Figure 3. (A) ELISA experiments using CD81, CD63, and CD9
mAbs for RAW 264.7 EV capture, and CD9′ mAbs for detection using
a double-sandwich assay. (B) ELISA experiments using CD9 mAbs
for RAW 264.7 EV capture, and CD81′, CD63, and CD9′ mAbs for
tetraspanin detection using a double-sandwich assay. (C) Optical
density (450 nm) from ELISA assay of RAW 264.7 EVs incubated at a
concentration of 2.0 × 1011 EVs/mL on CD81, CD63, and CD9
mAbs well plates. The captured EVs were profiled with a sandwich
assay using CD9′ mAbs and HRP secondary Abs. (D) Optical density
(450 nm) from ELISA assay of RAW 264.7 EVs incubated at a
concentration of 2.1 × 1010 EVs/mL on CD9 mAbs well plates. The
captured EVs were profiled with a sandwich assay using CD9′, CD63′,
and CD81′ mAbs and HRP secondary Abs.
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understanding the associations of nontetraspanin TMPs with
their tetraspanins partners is imperative as it can offer an
alternative means to indirectly profile elusive clinically relevant
markers targeting their partner tetraspanins. The results of EV
detection targeting nontetraspanin TMPs suggest that a
broader TMP biomarker expression panel could be predicted
and experimentally confirmed by correlating their detection
using SPR biosensors with the expression of their tetraspanin
partners.
Dual-mAb Surface Functionalization for Co-targeted

EV Detection. To date, most SPR biosensing assays
developed for EV detection have targeted individual
tetraspanins and TMPs. Limited attention has been given to
the formation of TEMs and their impact on EV detection.
Studies reveal that besides the primary interactions between
tetraspanin−nontetraspanin TMPs in TEMs, secondary
interactions in TEMs are weaker and occur between different
tetraspanins, leading to the formation of larger clusters of

approximately 100 nm in size by linking primary complexes.68

Therefore, targeting multiple tetraspanins within the TEMs
can lead to enhanced EV capture. We investigated EV
detection using SPR biosensors with a novel dual-mAb
functionalization strategy targeting the universal CD81,
CD63, and CD9 tetraspanins, accounting for the formation
of TEMs. We used CD81/CD63, CD81/CD9, and CD63/
CD9 mAb combinations at feed ratios of 1:3, 1:1, 3:1 to
functionalize the SPR biosensor surfaces and co-target
tetraspanins on the EV surface (Figure 5A). Figure 5B−D
show the SPR sensorgrams for the EV detection on dual-mAb
surfaces and the single-mAb surfaces. The SRP sensorgrams
with CD81/CD63 dual-mAbs (dotted lines) in Figure 5B show
almost identical association curves as those with CD81 and
CD63 single-mAbs (solid lines), but less EV dissociation from
the dual-mAb surfaces, implying a stronger EV capture by the
CD81/CD63 dual-mAb surfaces compared to the CD63 and
CD81 single-mAb surfaces. Similar trends are observed for
other dual-mAb and individual mAb functionalized surfaces in
Figure 5C,D. These results indicate that the dual-mAb surfaces
tend to reduce the dissociation of EVs captured on the
surfaces, which can bind EVs stronger on the sensing surfaces
hence, enhancing detection sensitivity.
The wavelength shift statistics for EV capture on the dual-

mAb and the corresponding single-mAb surfaces are shown in
Figures 5E−G. The black dotted lines in these figures
represent the predicted linear relationships for EV capture
based on individual mAbs without considering the effects of
co-targeting, which means CD63 and CD81 mAbs binding two
different EVs via CD63 and CD81 tetraspanins, respectively,
rather than binding the same EV via CD63 and CD81 on
TEMs. The wavelength shifts for EVs bound to dual-mAb
surfaces were higher than these predicted values. In Figure 5E,
CD81/CD63 dual-mAbs at ratios of 1:3 and 3:1 exhibited
wavelength shifts of 3.78 ± 0.37 nm and 3.33 ± 0.25 nm,
respectively, surpassing the predicted values of 3.19 ± 0.42 nm
and 2.68 ± 0.29 nm. The 1:1 CD81/CD63 dual-mAb case
showed a wavelength shift of 3.04 ± 0.08 nm, which was close
to the predicted value of 2.94 ± 0.32 nm. For the CD81/CD9
dual-mAb surfaces (Figure 5F), the wavelength shifts at ratios
of 1:3 and 3:1 were 6.82 ± 0.08 nm and 4.80 ± 0.23 nm,
respectively, compared to the predicted values of 6.30 ± 0.74
nm and 3.72 ± 0.35 nm. The 1:1 CD9/CD81 dual-mAb
surface had a wavelength shift of 5.08 ± 0.14 nm, which was
close to the predicted value of 5.01 ± 0.52 nm. Figure 5G
shows consistently higher wavelength shifts for EVs captured
with CD63/CD9 dual-mAb surfaces, with values of 7.17 ±
0.39 nm, 6.06 ± 0.27 nm, and 5.08 ± 0.30 nm for ratios of 1:3,
1:1, and 3:1, respectively, compared to the predicted values of
6.55 ± 0.75 nm, 5.51 ± 0.56 nm, and 4.48 ± 0.48 nm.
Statistical analysis indicates a significant increase in EV capture
for the CD81/CD63 and CD81/CD9 dual-mAb surfaces at the
3:1 ratio, suggesting that the cotargeting effect enhances EV
capture efficiency.
To verify the cotargeting effect from dual-mAb surfaces, we

profiled the tetraspanins on EVs captured with 1:3, 1:1, and
3:1 CD81/CD63 dual-mAb surfaces using a sandwich assay as
depicted in Figure S6A. The responses from the sandwich
CD9, CD63 and CD81 mAbs on EVs captured by the 1:1
CD81/CD63 dual-mAb surface are lower than those on the
EVs captured by the 1:3 and 3:1 CD81/CD63 dual-mAb
surfaces (Figure S6B). These observations correlate with the
amount of EVs captured on the dual-mAb surfaces. Notably,

Figure 4. (A) Schematic of the EV surface expressing nontetraspanin
TMPs LFA-1, ICAM-1, and VCAM-1 and their association with the
partner tetraspanins CD9 and CD81, respectively. (B) Real-time SPR
sensorgrams and (C) wavelength shift of RAW 264.7 EV capture at a
concentration of 2.0 × 1010 EVs/mL with LFA-1, ICAM-1, and
VCAM-1 mAbs. The Abs were covalently linked on a 9:1 OEG4OH/
OEG6COOH mixed SAM at a ∼40% Ab surface coverage.
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CD9 mAb sandwich responses are dramatically higher
compared to CD63 and CD81 mAb responses, which may
be due to the high expression level of CD9 tetraspanin on EVs
or the possibility that CD9 tetraspanin does not form TEMs
with CD63 and CD81 tetraspanins. Interestingly, for each
dual-mAb ratio, the CD63 mAb sandwich wavelength shifts
were lower than the CD81 mAb, contradicting our previous
observations with EVs captured via single-mAb functionalized
surfaces. This suggests that in dual-mAb surfaces, the enhanced
EV capture is a consequence of cotargeting CD63 and CD81
tetraspanins, with a higher binding efficiency to CD63
tetraspanin than CD81 tetraspanin. Consequently, more
CD63 tetraspanins are occupied during EV capture, reducing
their availability for binding during the sandwich assay. To
investigate whether more CD81 tetraspanins remain unoccu-

pied on captured EVs, we performed a sandwich assay using a
CD81 mAb concentration of 80 μg/mL, which is four times
higher than the previous concentration of 20 μg/mL. This
assay was performed with EVs captured using the same CD81/
CD63 dual-mAb surfaces ratios (Figure S7). Unlike the
sensorgrams from a lower sandwich CD81 mAb concentration
of 20 μg/mL (Figure S6E), which exhibited plateaus, the SPR
wavelength shifts for the higher sandwich CD81 mAb
concentration of 80 μg/mL increased over time without
reaching a plateau, resulting in a larger wavelength shift (∼0.8
nm vs ∼0.1 nm). This indicates that more CD81 tetraspanins
are unoccupied during EV capture. Similar trends are
anticipated if mAb concentrations are increased in sandwich
assays targeting CD9 and CD63 tetraspanins, which could be
advantageous for signal amplification in EV marker profiling.

Figure 5. (A) Schematic representation of RAW 264.7 EV detection using a dual-mAb approach. (B−D) Real-time SPR sensorgrams of RAW
264.7 EV capture at a concentration of 2.0 × 1010 EVs/mL with CD81/CD63, CD81/CD9, CD63/CD9 dual-mAbs at ratios of 1:3, 1:1, and 3:1,
respectively (dotted curve), with individual CD81, CD63, and CD9 mAbs (solid curve). (E−G) Wavelength shift of RAW 264.7 EV capture as a
function of the ratio of dual-mAbs plotted with the corresponding results in (B−D). The black dotted lines are the linear relationships between two
single-mAbs.
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The cotargeting effect could enhance detection sensitivity.
We evaluated this by using dual-mAb surfaces to push the limit
of detection (LOD) for EVs captured with CD9 mAbs, given
that CD9 mAbs show the highest EV capture efficiency among
three single-mAb surfaces tested. The LOD and linear range of
the SPR biosensor as well as the EV binding kinetics using
CD9-mAb functionalized surfaces are detailed in Figures S8−
10 and described in the Supporting Information. The
estimated LOD was 2.6 × 105 EVs/mL using the SPR
biosensor, and it was 1.5 × 107 EVs/mL with ELISA (Figure
S11). To challenge this LOD, we used CD9/CD81 dual-mAb
surfaces at 4:1 and 9:1 ratios to detect EVs at a concentration
of 2.0 × 105 EVs/mL. As illustrated in Figure 6, there were no

detectable wavelength shift differences between EVs captured
with the CD9 single-mAb surface and the 9:1 CD9/CD81
dual-mAb surface. However, the 4:1 CD9/CD81 dual-mAb
surface exhibited a statistically significant enhancement in EV
detection (p value < 0.05), improving the LOD. These findings
suggest that dual-mAb surface functionalization can effectively
improve the LOD for EV detection and capture efficiency.
Additionally, sandwich assays can be used to further profile and
detect biomarkers on captured EVs. Combining these
strategies offers a powerful approach for detecting and profiling
clinically relevant EVs using SPR biosensors in medical
diagnostics.

■ CONCLUSIONS
In this study, we developed a series of SPR biosensor
immunoassays based on dual-mAb functionalization to co-
target tetraspanins on the surface of EVs derived from a
leukemic mouse cell line. We identified the expression levels of
tetraspanin markers on RAW 264.7 derived EVs revealing a

trend of CD9 > CD63 > CD81 from the SPR-based sandwich
immunoassay and ELISA measurements. When targeting
nontetraspanin TMPs, we observed a trend of LFA-1 >
ICAM-1 > VCAM-1, consistent with the expression levels of
their primary tetraspanin partners, CD9 and CD81, respec-
tively. The dual-mAb functionalization strategy demonstrated
enhanced EV capture, due to cotargeting tetraspanins. This
approach offers a promising method for significantly improving
EV capture and indirectly profiling clinically relevant non-
tetraspanin TMPs by targeting their associated tetraspanin
partners. The surface chemistry proposed in this work is
suitable for EV samples isolated and stored in buffer. Further
exploration into highly specific and low fouling chemistries that
will enable detection of undiluted EVs from serum is needed
for the application of dual-mAb surfaces to clinical samples.
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(25) Andreu, Z.; Yáñez-Mó, M. Front. Immunol. 2014, 5, 442.
(26) Mordica, W. J.; Woods, K. M.; Clem, R. J.; Passarelli, A. L.;
Chapes, S. K. In Vitro Cell. Dev. Biol. Anim. 2009, 45 (5−6), 213−225.

(27) Takeda, Y.; Tachibana, I.; Miyado, K.; Kobayashi, M.;
Miyazaki, T.; Funakoshi, T.; Kimura, H.; Yamane, H.; Saito, Y.;
Goto, H.; et al. J. Cell Biol. 2003, 161 (5), 945−956.
(28) Liu, A.; Jin, S.; Fu, C.; Cui, S.; Zhang, T.; Zhu, L.; Wang, Y.;
Shen, S. G. F.; Jiang, N.; Liu, Y. Int. J. Oral Sci. 2020, 12 (1), 33.
(29) Hemler, M. E. Nat. Rev. Mol. Cell Biol. 2005, 6 (10), 801−811.
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(60) Vuorio, J.; Škerlová, J.; Fábry, M.; Veverka, V.; Vattulainen, I.;
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