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ABSTRACT: Small extracellular vesicles (sEVs) are reliable
biomarkers for early cancer detection; however, conventional
detection methods such as immune-based assays and microRNA
analyses are not very sensitive and require sample pretreatments
and long analysis time. Here, we developed a molecular imprinting-
based dynamic molding approach to fabricate antibody-conjugated
signaling nanocavities capable of size recognition. This enabled the
establishment of an easy-to-use, rapid, sensitive, pretreatment-free,
and noninvasive sEV detection platform for efficient sEV
detection-based cancer diagnosis. An apparent dissociation
constant was estimated to be 2.4 X 107! M, which was ~1000
times higher than that of commercial immunoassays (analysis time,
S min/sample). We successfully used tears for the first time to

detect cancer-related intact sEVs, clearly differentiating between healthy donors and breast cancer patients, as well as between
samples collected before and after total mastectomy. Our nanoprocessing strategy can be easily repurposed for the specific detection
of other types of cancer by changing the conjugated antibodies, thereby facilitating the establishment of liquid biopsy for early cancer

diagnosis.

B INTRODUCTION

The crucial role of small extracellular vesicles (sEVs),
nanosized extracellular vesicles, in the regulation of inter-
cellular communication in multicellular organisms has been
demonstrated recently.”” In addition, distinct sEVs have been
attributed with specific functions in various processes, such as
:1ngiogenesis;3_7 epithelial—-mesenchymal transition;® chemo-
resistance;” immune system avoidance;4 and cancer migration,
invasion, and metastasis,“’lo_14 in cancer tissues. These cancer-
related sEVs have garnered increasing attention owing to their
potential clinical applications."®

Early stage detection of cancers is vital for improving cancer
survival and recovery rate and for avoiding recurrence in cancer
patients. SEVs have been reported as promising biomarkers for
liquid biopsy to easily predict the aggressiveness of developing
cancers at an early stage.'® Therefore, significant efforts have
been devoted to developing highly sensitive methods for
detecting sEVs. Currently, the detection and characterization
of sEVs in vivo require invasive collection of blood samples,
and microRNAs (miRNAs) and proteins embedded inside
and/or outside sEVs are analyzed by established methods such
as real-time PCR, enzyme-linked immunosorbent assay
(ELISA), Western blotting, and mass spectroscopy. These
analytical methods usually involve time-consuming and tedious
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pretreatments, such as ultracentrifugation and/or size-
exclusion chromatography. Instead, a noninvasive, rapid, and
sensitive platform that does not require sample pretreatment
would be more convenient for patients and improve the
examination rate for cancer screening, facilitating early
detection of small cancers.

To avoid long analysis time, the detection of intact sEVs is
more advantageous than the analysis of extracted miRNA and
internal proteins inside SEVs. As sEVs embed membrane
proteins on their surface, which originate from donor cells, the
development of highly sensitive, selective, noninvasive, and
pretreatment-free approaches for detecting the distinct
membrane proteins on cancer cell-secreted sEVs could be a
challenge when establishing an unprecedented method for
rapid screening and precise detection of small cancers at an
early stage.
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Figure 1. Antibody-conjugated signaling nanocavities for sensing intact small extracellular vesicles (sEVs) fabricated by molecular imprinting-based
dynamic molding chemical nanoprocessing. a. Dynamic molding nanoprocessing. (A) Immobilization of methacrylamide-coupled His-tagged silica
NPs (His-MAA-SS-NPs) as dynamic molds via coordination bonding with Ni(II)-coordinated nitrilotriacetic acid (Ni-NTA) on the substrate, and
surface-initiated atom transfer radical polymerization (SI-ATRP) of 2-methacryloyloxyethyl phosphorylcholine (MPC) to form a biocompatible
polymer matrix. (B) Removal of His-SH-NPs by ligand exchange of the Ni(II) complexes and reduction of the disulfide bonds to yield sEV-binding
cavities. b. Postchemical nanoprocessing. (C) Introduction of a thiol-reactive fluorescent dye as a reporter molecule. (D) Introduction of His-
tagged protein G via coordination bonding with Ni-NTA. (E) Oriented conjugation of desirable antibody via protein G. (F) Regeneration of sEV-
binding cavities. c. Scanning electron microscopic (G—J) and fluorescence (K) images during the dynamic molding nanoprocessing approach. (G)
Immobilized His-MAA-SS-NPs before ATRP. (H) Immobilized His-MAA-SS-NPs after SI-ATRP. (I) Nanocavities after removing His-tagged silica
NPs bearing free SH groups (His-SH-NPs, 200 nm) by reduction. Average cavity size: 102.6 + 33.7 nm (n = 275) from SEM images. (J)
Nanocavities after removing His-SH-NPs (50 nm) by reduction. Average cavity size: 46.5 = 12.5 nm (n = 20) from SEM images. (K) Fluorescence
microscopic image of the nanoprocessed substrate after the introduction of a thiol-reactive fluorescent reporter molecule, AlexaFluor 647,

fabricated using 200 nm His-MAA-SS-NPs as the dynamic mold.

Tears have been reported to contain sEVs,'” and they can be
collected easily and noninvasively using the Schirmer tear test
strip. Although cancer diagnosis using tear sEVs has not yet
been reported, we believe that diagnosis using tears could be
convenient for patients as tear drops can be self-collected by
the Schirmer tear test strip at a hospital or at home. Therefore,
in the current study, we have developed a noninvasive, rapid,
and sensitive platform for sensing intact sEVs in tears with
pretreatment-free and smooth operation, possessing compara-
ble or even better sensitivity than that of previously reported
methods.

Here, we report the efficiency of antibody-conjugated
signaling nanocavities as a highly selective and sensitive
platform for the detection of sEVs (Figure lab). The
nanocavities were prepared on a substrate with a newly
developed chemical nanoprocessing approach involving
dynamical molding, inspired by molecular imprinting,"*~*°
yielding sEV-sensing chips. The key feature of this strategy is
the use of silica nanoparticles (NPs) as a dynamic mold to
engineer nanocavities of transcribable sizes and the use of
transplantable functional groups. Finally, the feasibility and
reliability of the sEV-sensing chips for the noninvasive
detection of breast cancer were demonstrated by analyzing
sEVs in tear drops collected from breast cancer patients.

B RESULTS AND DISCUSSION

Nanoimprint lithography is a cost-effective technique and a
quick alternative to electron-beam lithography and extreme
ultraviolet lithography. However, the chemical nanoprocessing
technique employed in this study is simpler to perform than
nanoimprint lithography (Figure 1la) because it has the
advantage of dynamic molding, as opposed to precisely
fabricated molds with fixed surface features, which are
commonly used in nanolithography. For the fabrication of
sEV-binding nanocavities, we used 50—200 nm silica NPs
conjugated to hexahistidine peptide chains (His-tag) and free
thiol groups (His-SH-NPs) as dynamic molds. First, His-SH-
NPs were immobilized on a gold-coated glass substrate that
was previously grafted with Ni(II)-coordinated nitrilotriacetic
acid (Ni-NTA) and bromo (Br) groups, which acted as
initiators for surface-initiated atom transfer radical polymer-
ization (SI-ATRP). Coordination of His-tag with Ni-NTA
immobilizes the His-SH-NPs on the substrate (Figure la).
Then, the thiol groups on the His-SH-NPs were coupled with
methacrylic acid by a disulfide exchange reaction with 2-(2-
pyridyl)dithioethyl methacrylamide to yield methacrylamide-
coupled His-tagged silica NPs (His-MAA-SS-NPs) (Figure la
and Figure 1c-G). This enabled them to be copolymerized
with the polymer matrix. Subsequently, SI-ATRP was
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performed to form a layer of 2-methacryloyloxyethyl
phosphorylcholine (MPC)-based biocompatible polymer
matrix. This coating was intended to minimize off-target
proteins from their nonspecific binding on the substrate”
(Figure la-A and c-H). SI-ATRP proceeded proportionally
with polymerization time and the polymer matrix layer.

The immobilized silica NPs were then removed by diluted
acetic acid and reduction of the disulfide bonds, which resulted
in nanocavities depending upon the size of His-SH-NPs used
(Figure 1a-B). To confirm the formation of nanocavities by
removing the dynamic mold silica NPs (200 nm), the
nanoprocessed substrate was examined by scanning electron
microscopy (SEM; Figure lc-I, J). The average size of the
nanocavities was 102.6 + 33.7 nm (n = 275; Figure 1c-I), with
a density of 6 X 10° nanocavities/mm? which is 10 times
higher than that fabricated by molecular imprinting using sEVs
themselves as the template (S X 10* nanocavities/mm?, Figure
S1). When 50 nm silica NPs were used as the dynamic mold,
much smaller nanocavities, 46.5 + 12.5 nm (n = 20; Figure lc-
J), were formed, implying that the surface was successfully
engineered by the proposed dynamic molding-based nano-
processing technique. To estimate the nanocavity-forming
efficiency (ratio of the remaining silica NPs after polymer-
ization to the initially immobilized silica NPs on a substrate),
fluorescent dye (rhodamine)-labeled His-SH-NPs were used.
The efficiency of nanocavity formation was found to be 61.0%
+ 13.3% (n = 3), which was estimated from the fluorescence
intensities of the remaining silica NPs after ATRP (71.3 +
3.74) divided by that before ATRP (116.8 + 7.24). The
subsequent removal ratio of the silica NPs was 96.7 % =+ 3.4%
(n = 3), which was estimated from the fluorescence intensities
of the remaining silica NPs after the removal step (2.45 +
0.83) divided by that of the remaining silica NPs after ATRP.

The role of His-MAA-SS-NPs is not only to act as a dynamic
mold but also to deliver thiol groups and graft them on the
inner walls of nanocavities during polymerization. Following
the removal of His-MAA-SS-NPs by reductive cleavage of
disulfide linkages, free thiol groups are left behind. It should be
noted that the free thiol groups are present only inside the
nanocavities as only the thiol source was the dynamic mold
(i.e, His-MAA-SS-NPs). These thiol groups inside the
nanocavities were later used for postchemical nanoprocessing
to introduce a thiol-reactive fluorescent reporter molecule
capable of signaling function for transducing binding events
into fluorescence change (Figure 1b-C). The postchemical
nanoprocessing labeling of the nanocavities with a fluorescent
reporter was confirmed by the appearance of fluorescent spots
in the micrographs, wherein the spots were observed due to
halation, although the actual sizes were smaller than the
diffraction-limited spatial resolution of the microscope used. As
shown in Figure 1c-K, almost no fluorescence was observed
outside the nanocavities. These results confirmed that the
nanocavity-focused postchemical nanoprocessing resulted in
the implantation of reporter fluorescent dyes within the
nanocavity, as evident from almost no fluorescence back-
ground in the polymer matrix outside the nanocavities,
indicating a remarkably improved signal-to-noise ratio, since
the dense fluorescent reporter molecules inside the nano-
cavities also reportedly improve the sensitivity.””

Easily exchangeable antibody conjugation is essential to
facilitate the construction of differential antibody arrays.
Herein, His-tagged protein G was employed as a binder for
antibodies, where the binding capability of protein G toward
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the Fc domain of the antibody and the coordination capability
of His-tag with Ni-NTA allowed us to immobilize the antibody
orientationally within the nanocavity and to exchange them
readily later (Figure 1b-D, E and F). Thus, only the Ni-NTA
moieties inside the nanocavity could form Ni complexes with
His-tagged protein G, as they were protected by the dynamic
mold during SI-ATRP, preventing them from being buried by
the MPC polymer matrix. To immobilize antibodies via His-
tagged protein G, the nanoprocessed substrate was inserted
into the custom-made flat-type pipet tip (Figure S2), which
was designed not only for aspirating and charging His-tagged
protein G and antibodies for antibody immobilization but also
for aspirating the sEV sample and measuring fluorescence
intensity on the sEV-sensing chip. All procedures were carried
out automatically by a custom-made fluorescence microscope
equipped with a programmable liquid handling robot (System
Instruments Co. Ltd., Tokyo, Japan), the operation of which
was reported previously23 (Figure S2). His-tagged protein G
was introduced (Figure 1b-D) by aspirating protein G solution
and washing with PBS. Then, antibodies to be tested were
orientationally introduced (Figure 1b-E).

The nanocavity size dependency on the used dynamic molds
bearing different sizes (50, 100, and 200 nm) was determined
by examining the binding behavior of fluorescent His-SH-NPs
(Aex = 569 nm, A, = 585 nm) of sizes 50, 100, and 200 nm
toward the nanocavities without conjugating protein G or
antibodies (Figure 2). The nanocavities prepared using 50 nm

==-Adsorption ~=== > High

100nm
His-tagged silica nanoparticles

200nm 50nm

Figure 2. Nanocavity size dependency on the dynamic molds bearing
different sizes: 200 nm (top), 100 nm (middle), and SO nm (bottom),
observed in the fluorescence images on the nanoprocessed chip. Heat
map: yellow to red color indicates more adsorption of His-SH-NPs
and green to blue color indicates less adsorption of His-SH-NPs.

His-MAA-SS-NPs mainly bound 50 nm fluorescent His-SH-
NPs. With 100 nm His-MAA-SS-NPs, the resulting nano-
cavities bound both 50 and 100 nm fluorescent His-SH-NPs,
but less binding of 200 nm fluorescent His-SH-NPs was
observed. The nanocavities prepared using 200 nm His-MAA-
SS-NPs bound all sizes of fluorescent His-SH-NPs. These
results reveal that the nanocavity size can be controlled by
changing the size of His-MAA-SS-NPs used in the dynamic
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Figure 3. Performance of antibody-conjugated sEV-sensing chips. a. Fluorescence response of sEV-sensing chips conjugated with (black circle) and
without (white triangle) the anti-CD9 antibody to PC3-secreted sEVs, and the response with free anti-CD9 antibody-treated sEVs (red triangle).
The averages and standard deviations of the fluorescence intensities were calculated from the fluorescence intensities of three ROIs on three
independent sEV-sensing chips (n = 9). b. Effect of polymer thickness on the relative response for PC3-secreted sEVs (1 fM, n = 3, *: P < 0.0S). c.
Sandwich assay for PC3-secreted sEVs on the commercially available ELISA plate (white circle) and the sEV-sensing chip (orange circle). d.
Sandwich assay for the CD9/CD63 fusion protein (1.1 fM) on the commercially available ELISA plate and the sEV-sensing chip.

molding nanoprocessing approach. This presents an advantage
over the previously proposed chemical nanoprocessing owing
to the ability of size recognition and the simpler procedure.
The previously reported sEV-imprinted method, in which
polydisperse sEVs themselves are used as the template, results
in the creation of nanocavities of heterogeneous sizes on a
substrate, as is the case in conventional molecular imprinting.”*

As a model sEV, the PC3-secreted sEV was employed to
examine the binding performance of the sEV-sensing chip,
where the PC3 cell line was established from a human prostatic
adenocarcinoma metastatic to bone with an average diameter
of 80 nm (Figure S3). An antibody against CD9, a known sEV
marker, was employed to fabricate a sEV-sensing chip. The
fluorescence intensity on the chip was measured for various
concentrations of PC3-secreted sEVs. The quantification was
carried out using fluorescence images obtained by a cMOS
camera equipped with a programmable liquid handling robot
(Figure S2). The rapid detection of the sEVs, enabled by the
use of an automated procedure, could achieve an analysis time
of approximately S5 min/sample for the whole process,
including aspiration of the sample, a 1 min incubation step,
and transport of the chip to the insertion port to collect
fluorescence images.

The fluorescence on the sEV-sensing chip was quenched as
more PC3-secreted sEVs were added, and a linear relationship
was observed in a semilogarithmic fashion from subfemtomolar
to picomolar order (Figure 3a, black circle). Robust
reproducibility of the raw fluorescence intensity data (n = 9)
obtained from 1 fM sEV in 3 independent sEV-sensing chips
with 3 region of interests (ROIs) on each chip was
demonstrated (Table S1); the average raw fluorescence
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intensity was 125.7 = 2.2 [arbitrary unit]. The apparent
dissociation constant (K,) was estimated to be 2.4 X 107! M
from the given binding isotherm using curve fitting based on
1:1 complex formation (Figure S4a), where the molar
concentration of sEVs was calculated on a particle basis (1
mol = 6.02 X 10* sEV particles). This value is lower than that
of previously reported sEV-sensing chips prepared using sEVs
themselves (6.0 X 107! M). The limit of detection was found
to be 1.2 X 1077 M with a 3Sp/m basis (m = slope of the
linear part of the binding isotherm from 0 to 1.0 X 107¢ M, S,
= standard deviation for a value of 2.0 X 1077 M sEVs), which
implies that less than 10 sEVs/uL can be expected to be
detected under the conditions employed. Strong binding
behavior was not observed for PC3-secreted sEVs treated with
free anti-CD9 antibodies, which would block the surface CD9
moiety, preventing interaction with the antibodies in the
sensing nanocavities. (Figure 3a, red triangle). Furthermore,
when the anti-CD9 antibodies were not introduced into the
sEV-sensing nanocavities, almost no response was observed
(Figure 3a, white triangle). These results confirmed the strong
binding between the sEVs and the antibodies owing to the
immobilization and attesting to the sensitivity of the
nanocavity-specific introduction of the fluorescent reporter
molecules.

The thickness of the MPC polymer matrix on the chip that
was formed with SI-ATRP for 3 h was approximately 20 nm
(Figure SS). When ATRP was carried out for 1 h, the response
to 1 fM of PC3-secreted sEVs was reduced to about 50%
compared with the 3 h polymerization chip, and when S h
ATRP was conducted, the response was almost the same
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Figure 4. Binding behaviors of PC3-secreted sEVs and healthy sEVs. a. Binding of PC3-secreted sEVs (orange) and healthy sEVs (blue) to the
sEV-sensing chip conjugated with anti-CD9, anti-CD63, or anti-GGT1 antibodies (1 fM, n = 3, *: P < 0.05). b. Effect of a large excess of healthy
sEVs on the response of PC3-secreted sEVs (1 fM) to the anti-GGT1 antibody-conjugated sEV-sensing chip.

(Figure 3b). Therefore, we chose the 3 h ATRP conditions for
subsequent experiments.

The apparent extremely high sensitivity of the sEV-sensing
chip was comparable or even superior to previously reported
pretreatment-free methods, such as nanoplasmonic biosen-
sors,”>?® a miniaturized nuclear magnetic resonance system,27
a sandwich assay-based 3D-nanopatterned microfluidic chip,28
an electrogenerated chemiluminescence biosensor,” and a
luminescent oxygen channeling immunoassay-based
“ExoScreen” method.”® This might be due to the sEV-sensing
nanocavity presenting highly dense and oriented antibodies
and a preferable round shape for sEV binding, enabling sEVs to
form multipoint interactions with two or more anti-CD9
antibodies, thereby further stabilizing the interactions as the
SEV occupies the nanocavity volume. Furthermore, antibodies
and fluorescent reporter molecules can be introduced only
inside the nanocavities, highly increasing the sensitivity.

To examine the effect of the sEV-sensing nanocavity with
high antibody density on the sensitivity of sEV detection, a
commercially available sandwich assay-based ELISA kit with a
microplate immobilized with anti-CD9 antibodies and horse-
radish peroxidase (HRP)-labeled CD63 antibodies was used to
detect PC3-secreted sEVs. The apparent Ky was estimated to
be 1.2 x 107> M (Figure 3c-white circle, Figure S4b) in the
conventional ELISA. Notably, the apparent Ky in our novel
fluorescence detection method was approximately 1000 times
higher than that of ELISA. Furthermore, the anti-CD9
antibody-conjugated sEV-sensing chip without fluorescence
labeling (sandwich strategy) exhibited 100 times more
sensitive detection of PC3-secreted sEVs than that of ELISA,
where the apparent K; was estimated to be 1.1 X 107° M
(Figures 3c, orange circle, and S4c). From these results, the
extremely high sensitivity may originate from the nanocavity
effect and the specific in-nanocavity introduction of the
fluorescent dye by the proposed molecular imprinting-based
dynamic molding.

As shown in Figure 3d, the response to the CD9/CD63
fusion protein in the sandwich assay (1.1 fM) was almost the
same on the ELISA plate and the sEV-sensing chip without
fluorescence labeling. This suggests that the extremely high
sensitivity was derived from multivalent interactions between
antibodies and sEVs, which were facilitated by the nanocavity
effect derived from the proposed dynamic molding chemical
nanoprocessing. The specific in-nanocavity introduction of the
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fluorescence dye also contributed to the decline of background,
while nonspecific binding of the secondary antibody is
inevitable in ELISA, increasing background noise.

Additional factors that could affect the sensitivity include the
density on the sensing chip and the size homogeneity of the
nanocavity. More stable and monodispersed His-MAA-SS-NPs
could lead to higher density and a more homogeneous size of
nanocavities, resulting in higher sensitivity. Furthermore, the
postchemical nanoprocessing steps would be important for the
sensitivity, and increasing the number of available free thiol
groups and Ni-NTA in the nanocavity may provide brighter
fluorescence from the nanocavity and denser antibody
concentration inside the nanocavity, resulting in a higher
signal-to-noise ratio and a stronger affinity based on more
multipoint interactions, respectively.

Regarding analysis time, the fluorescence-based detection
strategy required less detection time (within S min) than that
of the ELISA-based strategy (approximately 2 h), suggesting
that the nanocavity-specific introduction of fluorescent
reporter molecules by the chemical nanoprocessing not only
contributed to the development of a highly sensitive method
but also a rapid and straightforward alternative.

Since characteristic membrane proteins, originating from the
corresponding sEV-secreting cells, are present on the surface of
sEVs, the discrimination of the composition of membrane
proteins on intact sEVs between cancer-related sEVs and
healthy ones could aid cancer detection. To facilitate the
accuracy of cancer-related sEV detection, the “differential
antibody array concept”' was adopted, wherein sEV
recognition depended on a pattern-based analysis method.
For this, multiple sEV-sensing chips conjugated with different
antibodies against diverse sEV-related membrane proteins were
used. The fabrication of such sensor chips was easy, as it only
required the introduction of His-tagged protein G, capable of
binding the Fc region of antibodies before the immobilization
of antibodies in the sEV-sensing nanocavity. We first
ascertained the capability of the chips to distinguish the sEV
markers CD9 and CD63, which are present on healthy sEVs,
and y-glutamyl transferase 1 (GGT1), a prostate cancer-related
membrane protein present on PC3-secreted sEVs. Three
independent sEV-sensing chips, each containing anti-CD9,
anti-CD63, or anti-GGT1 antibodies, were prepared and used
for the detection of PC3-secreted and healthy sEVs. The
relative fluorescence intensities (ratio of a fluorescence
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sEV-sensing chips in flat-type pipette tips
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Figure S. Detection of breast cancer-related sEVs in tears. a. Tear sEV detection procedure. b. Binding behavior of tear sEVs collected from breast
cancer patients (orange) and healthy donors (blue; n = S, **: P < 0.005). Ultracentrifuged tear samples (sEV-free) from healthy donors (100 000g,
4 °C, 12 h) are displayed in white. c. Pattern-based analysis by principal component analysis (n = S). d. Binding behaviors of tear sEVs collected
from breast cancer patients (stage I) before (green) and after (yellow) total mastectomy (**: P < 0.00S).

intensity change, obtained from each sensor chip, to that from
the anti-CD9 antibody-conjugated sensor chip) were plotted
(Figure 4a). The response from PC3-secreted sEVs was higher
than that from healthy sEVs with the anti-GGT1 antibody-
conjugated sensor chip, whereas the anti-CD63 antibody-
conjugated sensor chip showed almost no difference between
PC3-secreted and healthy sEVs.

The effects of a large excess of healthy sEVs on the response
of 1 fM of PC3-secreted sEVs were examined with the anti-
GGT1-conjugated sEV-sensing chip. As shown in Figure 4b,
negligible interference was observed with 10 000 times higher
concentrations of healthy sEVs. From these results, we
concluded that the sEV-sensing chips possess the potential
for detecting cancer-related sEVs in a differential antibody
array.

To assess the potential for detecting cancers, we studied the
efficiency of the sEV sensor chips using body fluids collected
from breast cancer patients and compared them with those
from healthy volunteers. Informed consent from all partic-
ipants was obtained per the guidelines of the ethics committees
at Kobe University Hospital (#180195) and Graduate School
of Engineering, Kobe University (#30-03). We chose tears as
the test body fluid because tear drops can be more easily
collected from breast cancer patients in a noninvasive manner
than commonly used blood samples. To the best of our
knowledge, no tear-based cancer detection assay has been
reported so far. Tear drops from five breast cancer patients and
five healthy female donors were collected using Schirmer tear
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test strips as described previously.”* The sEVs were extracted
by incubation with 500—1000 L of 10 mM phosphate buffer
containing 140 mM NaCl (PBS).

The extracted tear sEVs were directly analyzed without any
pretreatment such as ultracentrifugation or size-exclusion
chromatography (Figure Sa), which ensured that those
analyzed were intact SEVs with no interference from the off-
target proteins present inside the sEVs. For constructing a
differential antibody array for detecting breast cancer-related
sEVs, five different antibodies—anti-CD9, anti-CD63, anti-
estrogen receptor (ER), antihuman epidermal growth factor
receptor 2 (Her2), or anti-GGT1—were conjugated on each
sEV-sensing chip. From the obtained data (Figure Sb, orange
bar is for breast cancer patients and blue bar is for healthy
donors), pattern-based analysis was performed using principal
component analysis. As shown in Figure Sc, the group of breast
cancer patients was separated from the group of healthy
volunteers. To confirm that the response originated from tear
sEV, sEV-free tear samples were prepared by ultracentrifuga-
tion (100 000 g) of tear drops from healthy donors for 12 h at
4 °C (Figure Sb-white bar). The sEV-free samples showed
almost no response, demonstrating that the sEV-sensing
nanocavities successfully transduced sEV binding events into
fluorescence change.

As another proof of concept, tears of a stage I breast cancer
patient (ER+, Her2 score 1) before and after total mastectomy
were analyzed. As can be seen in Figure 5d, responses to anti-
ER antibodies and anti-Her2 antibodies decreased after the
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surgery. These results clearly showed the possibility of
detecting cancer-related sEVs and determining whether
patients suffer from breast cancer. Thus, the present pretreat-
ment-free sEV-sensing system promotes a new liquid biopsy
tool for diagnosing breast cancer; however, further inves-
tigation is required to verify the accuracy of diagnosis by
increasing the sample size and comparing results with the
current gold standard, namely, mammography with echog-
raphy.

B CONCLUSION

In conclusion, we demonstrated that the antibody-conjugated
nanocavity-based platform, fabricated by silica NP-based
dynamic molding using a molecular imprinting approach, is a
useful tool for rapidly sensing intact sEVs in biological fluids.
In this study, we adopted a differential antibody array format
and pattern-based analysis to validate the effectiveness of the
sensor. Besides being a highly sensitive, rapid, and easy method
for directly sensing sEVs, the tool can be customized to
diagnose various cancers and infectious diseases by changing
and optimizing dynamic molding sizes and antibodies. Thus,
the proposed strategy could accelerate research on the
important applications of extracellular vesicles, viruses,
bacteria, and cells in diverse areas of life and medical sciences.
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