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Extracellular vesicles (EVs), including nanoscale exosomes and ecto-
somes, hold promise as biomarkers that provide information about
the cell of origin through their cargo of nucleic acids and proteins,
both on their surface and within. Here, we develop a detection
method of EVs based on light-induced acceleration of specific binding
between their surface and antibody-modified microparticles, using a
controlled microflow with three-dimensional analysis by confocal
microscopy. Our method successfully detected 10°-10* nanoscale
EVs in liquid samples as small as a 500 nanoliters within 5 minutes,
with the ability to distinguish multiple membrane proteins. Remark-
ably, we achieved the specific detection of EVs secreted from living
cancer cell lines with high linearity, without the need for a time-
consuming ultracentrifugation process that can take several hours.
Furthermore, the detection range can be controlled by adjusting the
action range of optical force using a defocused laser, consistent with
the theoretical calculations. These findings demonstrate an ultrafast,
sensitive, and quantitative approach for measuring biological nano-
particles, enabling innovative analyses of cell-to-cell communication
and early diagnosis of various diseases, including cancer.

Biological cells, including human cells, comprise various vesi-
cle structures such as endosomes, lysosomes, and peroxisomes
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New concepts

In this study, we introduce an unconventional method for rapid, sensitive, and
specific detection of biological nanoparticles containing information about the
original cell. Our approach allows for control of the detection range under
manipulating the action range and strength of the optical force in conjunction
with three-dimensional analysis using confocal microscopy. This method
significantly improves the sensitivity, the precision, and the detection time
in comparison with conventional methods, such as ELISA, while maintaining
the specificity of the antibodies used. Notably, we demonstrate successful
detection of EVs with target membrane proteins secreted from living cells,
without the need for ultracentrifugation processes. Our developed method
leverages the effects of optical and microfluidic pressures to accelerate
molecular recognition, enabling selective trapping of nanoscale biological
samples. This approach overcomes the bottlenecks of previous research on
detection efficiency and operation time associated with the complexities of
conventional methods, and holds promise for the next generation of liquid
biopsy in cancer marker detection and other biological applications.

and autophagosomes. Nanoscale extracellular vesicles (EVs) such
as exosomes and ectosomes are secreted outside the cell for
intercellular communication."™ Nanoscale EVs including exo-
somes, with a diameter of 50-150 nm, have gained increasing
attention not only as carriers of intercellular communication but
also as biomarkers for various diseases and capsules for drug
delivery, as they contain microRNAs, mRNAs, and proteins from
their cells of origin.””® Therefore, the rapid and sensitive detection
of nanoscale EVs from trace samples would be particularly valu-
able in the early diagnosis of intractable diseases, for example,
cancer and Alzheimer’s disease.'”"" Nanoscale EVs are character-
ized by membrane proteins with four transmembrane domains
called tetraspanins,’® which are typically detected using assays
involving selective binding of antibodies to these proteins. For
example, conventional protein detection methods such as enzyme-
linked immunosorbent assay (ELISA)**** rely on molecular recog-
nition such as an antigen-antibody reaction and quantitatively
evaluate the target molecules through a chromogenic reaction.
Also, western blotting can be used to detect specific proteins in
protein mixtures by combining electrophoresis with antigen-

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0002-8445-5613
https://orcid.org/0000-0002-2476-2435
https://orcid.org/0000-0002-9807-3704
https://orcid.org/0000-0003-1313-7025
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nh00576j&domain=pdf&date_stamp=2023-06-20
https://doi.org/10.1039/d2nh00576j
https://rsc.li/nanoscale-horizons
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nh00576j
https://pubs.rsc.org/en/journals/journal/NH
https://pubs.rsc.org/en/journals/journal/NH?issueid=NH008008

Open Access Article. Published on 12 2023. Downloaded on 01/11/25 07:13:46.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication
antibody reactions.">'® Furthermore, a surface plasmon resonance
(SPR) sensor can also detect target proteins based on the fact that
the SPR wavelength of a metal is altered depending on the
refractive index of the medium in contact with the surface.'”'®
However, these methods require complex pre-treatment and opera-
tion processes with several hours required for detection. As an
alternative, ExoCounter™ was designed to specifically and quanti-
tatively detect exosomes; however, this method is based on ELISA,
which requires a large sample volume and several hours for
detection. Moreover, particle counting methods have the advan-
tage of quantifying EVs but lack specificity in distinguishing these
vesicles from other particles in clinical samples.*

Although these conventional methods for the detection and
interaction analysis of nanoscale EVs and proteins have a proven
track record in research applications, clinical practices require high
sensitivity in addition to the advantages of simplicity and speed.
For example, the SARS-CoV-2 virus, which is responsible for the
COVID-19 pandemic, is a biological nanoparticle with a similar
size to nanoscale EVs.>! Rapid and accurate detection of infected
individuals can help prevent disease clusters and the spread of
virus infection. In addition, biopsies in cancer screening, which
involve tissue excision from organs and are associated with risks of
human error, patient discomfort, and time-consuming procedures,
can be replaced with liquid biopsy using body fluids such as blood,
saliva, and urine to detect disease-related proteins. Liquid biopsy
is gaining increasing attention as a non-invasive alternative for
diagnosis.>*>* This process is simpler, quicker, and less invasive as
it requires only the collection of body fluids for testing. Simplicity,
speed of pre-treatment, and high sensitivity in measurement are
important attributes of liquid biopsies.

Pre-treatment such as separation by ultracentrifugation is
necessary for detecting nanoscale EVs, representing a signifi-
cant bottleneck in research and development. If nanoscale EVs
can be easily guided and concentrated at a targeted location for
the observation, these limitations of current detection methods
may be overcome. Research on optical manipulation at the
nanoscale and microscale has made great progress in recent
years. Optical tweezers have been developed to manipulate and
trap microscopic materials without destruction and contact,
using gradient forces proportional to the intensity gradient of
electromagnetic fields generated by a focused laser. These
tweezers can capture cells, microbes, and biomolecules;** >’
control the motion of semi-conductor quantum dots and metal-
lic nanoparticles;”®*° and are now being used across the fields
of physics, chemistry, and biology. There are also successful
examples of the assembly of nanoparticles and bacteria using
thermo-hydrodynamic effects (i.e., light-induced convection)
and bubbles generated in high-temperature conditions as aggre-
gation sites, based on the photothermal effect of optically
responsive materials (substrates and particles).>*>*" Trace
DNA detection through the formation of sub-millimetre-order
aggregates has also been proposed, which uses the synergistic
effect of lightinduced force and photothermal convection
to accelerate the double-strand formation between target
DNA and single-stranded DNA modified on the surface of gold
nanoparticles.*”

This journal is © The Royal Society of Chemistry 2023

View Article Online

Nanoscale Horizons

*
'f‘ Nanoscale EV & 2
o0
@
)
&
4 N

Antibody-modified beads against EV membrane proteins

b P Laser turned off
ressure- Multilayered area Non-specifically
driven by s eyific bindin bound beads are
flow Y Sp! ﬁ\ 9 swept away
B ’ Optical —
¥ force & i
®
7, e N -
% Si> <ii> <iii> <iv>

0.05 pg/mL 0.25 pg/mL

Fig. 1 (a) Schematic diagram of the selective light-induced assembly of
antibody-modified probe microparticles (MPs) mediated by nanoscale EVs
in a microchannel. (b) Mechanism of the formation of trapping sites and multi-
layered structures via target EVs between antibody-modified probe MPs.
(c) Transmission optical microscope images of light-induced assembly with
and without different concentrations of HCT116 cell-derived standard EVs. The
pressure-driven flow is in the +x-direction, where the direction appears to be
inverted in the optical microscope image. (d) Confocal three-dimensional
images of light-induced assembly with and without different concentrations
of HCT116 standard EVs. Each scale bar is 50 um in all panels of (c) and (d).

Furthermore, the analysis of proteins using light-induced
convection and bubbles due to the marked photothermal effect in
dense systems of metal nanoparticles has been attempted.*?
Additionally, this light-matter interaction was further enhanced
in a narrow space in a microfluidic channel using pressure-driven
flow, which enabled the detection of femtogram-level proteins
with photothermal probe particles®! and accelerated the antigen—
antibody reaction of attogram-level proteins with non-thermal
probe particles.>® Thus, detection of proteins with high specificity
would be expected using antibody-modified microparticles

Nanoscale Horiz., 2023, 8,1034-1042 | 1035
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without light absorption to avoid thermal damage while using the
same narrow space. However, it is unclear whether the same
method can be applied to the highly sensitive and rapid detection
of biological nanoparticles expressing proteins on their surface,
such as EV. Moreover, there have been limited discussions on the
effects of the intensity and action range of the optical force on the
detection efficiency.

Therefore, the aim of this study was to develop a method
that can effectively detect nanoscale EVs derived from several
types of cancer cells by distinguishing the surface membrane-
expressed proteins from others. Toward this end, we used the
human colorectal cancer cell line HCT116 and the human lung
cancer cell line A549 as models, with surface expression of CD9
and CD63 as the targets for optical condensation detection in a
narrow space under the optical system, as demonstrated in
Fig. 1a and b. Probe microparticles (MPs) modified with anti-
bodies (anti-CD9 and anti-CD63 antibodies) that could specifi-
cally bind to these proteins were introduced into the microfluid
channels. We then attempted to control the action range and
intensity of the optical force, and further explored the mechanism
of light-induced assembly and the possibility of micro-detection
under the assistance of pressure-driven flow.

A combination of nanoscale EVs derived from HCT116
colorectal cancer cells was introduced into a microfluidic
channel with a flow rate of 0.1 pL. min~" along with anti-CD63
antibody-modified probe MPs that selectively binds to surface
proteins on nanoscale EVs. Green fluorochrome-doped polymer
beads with a diameter of 2 pm were used as probe MPs to
generate a strong dissipative force through Mie scattering at a
wavelength of 1064 nm (Fig. 1c and d). The nanoscale EVs and
probes were introduced into the channel at a constant rate using
pressure-driven flow via a syringe pump. Optical condensation
was achieved by applying a dissipative force to the probe MPs
through irradiation with a continuous-wave (CW) laser of 1064 nm
wavelength and 265 mW power, focused by a 40x objective lens
with a numerical aperture of 0.6 from above under pressure-
driven flow. The position of the laser focal point was set at 65 um
below the bottom of the channel for light-induced assembly (refer
to Fig. S1 in the ESI} for details of the optical system used for
optical condensation). The laser irradiation was set for 5 minutes
to trap the nanoscale EVs and probe MPs at the solid-liquid
interface at the bottom of the channel. The structures formed at
the bottom of the channel were then observed 30 seconds after
irradiation using two-dimensional (2D) transmission imaging
under halogen-lamp irradiation and three-dimensional (3D) con-
focal imaging at an excitation wavelength of 488 nm (refer to
Experimental). The higher the concentration of EV standard, the
larger the size of the dark area with low transmittance in the 2D
transmission image (Fig. 1c), and the larger the stereo image of
green fluorescence in the 3D confocal image (Fig. 1d). The
damage due to the photothermal effect was negligible because
both the probe MPs and the nanoscale EVs have almost no optical
absorption in the infrared wavelength range.

The assembly area (the area of the first layer of assembled
probe MPs indicating the trapping site modified with antibodies)
and the multi-layered area (black region obtained from the optical
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Fig. 2 Calibration curve of HCT116 standard nanoscale EVs for light-
induced acceleration in a microchannel. (a) Assembly area, (b) multi-
layered area, and (c) ratio of the multi-layered area at each concentration
of EV standard. Inset: Low concentration range. Error bars are standard
deviations (n = 3).

transmission image) as shown in Fig. 1b and c, and the ratio of
the multi-layered area to the assembly area was plotted on the
vertical axis as a function of the concentration of HCT116 EV
standard (representing the concentration of the membrane pro-
tein) (Fig. 2a—c). The size of the 3D structure was then plotted as a
function of the concentration of EV standard in the xz-cross-
section area of the 3D confocal image (see Fig. S2 in the ESIY),
showing the same concentration dependence, as demonstrated in
Fig. 2b and c. This indicates that the aggregation formed by the
optical condensation can be represented as 3D accumulated
structures. A negative control experiment of light-induced assembly
was performed by introducing calnexin as a target protein along
with anti-CD63 antibody-modified probe MPs to confirm that these
structures were formed by the antigen-antibody reaction. Calnexin
is a molecular chaperone in the endoplasmic reticulum, which is
involved in the folding and assembly of newly synthesized proteins,
thus serving as a negative control for HCT116-derived nanoscale
EVs.*® As a result, even at high concentrations of calnexin, a limited
multi-layer structure was formed with no concentration depen-
dence (Fig. S3 and S4 in the ESIt). These results indicated that
light-induced acceleration of specific binding of the anti-CD63

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a and b) Ratio of the multi-layered area of anti-CD63 antibody-

modified probe microparticles (MPs) and anti-CD9 antibody-modified probe
MPs at each exosome concentration (CD63/CD63 means that target EV was
sandwiched by Anti-CD63 antibody-modified probe MPs, and CD9/CD9
means that target EV was sandwiched by Anti-CD9 antibody-modified probe
MPs.). The detection targets are HCT116- and A549-derived exosomes,
respectively. (c and d) Measurement results of CD63/CD63 sandwich ELISA
(anti-CD63 antibodies are used for capture and detection) and CD9/CD9
sandwich ELISA (anti-CD?9 antibodies are used for capture and detection). The
detection targets are HCT116- and A549-derived nanoscale EVs, respectively.
Error bars present standard deviations (n = 3).

antibodies on the surface of the probe MPs to the CD63 on the
surface of HCT116-derived nanoscale EVs led to a multi-layered 3D
structure of microparticles (Fig. 1c, d and Fig. 2). This also indicates
that quantitative detection by optical condensation of nanoscale EVs
can be achieved within only 5 min. The concentration of nanoscale
EVs in 1 mg mL ™" of stock solution was 3 x 10" EVs per mL.
Furthermore, 0.05 pug mL ™" corresponds to 1.5 x 10’ EVs per mL,
which means 3.75 x 10° nanoscale EVs were contained in 500 nL
after mixing probe MPs with the target sample liquid.

CD9, a membrane protein, is also expressed on the surface
of nanoscale EVs derived from HCT116 cells. Similar experi-
ments conducted using anti-CD9 antibody-modified probe MPs
revealed that the ratio of the multi-layered area was higher
compared to targeting CD63, as depicted in Fig. 3a. The
relationship between the detected amount in optical condensation
detection and the absorbance measurement in ELISA (Fig. 3c)
showed a significant correlation, indicating that high linearity
and low standard deviation can be achieved even at concentrations
that are one to two orders of magnitude lower than the limit of
detection (1.25 pg mL ™). In the case of A549 cells, CD63 exhibited
a higher signal compared to CD9 in the detection of nanoscale EVs.
As seen in Fig. 3b, the ratio of the multi-layered area was larger,
suggesting that the expression level of CD63 is higher than that of
CD9, which is consistent with the trend observed in ELISA (Fig. 3d).

In contrast to ELISA, which requires 100 pL of sample and
5-6 h for detection, including incubation and washing pro-
cesses, the optical condensation detection method developed
in this study enables rapid quantitative evaluation after only
5 min of laser irradiation, with higher sensitivity by one to two

This journal is © The Royal Society of Chemistry 2023
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Table 1 Comparison table of this work and conventional methods

Detection Sample Limit of
Method time Label volume detection (ug mL™")
This work 5 minutes Unnecessary 500 nL 0.05
ELISA 5-6 hours Necessary 100 pL = 1-2
SPR sensor 3-4 hours Unnecessary 100 pL 1

orders of magnitude. Only approximately 500 nL of liquid
passes through the cross-section of the microchannel in
5 min, which is a very small sample volume. Additionally, the
laser spot can be adjusted to the sub-millimetre area to collect
many probe particles and target nanoscale EVs. Furthermore, the
automatic washing process by pressure-driven flow eliminates the
complexity of the operation and reduces the detection time. These
features of our developed microflow-type optical condensation
overcome conventional methods from the viewpoints of detection
time, sample volume, and limit of detection, as shown in Table 1.

We further aimed to increase the sensitivity of microflow-
type optical condensation detection by controlling the optical
force (the dissipative force due to photon momentum transfer)
through modulation of the laser focal point (Fig. 5 is the
simulation result corresponding to the experiment in Fig. 4).
The ratio of the multi-layered area to the first layer, as an
indicator of the aggregate size, was evaluated for each dispersed
target concentration. Although a positive correlation was deter-
mined between the target concentration and the percentage of
the multi-layered area, the effect of the range and intensity of
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Fig. 4 (a) Schematic diagram of the relationship between the focusing

distance (FD) and the laser spot diameter at the bottom of the micro-
channel. (b and c) The ratio of the multi-layered area at each FD. Error bars
present the standard deviations (n = 3). The assembly area and multi-
layered area at each FD are presented in Fig. S5 of the ESI.+
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Fig. 5 Theoretical results of light-induced assembly of microparticles at each focusing distance (FD; 45 pm, 65 pm, 94 um) by optical force in a
microchannel (volume flow rate: 0.05 uL min~?, laser power: 265 mW). The laser was irradiated during the initial 3 s and was then turned off subsequently.
The colour of the particles indicates the time elapsed since the particle appeared from the inlet (blue: O s, white: 1 s, red: 2 s). (a—c) Cohesive energy
density, 0 J m~ (see also Movies S1, $3 and S5 in the ESIt). (d—f) Cohesive energy density, 100 J m~ (see also Movies S2, $4 and S6 in the ESI¥).

optical force on the light-induced assembly of probe particles
was further investigated by changing the focal position of the
laser. The size of the laser spot can be controlled by shifting the
laser focal point by 45, 65, and 94 pm in the vertical direction
below the channel bottom. The more the focal point is shifted
downward, the wider the range of light-induced assembly that
is observed (Fig. S5 and S6 in the ESIt). The distance from the
bottom of the channel to the focusing position may be defined
as the “focusing distance’” (FD). The slope was maximal at FD =
45 um, where the spot size was the smallest, and with relatively
small error bars at a linearity of 1.0 pg mL ™" or less (Fig. S7 in
the ESIT). This is considered to be due to the increased laser
power (intensity) per unit area and the enhanced dissipative
force as a result of the smaller spot size. It is worth noting that
the lower limit of detection of the conventional ELISA method is
1.25 pg mL ™", whereas using our method, the sensitivity increased
by more than one order of magnitude and a calibration curve with
good linearity (p < 0.001, R* = 0.998) was obtained at FD = 65 pm.
Furthermore, it is significant to note that such high-sensitivity
detection was achieved after only 5 min of laser irradiation.
However, a significant decrease was observed in the slope of the
ratio of the multi-layered area with FD = 45 um in the region
between 1.0 and 2.5 ug mL~" compared to the low-concentration
region with a target concentration of 1.0 ug mL™" or less. Such a
decrease may be due to the saturation of the trapping sites formed

1038 | Nanoscale Horiz., 2023, 8,1034-1042

in the first layer since the area of the trapping site gets smaller
for the smaller FD. It is expected that the detection range may
be controlled by modulating the spot diameter. These results
indicate the possibility of stable multi-layer formation and control
of the detection range of the target by increasing the dissipative
force with increasing laser intensity.

The effect of spot diameter on aggregate formation was
investigated through theoretical analysis (Fig. 5) by solving
the equation of motion based on the Euler method considering
the discrete element model with optical force, interparticle
contact force, drag force, gravitational force, and random force
described in ref. 35. During the process of light-induced
assembly, probe particles dispersed randomly were trapped by
a dissipative force exerted by the large laser spot causing them to
accumulate into a monolayer due to interaction with the channel
wall (Fig. 5a, b and c; cohesive energy density, 0 ] m ). If the
target objects were located near the beam waist, they would bind
to antibodies on the surface of the probe particles, leading to
cross-linking of the beads, and formation of a multi-layered
structure, with the first layer serving as the trapping site. The size
of the spot diameter at the bottom of the channel depending
on FD, had a significant impact on the light-induced assembly
process (Fig. 5d-f; cohesive energy density, 100 J m ™). A smaller
FD resulted in a narrower spot diameter at the bottom of the
channel and a higher laser intensity at the laser spot. Since the

This journal is © The Royal Society of Chemistry 2023
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dissipative force is proportional to the scattering cross-section of
particles and the laser intensity, and the area of the light-induced
aggregates was dependent on the focal position. Additionally, the
smaller the FD, the larger the multi-layered structure obtained
along the optical axis. Although the maximum slope occurred at
FD =45 um in Fig. 4c, the ratio of the multi-layered area was larger
at FD = 65 um at very low concentrations. This could be attributed
to the fact that the spot diameter at FD = 45 pm was too small for
the channel width, resulting in reduced accumulation efficiency
as targets passing outside the laser spot could not be trapped.
On the other hand, at FD = 94 um, the weaker dissipative force
of the laser beam resulted in unstable aggregates that were
almost completely swept away in the latter half of the simulation
(Movie S6, ESIt), as observed in Fig. 4 and Fig. S7 (ESIt). These
results suggest that the detection range and sensitivity can be
controlled via the optical force by appropriately setting the
association between the spot diameter and channel width.

Next, after the procedure in Fig. S8 (ESIt), we performed the
specific detection of the nanoscale EVs from the supernatant of
our cultivated HCT116 cell line with high linearity after the
ultracentrifuge (Fig. 6a), where these EVs may contain 6.68 X
10" nanoscale EVs expressing membrane protein CD63 on their
surfaces from the corresponding ratio of the multi-layered area
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(broken red lines: 0.89 ug mL™"' in the inset of Fig. 2¢ and
11.4 pg mL " in Fig. 6a). Remarkably, in Fig. 6b after the simple
process in Fig. 6¢, we also confirmed positive correlation in the
detection curve after the light-induced detection of proteins by
anti-CD63 antibody-modified MPs from the supernatant of
HCT116 cells even without ultracentrifugation. Although the
protein concentration was slightly over estimated in compar-
ison with Fig. 6a, the high linearity in the region lower than
40 pg mL™" indicates the selective detection of nanoscale EVs
expressing CD63 on their surfaces. In fact, nanoparticles of
100 nm in diameter were observed by scanning electron micro-
scope (SEM) and the nanopore analytical system, as shown in
Fig. S9 (ESIT). These results strongly support that we can omit
the ultracentrifuge process requiring several hours in the
detection process of nanoscale EVs by using our developed
microflow-type optical condensation method.

Conclusions

This study presents an unconventional approach for control-
ling the detection range of nanoscale extracellular vesicles (EVs)
by adjusting the action range and intensity of optical force. The
phenomenon of the light-induced assembly of probe particles
and nanoscale EVs using a focused laser beam in a microfluidic
channel was investigated, revealing that laser irradiation for only
5 minutes could detect 10°-10" nanoscale EVs. This method
significantly increases the sensitivity of detection by over one
order of magnitude and reduces the detection time by nearly two
orders of magnitude compared to those of the conventional
methods like ELISA. The results also indicated that the expres-
sion levels of membrane proteins CD63 and CD9 were different
in nanoscale EVs derived from colorectal cancer cells (HCT116)
and lung cancer cells (A549), even at concentrations below the
lower detection limit of ELISA. Furthermore, this microflow-type
optical condensation approach has the advantage of analysing
biomolecules that cannot be amplified by polymerase chain
reaction (PCR), whereas DNA and RNA can be amplified with
PCR. The elucidation of the mechanism in this study represents a
significant achievement, demonstrating that this method can be
applied to the selective and rapid detection of EVs, including
nanoscale EVs, without the need for the time consuming ultracen-
trifugation process. These findings provide a guiding principle for
high-throughput detection of not only nanoscale EVs but also a
variety of biological nanoparticles that serve as biomarkers, leading
to the establishment of a foundation for early disease diagnosis.

Experimental

Microflow-type optical condensation system for light-induced
acceleration of antigen-antibody binding

The optical system used for the experiment in the light-induced
acceleration of HCT116-derived nanoscale EVs and anti-CD63
probe MPs is presented in Fig. S1 of the ESI.{ An upright optical
microscope (ECLIPSE Ni-E; Nikon, Tokyo, Japan) was used. The
sample liquid (30 pL; mixture of 15 pL dispersion liquid of
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HCT116-derived nanoscale EVs and 15 pL dispersion liquid of
anti-CD63 probe MPs) was introduced into a glass syringe
(micro-syringe 1725 TLL Lure Lock 81120, 250 pL, Hamilton,
USA), and the flow rate was controlled using a syringe pump
(78-0210], KD Scientific). The direction of pressure-driven flow
(+x-direction) appears to be inverted in the optical image due to
the optical system of our microscope (both the x- and y-
directions are inverted). Thereafter, a near-infrared CW laser
with a wavelength of 1064 nm (FLS-1064-2000F, Sigma Koki,
Japan) was introduced from a backport adapter (LMS-M1064-
20001S/LN, Sigma Koki, Japan) and focused using an objective
(CFI S Plan Fluor ELWD 40XC, 0.6 NA) on the bottom of the
microchannel (width 100 pm x height 100 pm; MiniLuer 0144
COC, ASICON, Japan).

The laser spot diameter was 2.6 pm at the focal point, and
the laser power was determined with a laser power meter
(UP170-H5 and TUNER, Gentec Electro-Optics, Canada), and
the spot position was controlled to the defocused condition to
generate optical pressure over a wide region. Optical transmission
images of the assembled structure were recorded using a CCD
camera (DS-File-L3, Nikon, Japan) under irradiation with white
light from a halogen lamp after 5 min of laser irradiation. The
cross-sectional areas of the assembled structure and multi-layered
structure (black region) were analysed using commercial software
(NIS Elements, Nikon, Japan).

Preparation of nanoscale EVs and antibody-modified probe MPs

HCT116-derived nanoscale EVs (HansaBioMed OU, HBM-HCT)
and A549-derived nanoscale EVs (HansaBioMed OU, HBM-A549)
were used as the standard sample of biomarkers to be detected,
and anti-CD63 antibody (Cosmo Bio Inc., SHI-EXO-M02-B) and
anti-CD9 antibody (Cosmo Bio Inc., SHI-EXO-M01-B) were bioti-
nylated and used as the probe molecules. The stock solutions
(1 mg mL ™) of each exosome dispersion were diluted to the
desired concentration for the experiment with 10 mM phosphate
buffer (pH 6.7) (FUJIFILM, 164-27135) as a solvent.

Each antibody was modified with streptavidin-Fluoresbrite
YG-coated microspheres (Polysciences, 24159), which were with
2-um diameter. The stock solutions (1 mg mL™") of the bioti-
nylated antibodies were diluted to 20 ug mL ™" with the same
phosphate buffer as that used for the exosome dilution. First,
the microspheres were diluted to 5.30 x 10° particles per mL
with phosphate buffer and washed five times via centrifugation
(10000 x g, 5 min). After the last wash, the microspheres were
resuspended in phosphate buffer at 1.06 x 10° particles per mL.
The prepared solutions of the streptavidin-conjugated micro-
spheres and biotinylated antibodies were mixed in equal amounts
and incubated for 1 h at 42 °C. The mixture was then removed
from the incubator and washed thrice. The prepared antibody-
modified probe MPs were left to stand overnight at 4 °C.

Negative control

A calnexin standard [Human Calnexin ELISA Kit (Colorimetric),
Novus Biologicals, NBP2-75816] was used as a negative control
target, which was diluted with 10 mM phosphate buffer
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(pH 6.7). The measured concentration was set near the lower
detection limit of ELISA (0.63 ng mL ™).

Confocal optical microscopy

A confocal laser microscope (Nikon C2Si, Nikon, Japan) was
used to observe the multilayer structures of the probe particles.
An excitation laser (wavelength 488 nm) was introduced above
the sample. A pinhole was placed in front of the detector to
obtain 3D images by capturing several layers of confocal images
in the optical axis direction.

ELISA

The ELISA kits used in this study were CD63-Capture Human
Exosome ELISA Kit (FUJIFILM, 290-83601) and CD9-Capture
Human Exosome ELISA Kit (FUJIFILM, 290-83701). Notably,
10 mM phosphate buffer (pH 6.7) was used instead of the
sample reaction buffer and antibody reaction buffer from the
kits to enable effective comparison with the optical condensa-
tion system. In addition, the biotinylated antibodies (anti-CD9
and anti-CD63 antibodies) used in this system were diluted to
250 ng mL " rather than the antibodies included in these kits.
All other procedures were performed according to the manu-
facturer’s protocol.

Cell cultures

Human colorectal-derived HCT116 cells (CCL-247, ATCC) were
purchased from ATCC. The cells were cultured in 100 mm dishes
using McCoy’s 5A Modified Medium (Gibco, Life Technologies
Corporation) containing 10% heat-inactivated fetal bovine
serum (FBS) (Gibco, Life Technologies Corporation) and incu-
bated at 37 °C under 5% CO, in a humidified incubator.

Isolation of EVs

HCT116 cells (3 x 10° cells) were seeded on 100 mm dishes in
McCoy’s medium containing 10% FBS for 24 h. After washing
with serum-free McCoy’s (3 mL X 5), the cells were cultured in
McCoy’s medium containing 10% EV-free FBS (Exosome-
Depleted FBS, System Biosciences LLC) (10 mL) for 24 h. The
secreted EVs were isolated by centrifuging the collected cell
culture medium (300 g) for 10 min at 4 °C, and the supernatant
(2000 g) for 10 min at 4 °C and followed by another centrifugation
(10000 g) for 30 min at 4 °C to remove the cell debris. The
supernatant was then centrifuged (150000 g) for 80 min at 4 °C
(Himac CP65p, Hitachi, Tokyo, Japan) in duplicate, and the EV
pellet was collected in phosphate-buffered saline (PBS). The
concentrations of isolated EVs were determined using a Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific Inc).
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