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Microfluidic-based capture and release of cancer-derived

exosomes via peptide-nanowire hybrid interfacet

Thanawat Suwatthanarak,? lvan Adiyasa Thiodorus,® Masayoshi Tanaka,? Taisuke Shimada,® Daiki
Takeshita, Takao Yasui,™® Yoshinobu Baba, ™ and Mina Okochi, "

Cancer-derived circulating exosomes or nanoscale extracellular vesicles are emerging biomarkers for disease detection and
treatment because of their cell-specific constituents and unique intercellular pathways. For efficient exosome isolation from
bio-fluids, the design of high-affinity nanointerfaces is of great importance in the development of miniaturized systems for
the collection of exosomes. Herein, we report peptide-functionalized nanowires as a biorecognition interface for the capture
and release of cancer-derived exosomes within a microfluidic channel. Based on the amino-acid sequence of EWI-2 protein,
a partial peptide that bound to CD9 exosome marker and thus targeted cancer exosomes was screened. Linkage of the
exosome-targeting peptide with a ZnO-binding sequence allowed one-step and reagent-free peptide modification of the
ZnO nanowire array. As a result of peptide functionalization, the exosome-capturing ability of ZnO nanowires was
significantly improved. Furthermore, the captured exosomes could be subsequently released from the nanowires under a
neutral salt condition for downstream applications. This engineered surface that enhances the nanowires’ efficiency in
selective and controllable collection of cancer-derived exosomes provides an alternative foundation for developing

microfluidic platforms for exosome-based diagnostics and therapeutics.

Introduction

Exosomes represent a nano-sized subset of extracellular
vesicles (typically 40—200 nm in diameter) secreted from most
cell types into biological fluids, such as blood, urine, saliva, and
cell-culture medium.%-2 Exosomes carry many biomolecules (e.g.,
lipids, proteins, nucleic acids) similar to those of their parent
cells, and are intercellular transport and
communication.3# Cancer cells are believed to release large

involved in

numbers of exosomes carrying cancer-specific messenger
molecules, which not only play an important role in cancer
progression/metastasis but are also valuable as cancer
biomarkers for pathological studies.>¢ In addition, cancer
exosomes have been explored as therapeutic agents, including
cell-created drug cartridges or gene delivery vesicles for site-
specific targeting, due to their unique intracellular pathways
and organ/cell-specific tropism.”-8 Therefore, cancer exosomes
in non-invasive liquid biopsies are promising biomarkers,
possessing broad biomedical applications for early detection
and effective treatment.
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Nonetheless, utilization of exosomes is faced with multiple,
time-consuming steps in conventional laboratory methods for
isolating exosomes (e.g., ultracentrifugation, filtration, size-
exclusion chromatography, immunoaffinity purification) and
analyzing their contents (e.g., western blotting, enzyme-linked
immunosorbent assay (ELISA), polymerase chain reaction, flow
cytometry).®-13 Hence, miniaturized systems or lab-on-a-chip
platforms, exploiting micro/nanotechnology, have been
extensively investigated for rapid, convenient and on-site
exosome separation expediting exosome studies.#24 Based on
biochemical and physical properties of exosomes, microfluidic
channels have been coupled with a wide range of exosome-
isolating strategies, including immunoaffinity,’>1® membrane
filtration,17.18  acoustics,’%20 and nanowire tapping.21-24
Following microfluidic-based exosome collection, some
platforms have been additionally integrated with in situ
exosome analytical techniques, including protein profiling,¢
ELISA,Y718 and colorimetric assay.2® Since these miniaturized
systems have great potential for biomedical applications,
development of an exosome-collecting nanointerface is
essential to further design the next generation of exosome-
based diagnostic and therapeutic platforms.

Recently, inorganic nanowires have attracted increasing
attention for their mechanical stability and high surface-to-
volume ratio,?5 as well as the fact that they are often embedded
in micro-channels for analyzing and characterizing intracellular
components (e.g., proteins, nucleic acids),2627 cells,2829 as well
as exosomes.21724 |n particular, ZnO nanowire arrays that have
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Fig. 1 Schematic illustrations of the peptide-nanowire interface within a microfluidic channel for capture and release of cancer-derived exosomes. (a) The platform configuration.
PDMS, polydimethylsiloxane. (b) Modification of ZnO nanowire surface with a bifunctional peptide, consisting of a ZnO-binding site (green), a linker (red), and an exosome-binding
site (blue). (c) Capture of exosomes by the peptide-modified nanowire interface. (d) Release of the captured exosomes from the nanowire interface using a NaCl solution.

good biocompatibility, negatively charged surfaces, and size-
exclusion effects show promising results in microfluidic-based
exosome entrapment from clinical urine?2 and serum?3samples.
Previously, nanowire-based devices provided rapid exosome
capture, with some of them later allowing in situ exosome
analyses, including miRNA extraction
detection.?-2¢ However, these unmodified and antibody-

and colorimetric
modified nanowires were dissolved to release the captured
exosomes.21.23.24 This may result in contamination of the
collected exosomes by dissolution in an acidic solution and
damage the nanowires, thus affecting their downstream
applications.

In this study, we propose a peptide-nanowire interface that
can effectively capture cancer-derived exosomes and release
captured exosomes intact, without damage to the nanowires. A
peptide binding to cancer exosomes was first screened from the
amino-acid sequence of EWI-2 protein, a major partner of the
CD9 exosome marker, using the peptide array technique.
Subsequently, a ZnO nanowire array fabricated within a
microfluidic prototype platform (Fig. 1a) was functionalized by
incubation with a solution of the designed bifunctional peptide,
consisting of a ZnO-binding site, a linker, and an exosome-
binding site (Fig. 1b). Unlike the modification of antibodies
against exosome-specific surface proteins (e.g., tetraspanin CD9,
CD63, and CD81), the bifunctional peptide does not require any
cross-linking in the immobilization step, providing a simple, bio-
friendly, and ZnO surface-specific functionalization (Fig. 1b). By
combining the ZnO nanowires’ physicochemical properties and
the peptide’s biological interaction, the efficiency of nanowires
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in the capture and release of circulating cancer exosomes can
be significantly enhanced (Fig. 1c and 1d). The bifunctional
peptide allows the captured exosome to be released with
neutral salt, a non-damaging condition to both nanowires and
exosomes (Fig. 1d). The peptide-nanowire hybrid surface
developed here will facilitate the development of exosome-
based microfluidic systems, in which exosomes can be trapped
and released, toward clinical analysis as well as medicinal
utilization of intact exosomes as gene/drug carriers.

Results

Array-based screening of exosome-binding peptides

To screen for the functional peptides binding to cancer-derived
exosomes, a library of eight-mer peptides derived from the
human EWI-2 protein, a major partner of tetraspanin CD9 over-
expressed in multiple cancer cells and exosomes, was
constructed (Fig. S1).3032 CD9-positive exosomes, prepared
from MDA-MB-231 human breast cancer cells and labeled with
a fluorescent dye,3233 were utilized in a binding assay with an
EWI-2 peptide array.34-3¢ Fig. 2a shows a fluorescence image of
the exosome-bound peptide array, used for spot intensity
quantification (Fig. S2). Nine candidate peptides with spot
intensities greater than two standard deviations from the mean
of all spots are shown in Fig. 2b. Most candidates exhibited an
isoelectric point above seven, hydrophilicity (negative grand
average of hydropathy value), and a positive charge (Table S1).
This suggested that polar and electrostatic properties play an

This journal is © The Royal Society of Chemistry 20xx
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important role in the peptide-exosome interaction.
Interestingly, a combined nest motif of R and L residues or an
RLR motif was present in most candidate sequences (P238, P169,
P237, P239, P182, P168, and P170) (Fig. 2b and Table S1). This
RLR concavity is often found in functionally important regions
and facilitates binding of anionic groups (e.g., phosphate or
carboxylate groups) of enzymes and proteins, suggesting that
these peptides were derived from the functional sites of EWI-
2.3738 Moreover, all candidates were derived from the
immunoglobulin 3 and 4 domains of EWI-2, which are necessary
for interacting with the large extracellular loop of
tetraspanins.3°4% The preferential binding site of the highest
binder P238 (RSHRLRLH) to CD9 was estimated using PepSite
software.?! Based on a protein/peptide structure database, the
first-rank prediction revealed that P238 likely binds to the CD9
surface on the large extracellular loop near the outer

ARTICLE

membrane region (Fig. S3). These findings are consistent with a
specific interaction between P238 and CD9 on the exosome
surface.

The binding affinity between P238 and CD9 was further
investigated using surface plasmon resonance (SPR). P238 was
immobilized on the sensor chip’s surface as a ligand before
injection of CD9 protein. The SPR response gradually increased
with increasing concentration of CD9 (Fig. 2c). The response was
proportional to the mass of CD9 bound to the peptide-
immobilized surface, implying an interaction between P238 and
CD9. Using a steady-state model, a plot of stabilized SPR
responses against CD9 concentrations revealed a dissociation
constant (Kp) of 4.66x107 M. To assess P238’s binding
selectivity, CD9, EpCAM, or integrin beta 5 was flowed over the
P238-immobilized chip. Fig. 2d shows that P238 preferentially
bound to CD9 rather than to the other two well-known
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Fig. 2 Array-based screening of exosome-binding peptides from EWI-2 protein. (a) Representative fluorescence image of the EWI-2 peptide array after the binding
assay with fluorescently labeled MDA-MB-231-derived cancer exosomes. The red circle denotes the AAAA peptide (a negative control). (b) Spot fluorescence
intensities of the nine candidate peptides determined by ImageQuant software. (c) Stabilized SPR responses of P238-immobilized sensor chip against CD9
concentrations to determine the K for P238-CD9 binding. (d) SPR responses of P238-immobilized sensor chip to the flows of CD9, EpCAM, and integrin beta 5. (e)
SPR responses of P238-immobilized sensor chip to the flows of cancer cell-derived exosomes, healthy human serum-derived exosomes, and phosphate-buffered

saline (PBS). Error bars indicate the standard deviation (N=3).
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exosome membrane proteins. Suspension of MDA-MB-231-
derived cancer exosomes or healthy human serum-derived
exosomes was also applied to compare the interaction with
P238. Due to the higher expression of CD9 in cancer exosomes
(688.0+£45.6 pg/mL) than in healthy ones (150.2+6.6 pg/mL), a
flow of cancer exosomes generated a higher SPR response than
that of healthy ones (Fig. 2e). Although non-specific binding was
observed (Fig. 2d), there was clear response difference between
cancer and healthy exosomes, which was consistent with the
CD9 expression level in both samples (Fig. 2e). Collectively,
these results suggest that the P238 peptide mimics the function
of its parent EWI-2 protein and has potential as a probe for
tetraspanin CD9 as well as cancer-derived exosomes.

Enhanced exosome capture of microfluidic nanowire array by
bifunctional peptide

To functionalize the ZnO surface with P238, a linear bifunctional
peptide (HCVAHRGGGRSHRLRLH) consisting of a ZnO-binding
site (HCVAHR),*2 a linker (GGG), and an exosome-binding site
(P238; RSHRLRLH) designed.4344  First, peptide
bifunctionality was evaluated by incubating ZnO microparticles

was

with a bifunctional peptide and then with cancer cell-derived
exosomes. Overlaying of fluorescence micrographs revealed
that the surface of the ZnO microparticles was modified with
fluorescein-5-isothiocyanate (FITC)-conjugated peptide and
bound to CellMask-stained exosomes (Fig. S4a). In contrast, no

Journal Name

exosome binding was observed with a control peptide
(HCVAHRGGGAAAA) in the absence of an exosome-binding site
(Fig. S4b). This result confirmed the bifunctionality of the
designed peptide before it was applied to modify the ZnO
nanowire surface.

As shown in Figs. 3a and S5, a microfluidic prototype channel
(2 cm in length, 2 mm in width, and 20 um in height) containing
a ZnO nanowire array at the bottom surface was constructed.
Fig. 3b and 3c show field emission scanning electron microscopy
(FESEM) images of ZnO nanowires approximately 50 nm in
diameter and 1 pm in height, hydrothermally grown on a ZnO
layer-deposited glass substrate. Modification of the nanowire
interface inside a microchannel was achieved by simply
injecting and incubating the bifunctional peptide solution to the
liquid chromatography
(HPLC) quantification of the remaining peptide in solution, the
amount of modified peptide was estimated to be 1.15+0.06
nmol/mm2. FESEM observation of the modified nanowires also
revealed that the diameter of the nanowires was slightly
increased (Fig. S6a, b). Furthermore, p-polarized multiple-angle
incidence resolution spectrometry (pMAIRS) was employed to
analyze the molecular orientation of the peptide on nanowires.
The bifunctional peptide-modified nanowires produced two
main peaks derived from C=0 and N-H groups in both the out-
of-plane and in-plane pMAIRS spectra (Fig. 3d, left), implying
that the peptide modification was accomplished in both the
parallel and perpendicular directions of the nanowires.
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Fig. 3 Enhanced exosome capture of microfluidic nanowire array by bifunctional peptide. (a) An image of the double-channel platform relative to a one-Japanese
yen coin (1.5 cm in diameter). One channel was used for one experiment. (b and c) FESEM images of the ZnO nanowires, hydrothermally grown on a glass substrate.
Scale bar, 500 nm. (d) pMAIRS spectra of the peptide-modified nanowires before (left) and after (right) the peptide elution with 1 M NaCl solution. (e) NTA-based

exosome capture ability. Error bars represent the standard deviation (N=3).
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Conditions for peptide elution were then investigated by
varying the concentration of NaCl salt, a common ion source for
the peptide denaturation.*> The fluorescence intensity of the
FITC-conjugated bifunctional peptide modified on the nanowire
surface decreased with increasing NaCl concentration,
suggesting peptide elution (Fig. S6c). Based on these data, 1 M
NaCl was chosen for eluting the peptide from the nanowires.
After NaCl treatment, the nanowires maintained their structure
(Fig. S6d), and elution of the peptide was confirmed by the large
drop in two main C=0 and N-H peaks of the pMAIRS spectra (Fig.
3d, right). These results clearly indicate that the bifunctional
peptide enables a simple, non-covalent modification of the
nanowire interface within a microfluidic channel and the
modified peptide can be then eluted under a neutral condition.

To assess the exosome capture ability of the modified
nanowires, a suspension of cancer cell-derived exosomes
(1x10° particles/mL or 3.33x10° particles/mm?2) was introduced
to the platform through an inlet tube, and a sample of
uncaptured exosomes was collected by an outlet tube. The
number of exosomes captured by the nanowires was estimated
from the number of uncaptured exosomes, determined by a
nanoparticle tracking analysis (NTA) system. The bifunctional
peptide-modified nanowires captured 2.33+0.15x%107
particles/mm2; in comparison, the control peptide-modified
and unmodified nanowires could capture 1.10+0.08x107 and
1.20+0.11x107 particles/mm?2, respectively (Fig. 3e). The
modification by the bifunctional peptide provided a nearly 2-
fold increase in exosome capture relative to unmodified
nanowires (Fig. 3e). In addition, a control platform without
nanowires showed negligible capture (Fig. 3e). These results
demonstrate that the bifunctional
exosome capture upon peptide-exosome affinity.

peptide can enhance

Enhanced exosome release of microfluidic nanowire array by
bifunctional peptide

To collect the captured exosomes from the peptide-modified
nanowire interface, the elution solution (1 M NaCl) was
introduced and the number of released exosomes was
determined. As shown in Fig. 4a, NTA-based analysis indicated
a significant increase in the exosome recovery percentage from
less than 10% in the unmodified nanowires to approximately
70% in the bifunctional peptide-modified nanowires. This
implied that exosome release could be achieved via peptide
modification. FESEM revealed the presence of exosomes with a
diameter of ~100 nm on the bifunctional peptide-modified
nanowires after exosome capture (Fig. 4b and 4c) but not after
exosome release (Fig. 4d and 4e). This finding shows that
peptide modification allows the captured exosomes to be
released under a neutral salt condition without nanowire
damage, suggesting that nanowires can be reused,
preventing contamination of the released exosomes by
nanowire contaminants.

also

Next, the released exosomes were characterized to evaluate
their integrity. The size distribution of particles in the eluted
exosome suspension was 80-160 nm, similar to that of the
introduced exosomes (Fig. 4f). The released exosomes were

This journal is © The Royal Society of Chemistry 20xx
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observed to have a round morphology (Fig. 4f, insert). Zeta
potential analysis revealed that the released exosomes
possessed a negatively charged surface, similar to those of
original exosomes, supporting the presence of freely existing
exosomes not bound to the positively charged peptide in the
eluted suspension (Fig. 4g). To demonstrate the compatibility of
the released exosomes for downstream analysis, they were
subjected to extraction of microRNA (miRNA), used as cancer
biomarkers.#%47 Fig. 4a shows that the amounts of extracted
miRNA were in accordance with the recovery percentage of
exosomes, suggesting that the released exosomes were intact
and suitable for following analyses without any side effects
caused by NaCl or peptides. Therefore, the functionalization of
bifunctional peptide enhances nanowire ability for not only
capture but also release of exosomes without nanowire and
exosome damage.

Comparison of exosome-collecting efficiency between peptide-
nanowire platform and ultracentrifugation

An ultracentrifugation technique was also performed in parallel
to compare the exosome isolation efficiency. Fig. 5 shows the
relative exosome amount in the exosome suspensions obtained
from the peptide-nanowire platform and ultracentrifugation.
The number of collected exosomes by the peptide-nanowire
platform was (6.9 + 0.7) X108 cells/ml while it was (1.8 + 0.2)
X 108 cells/ml with the ultracentrifugation. The nanowire
platform modified with bifunctional peptide yielded an almost
4-fold increase in exosome collection over conventional
ultracentrifugation (Fig. 5). This result shows that the peptide-
nanowire platform enables collection of exosomes superior to
the standard ultracentrifugation method in terms of efficiency.

Evaluation of exosome-collecting efficiency from a cultured, cell-
suspended medium

To demonstrate the potential of our platform under more
complicated condition, the exosome-collecting efficiency from
cell suspension added to the medium after cell growth was
evaluated. The cultured medium of MDA-MB-231 cells was
collected, suspended with MDA-MB-231 cells, and used as the
complicated sample. Three components in the prepared and
eluted samples, including exosomes, proteins, and cells, were
quantified to evaluate the collecting efficiency of the peptide-
modified nanowire platform in comparison to the unmodified
nanowire platform. Unlike the previous results, the exosomes
were quantified using exosome ELISA (CD9 detection). As shown
in Fig. 6, the peptide-modified platform was more selective for
capturing and releasing exosomes compared to the unmodified
platform, suggesting that the peptide-nanowire interface could
separate the exosomes from the complicated condition.
Interestingly, the exosome-collecting efficiency of the peptide-
modified platform from cell culture medium was 67%, which is
the same as that from exosome-suspended PBS (~70%), while
the collection efficiency using the peptide-unmodified platform
decreased to 8.9%. An approximate 7.5-fold increase in
collection efficiency of exosomes was obtained in the peptide-

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 Enhanced exosome release of microfluidic nanowire array by bifunctional peptide. (a) NTA-based exosome recovery percentage and quantification of exosomal miRNA in
the released exosome suspensions. N.D., not detected. (b and c) FESEM images of the bifunctional peptide-modified ZnO nanowires after the exosome capture. Arrows indicate
the exosome positions. (d and e) FESEM images of the nanowires after the exosome release. Scale bar, 500 nm. (f) NTA-based size distribution of the particles in the eluted exosome
suspension from the bifunctional peptide-modified nanowire platform. Insert is a FESEM image of the eluted exosome sample dried on silicon wafer substrate with a 100 nm scale
bar. (g) Zeta potential values of the original exosomes derived from MDA-MB-231 cells, the bifunctional peptide, the bifunctional peptide-bound exosomes, and the released
exosomes from the bifunctional peptide-modified nanowire platform. Error bars denote the standard deviation (N=3).

modified nanowire platform compared to the unmodified
nanowire platform. These data indicate that the peptide-
nanowire interface was effective in the collection of exosomes
in harsh conditions such as bio-fluid samples.

Discussion

6 | J. Name., 2012, 00, 1-3
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In this study, we have explored an exosome-binding peptide via a
protein-protein interaction and demonstrated its potential in
nanowire-/microfluidic-based exosome collection with controllable
capture and release features. We screened P238 peptide that mimic
the function of EWI-2 for CD9 binding. Due to the affinity of P238 for
CD9 and cancer exosomes, P238 holds promise for a broad range of
exosome applications including diagnosis, imaging, targeting, and

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Comparison of exosome isolation efficiency between peptide-nanowire
platform and ultracentrifugation. Error bars represent the standard deviation (N=3).
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Fig. 6 Evaluation of exosome-collecting efficiency from cell culture medium using
bifunctional peptide-modified nanowire platform and unmodified nanowire
platform (N=3).

drug delivery. In addition to its exosome-related applications, P238
is likely to be useful in other biological studies, since tetraspanin CD9
is involved in a variety of cellular functions including cell adhesion
and migration, cancer cell invasion, egg—sperm fertilization, and virus
infection.48-51

Linkage of a ZnO binder sequence with P238 (CD9 binder)
provides a bifunctional peptide that can directly assemble the
ZnO nanowire surface and significantly increase the efficiency
of exosome-selective capture and release. With our strategy, it
is possible to design bifunctional peptides for additional
exosome markers (e.g. CD63, and CD81) and the exosome-
targeting efficiency of nanowires may be further improved by
co-modification of these peptides.

Notably, the exosome recovery of approximately 70% for
this peptide-nanowire platform is comparable to that of an
earlier  microfluidic  device using  antibody-modified
nanowires.?* As reported in our previous study,?? the bare
nanowire-anchored microfluidic device with a herringbone
pattern could enable extracellular vesicle collection at high
efficiency from 1 mL urine with a flow rate of 50 pL/min (20 min

This journal is © The Royal Society of Chemistry 20xx
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collecting time), followed by in situ extractions of various
miRNAs. We therefore suggest that the increased capture
efficiency of nanowires by peptide modification would reduce
required sample volumes and shorten collection times relative
to the previous unmodified nanowire device under the same
processing conditions. Further well-designed microfluidic
devices, such as making manifold structures, will enhance the
collection efficiency of exosomes because the platform used
here has a flat wall and large gap (20 um) between the nanowire
surface and upper channel wall. As demonstrated here, the
peptide-nanowire interface allows the captured exosomes to be
released without damage, resulting in the utilization of intact
exosomes for potential downstream applications such as
diagnosis and tailor-made or personalized drug delivery. This
peptide interface can be developed in a wide variety of micro-
systems, making them an attractive platform for numerous
exosome-based applications (e.g., isolation, detection, surface
modification, and gene/drug loading). At this point, a startup
company (Craif Inc.) has already introduced a ZnO nanowire-
based device to the market, and peptides have been widely
commercialized. Therefore, commercialization seems quite
feasible for this interface. Future studies should focus on further
utilizing the peptide-nanowire hybrid interface within practical
miniaturized systems for both point-of-care testing and
treatment setting. Our findings provide a fundamental strategy
to accelerate exosome research.

Conclusion

In the present study, we designed a peptide-nanowire hybrid
nanointerface for enhanced capture and release of cancer-
derived exosomes within a miniaturized platform. Array-based
peptide screening yielded several exosome-binding peptides
derived from the sequence of the EWI-2 protein. Among them,
P238 (RSHRLRLH) peptide showed relatively high binding to
cancer-derived exosomes via CD9 surface protein. P238 was
conjugated with a ZnO-binding HCVAHR sequence to obtain a
bifunctional peptide for the direct assembly and
functionalization of the ZnO surface. Modification by the
bifunctional peptide significantly
capture efficiency of the ZnO nanowires. The captured

improved the exosome

exosomes were released from the nanowires by NaCl solution
and showed integrity for downstream miRNA analysis. Lastly,
our platform showed promise in collecting exosomes from the
complicated cell culture medium. We believe that the proposed
nanointerface has great potential for application in microfluidic
platforms for exosome-based cancer diagnostics and
therapeutics.

Experimental section
Binding assay between EWI-2 peptide array and cancer-derived
exosomes

The peptide array was prepared by fluorenylmethyloxycarbonyl
(Fmoc)-based chemistry using a peptide auto-synthesizer as
previously described.353644 Cancer-derived exosomes were

J. Name., 2013, 00, 1-3 | 7
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isolated from the cultured medium of MDA-MB-231 human
breast cancer cells by ultracentrifugation. More details are
provided in the Supporting Information.

MDA-MB-231-derived exosomes were labeled with
CellTracker Orange CMRA (Thermo Fisher Scientific, Waltham,
MA, USA) at 3x10%0 exosome particles/mLand 9 uM fluorescent
dye for 30 min.33 Excess fluorescent dye in the supernatant was
removed after ultracentrifugation at 4°C and 110,000 x g for 80
min. The labeled exosome pellet was washed with 0.2-um-
filtered PBS before ultracentrifugation and redispersion with
0.2-um-filtered PBS. The EWI-2 peptide array was blocked with
5% bovine serum albumin in PBS for 30 min and washed three
times with 0.05% Tween 20 in PBS for 3 min. The peptide array
was then soaked in a suspension of 1.5x1010 fluorescently
labeled exosomes/mL for 1 h and washed three times with PBS
for 3 min. All steps were performed with a low-speed shaker at
room temperature (25°C). Fluorescence scanning and imaging
were performed using a biomolecular imager (Typhoon FLA
9500; GE Healthcare, Uppsala, Sweden) using a 550 nm
excitation wavelength, 570 nm emission wavelength, and an
LPG filter. Spot intensity was quantified using ImageQuant
software (GE Healthcare).

SPR measurement

Peptide-binding affinity was studied using the Biacore X100 Plus
Package SPR system (GE Healthcare). P238 powder (prepared as
shown in the Supporting Information) was dissolved in acetate
buffer (pH 5.5) to 500 pug/mL and immobilized on a CM5 sensor
chip surface as a ligand using an amine coupling kit (GE
Healthcare) with a contact time of 720 s to obtain an
immobilized response of approximately 3,000 RU. To determine
the Kp for binding of P238 and CD9, CD9 protein (Ab152262;
Abcam, Cambridge, UK) was diluted in PBS to 37.5, 75, 150, 300,
and 600 nM before sequential injections over the P238-
immobilized sensor chip with a contact time of 30 s and
dissociation time of 60 s. The Kp was determined using the
Biacore X100 evaluation software (GE Healthcare) with a
steady-state model. CD9, EpCAM (Ab151338; Abcam), or
integrin beta 5 (Ab151845; Abcam) was diluted in PBS to 5
ug/mL and passed over the immobilized chip with a contact
time of 30 s and a dissociation time of 60 s to study the
selectivity of P238. Prior to the comparison of P238 interaction
with MDA-MB-231-derived cancer exosomes (EXOP-105A-1;
SystemBio, Palo Alto, CA, USA) and healthy human serum-
derived exosomes (EXOP-500A-1; SystemBio), CD9 expression
in cancer and healthy exosomes was quantified using the
human CD9 ELISA kit (LS-F6853; LifeSpan BioSciences, Seattle,
WA, USA). Following the user manual, the diluted exosome
suspensions (1 pg total protein) and the prepared standard
solutions were applied to the sandwich ELISA assay. Cancer
exosomes or healthy exosomes diluted with PBS to 5 ug total
protein per mL were injected over the immobilized chip with a
contact time of 90 s and dissociation time of 180 s. After each
analysis, the immobilized chip was regenerated with 10 mM
glycine-HCI pH 2.0 for 60 s. All steps were run with HEPES-
buffered saline at 37°C.
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Preparation of ZnO nanowire interface within a microfluidic
platform

To fabricate the double-channel platform (Fig. S5), a micro-slide
glass substrate (S1112; Matsunami Glass Ind., Ltd., Osaka,
Japan) was cleaned and positive photoresist (OFPR8600; Tokyo
Ohka Kogyo Co. Ltd., Kawasaki, Japan) was spin-coated on it.
The substrate was patterned by exposing it to 200 mW/cm?
ultraviolet light through a photomask; the pattern (1.5 mm in
width and 2 cm in length) was developed in an NMD-3 2.38%
solution (Tokyo Ohka Kogyo Co. Ltd.). The ZnO seed layer (100
nm) was coated on the substrate using radio frequency
sputtering (SVC-700RFII; Sanyu Electron Co. Ltd., Tokyo, Japan).
ZnO nanowires were hydrothermally grown on the substrate in
a solution containing 20 mM hexamethylenetetramine (HMTA,
Wako Pure Chemical Ind. Ltd., Osaka, Japan) and 20 mM zinc
nitrate hexahydrate (Thermo Fisher Scientific) at 95°C for 5 h.
The photoresist was removed using developer solution 104
(Tokyo Ohka Kogyo Co. Ltd.) and then washed with ultrapure
water, dried with nitrogen gas, and stored in a desiccator before
use. The ZnO nanowire substrate was observed by FESEM
(SupradOvp; Carl Zeiss Meditec AG, Jena, Germany).
Microchannel-structured polydimethylsiloxane (PDMS) was
prepared by pouring PDMS (Sylgard® 184; Dow Corning Toray
Co., Ltd., Tokyo, Japan) on a microchannel mold. The
microchannel was 2 mm in width, 2 cm in length, and 20 um in
height. For bonding between the nanowire substrate and the
microchannel-structured PDMS, both were treated with plasma
(SEDE-PFA; Meiwafosis Co., Ltd., Tokyo, Japan) and then
bonded together. Lastly, inlet and outlet tubes (polyether ether
ketone tube, 0.26 mm inside diameter, ICT-55P; Institute of
Microchemical Technology Co. Ltd., Kanagawa, Japan) were
connected to the platform.

Peptide functionalization of ZnO nanowires in a microfluidic
platform

For peptide modification, 1 mL of 100 uM bifunctional peptide
in PBS was introduced through the platform at a flow rate of 50
puL/min using a syringe pump (KDS-200; KD Scientific Inc.,
Holliston, MA, USA) before further incubation for 30 min and
washing with 1 mL PBS. The excess peptide in both the flowed
and washed solutions was quantified using HPLC (LC-20AR;
Shimadzu, Kyoto, Japan) to estimate the amount of peptide
modified on the nanowire surface. A TSKgel ODS-100Z column
(Tosoh Corporation, Shiba, Japan), acetonitrile/water/
trifluoroacetic acid (90:10:0.1) mobile phase, and 214-nm
absorbance detection were used.

To optimize peptide elution, the ZnO nanowire substrate
was modified with the FITC-conjugated bifunctional peptide;
then the modified substrate was incubated with 0, 0.125, 0.25,
0.5, 1, 2, or 4 M NaCl solution in 20 mM Tris buffer on a low-
speed shaker at 25°C for 30 min. Images of the eluted substrate
were taken using a fluorescence microscope (DM6 B; Leica
Camera AG, Wetzlar, Germany) and fluorescence intensity was
quantified using ImagelJ software (NIH, Bethesda, MD, USA).

After peptide modification and elution with 1 M NaCl
solution, FESEM was utilized to observe the morphological
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changes of the nanowires. The nanowire substrates (2 cm x 4
cm) including modified, eluted, and unmodified substrates (as
background) were analyzed using a Fourier transform infrared
spectrometer (Nicolet iS50; Thermo Fisher Scientific) with
automatic MAIRS equipment (TN10-3000; Thermo Fisher
Scientific) to obtain pMAIRS spectra.

Enhanced exosome capture and release of microfluidic nanowire
array by bifunctional peptide

For exosome capture, 1 mL MDA-MB-231-derived exosome
suspension at 1x10° particles/mL was introduced into the
microchannel at 50 uL/min using a syringe pump before flowing
20 pL of PBS to remove uncaptured exosomes. The number of
exosomes in the flowed and washed solutions was quantified
using an NTA instrument (NanoSight LM10; Malvern, Malvern,
UK) to calculate the number of captured exosomes. The
bifunctional peptide-modified nanowire substrate was
observed by FESEM after exosome capture.

For exosome release, 1 mL of 1 M NaCl solution in 20 mM
Tris buffer was introduced through the microchannel at 50
uL/min using a syringe pump. The number of exosomes in the
flowing NaCl solution was quantified using an NTA instrument
to calculate the exosome recovery percentage. FESEM
observation of the bifunctional peptide-modified nanowire
substrate was also performed after exosome release.

For characterization of the released exosomes, 1 mL of each
sample was applied to a measurement cell and analyzed using
a Zetasizer (Nano ZS ZEN3600; Malvern) with a protein profile
to obtain the zeta potential value. The released exosome
suspension was applied to total exosome RNA and protein
isolation kit (4478545; Thermo Fisher Scientific) based on
phenol-chloroform extraction. Next, the isolated miRNA was
quantified using a Qubit microRNA assay kit (Q32880) and Qubit
fluorometer (Thermo Fisher Scientific), based on fluorescent
reading of miRNA-binding fluorophores. All steps were
performed in accordance with the manufacturers’ instructions.

Comparison of exosome-collecting efficiency between peptide-
nanowire platform and ultracentrifugation

For the peptide-nanowire platform, exosomes were collected as
described above. A 1-mL aliquot of MDA-MB-231-derived
exosome suspension at 1x10° particles/mL was ultracentrifuged
at 4°C and 110,000 x g for 80 min. The exosome pellet was
redispersed with 0.2-um-filtered PBS (1 mL). The number of
collected exosomes was determined by the NTA system for
calculating relative exosome amounts.

Evaluation of the exosome-collecting efficiency from a cultured,
cell-suspened medium

MDA-MB-231 (HTB-26TM; American Type Culture
Collection, Manassas, VA, USA) were cultured in Dulbecco's
modified Eagle medium supplemented with 10% exosome-
depleted FBS, 1 mM sodium pyruvate, and 100 units/mL of
penicillin-streptomycin (Thermo Fisher Scientific). The cultured
medium was collected after 48 h of culture at approximately
90% confluency. The cells were then suspended in the collected
medium. The prepared sample (1 mL, 1.23x107 exosomes/mL,

cells

This journal is © The Royal Society of Chemistry 20xx
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1.19 pg protein/uL, 4x10% cells/mL) was continuously injected
into the peptide-modified nanowire platform and the
unmodified nanowire platform at a flow rate of 50 uL/min using
a syringe pump. PBS (20 uL) was injected to wash the channel
before 1 M NaCl solution in 20 mM Tris buffer (1 mL) was
injected. Efficiency was calculated by quantifying proteins,
exosomes, and in both the prepared eluted samples. The
suspended proteins, exosomes, and cells were quantified using
a bicinchoninic acid protein assay kit (TaKaRa Bio Inc., Shiga,
Japan), exosome ELISA complete Kit (CD9 detection; SystemBio),
and cell-counting hemocytometer, respectively. Samples were
centrifuged at 2,000 rpm for 10 min to remove the suspended
cells before protein and exosome quantification.
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