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Chapter 1. General Introduction

Extracellular vesicles (EVs) have shown promising features as biomarkers for early cancer diagnoses
and prognoses. The ability to analyze EVs could strongly impact cancer-related research studies. The outer
layer of cancer cell-derived EVs consists of organotropic metastasis-induced membrane proteins and
specifically enriched proteoglycans, and these molecular compositions determine EV surface charge. Although
many efforts have been devoted to investigating the correlation between EV subsets obtained through density-,
size-, and immunoaffinity-based captures and expressed membrane proteins, understanding the correlation
between EV subsets obtained through surface charge-based capture for effective downstream analysis of EVs
is lacking. Here, we propose a methodology to isolate EV subsets obtained through surface charge-based
capture using oxide nanowire microfluidic devices. First, we fabricate oxide nanowires with different surface
chemical properties providing diverse surface charges based on isoelectric points of the materials. And, with
the ZnO nanowire device, whose use does not require any purification and concentration processes, we
demonstrated the correlation between negatively charged EV subsets and expressed membrane proteins of colon
cancer cells for cancer detection. We have shown the potential of ZnO nanowires to capture EVs that is rapid
and simple compared to conventional methods. Nevertheless, key parameters including crystallinity and
morphology of ZnO nanowires to maximize the EVs capture performance had not yet been investigated. Thus,
we subsequently present a comprehensive investigation that highlights the correlation of ZnO nanowire
physicochemical properties to the capture performance of breast cancer cell-derived EVs. Finally, we adapted
our findings in tunable nanowire properties with highly efficient label-free capturing of EVs for other two
alternative applications rather than cancer detection, including an EV classification device for specific sorting
of EV subpopulations based on surface charge and a nanowire-based blood purification model for eliminating
of cancer-derived EVs to suppress the progression of breast cancer via EV-induced metastasis inhibition.

Extracellular vesicles (EVs) are spherically structured, cell-derived membrane vesicles and they play a
crucial role in cell-to-cell communication. These micro- and nano-sized vesicles carry molecular messages,
including proteins, lipids, DNAs, RNAs, and metabolites (Fig.1). The molecules reflect the physiological and
pathological conditions of parent cells and provide useful information for clinical applications including early
detection, diagnosis, and prognosis of diseases as well as the utilization in monitoring surgery and treatment
responses.l'10 EVs have been identified in many different biological fluids like whole blood, plasma, serum,
urine, saliva, breast milk, ezc.'" 2. Among these fluids, urine stands out as a non-invasive sample fluid that is

easy and inexpensive to obtain and can be collected over time to monitor changes. The urinary extracellular



vesicles (UEVs) were first isolated by Wiggins e al.."> Consequently, the work of Pisitkun et a.'*had a major
impact of raising interest in UEVs by demonstrating proteomic analysis of urinary exosomes associated with
renal diseases (kidney disorders). From that, the potential for clinical applications of UEVs became established.
Recent reports have shown the presence of such molecules as RNAs, microRNAs, and proteins, which can be
used as potentially as biomarkers in renal diseases (e.g., diabetic kidney disease),"” urological malignancies

(e.g., prostate, bladder and kidney cancers)'®"’

, non-urological malignancies (e.g., lung, liver, pancreas
cancers),”’ and arterial hypertension*"* in UEVs.

However, there is a concern in application of UEVs to analysis due to the great variability among
isolation techniques that have been used; this has resulted in it being difficult to apply the most effective
protocol that is convenient and universal in a clinical setting. Thus, the lack of a standardized protocol remains
a significant limitation in the field of EV analysis, especially, when all analytical validations of the assay have
to be considered including accuracy, precision, specificity, limits of detection and quantification.
Comprehensive standardized guidelines for isolation of EVs® and over all analytical processes ** > have been
provided that suggest all experimental details as well as critical evaluations in the EV analysis procedures.
Some researchers have discussed the development of a variety of EV isolation and interrogation approaches,
and highlighted potentials and limitations.?® Others have addressed the whole range of methods that are used
for human EV isolation and characterization.”’

The overall workflow procedures for studying EVs consist of three main steps (Fig. 2): pretreatment,
isolation, and downstream analysis. The key to successful determination of EVs mostly relies on the sample
preparation processes of the pre-analysis and isolation since they directly determine the qualitative and
quantitative information of EVs from that sample. Before carrying out any experiment, consideration must be
given to what target information is expected to be obtained from UEVs in the downstream analysis, e.g. the
morphology, variety of components, and proteomic and genomic information. The use of force in some
techniques may lead to break-up or deformation of the EV structure. There are many techniques that have been
developed for EV isolation. In this literature review, we focus on four principles that rely on specific properties
of the EVs including size and density, solubility, and surface affinity, and that can be realized in an integrated
microfluidic system. Each technique has its own key potential and limitations, as shown in Table 1. A number
of recent studies have tried to combine two or more different techniques together to improve isolated matter

purity, yield and richness of the biomolecule types, e.g. ultra-centrifugation with ultra-filtration (UC-UF),? %



29,30 and ultra-filtration with size-exclusion

ultra-centrifugation with size-exclusion chromatography (UC-SEC),
chromatography (UF-SEC).*"# Still, all these techniques have intensive labor requirements.

Microfluidics techniques are integrated platform that have been developed within the lab-on-a-chip
concept promoting high robustness, sensitivity, and selectivity of EV analysis.***® As noted earlier, the ideal
analysis methodology is to detect EVs directly without any extensive pretreatment steps from urine, and
numerous studies have tried to find out whether realizing this is possible.

In 2017, we proposed a novel approach to UEV isolation microfluidics that enables EV collections at
high efficiency and by in situ extractions of diverse miRNA molecules that significantly exceed the number of
items being extracted by the conventional ultracentrifugation method and a commercially available kit.*” This
methodology moves researchers toward the goal of miRNA-based noninvasive and simple early disease
diagnoses and timely medical checkups from urine. Although nanowires have shown great potentials for
analyzing properties of cells or intracellular components, none of the previous studies have dealt with
applications to collect EVs. We discovered utilization of distinct properties of nanowire, including the relatively
small size as EV molecule, the large surface-to-volume ratio for high adsorption area, and the variations of
surface charge, promoting highly sensitive interaction and the reduction of processing time and sample volume.
Furthermore, oxide nanowires provide high flexibility in on demand application by tailoring physical property
and surface chemistry in the fabrication process.

Herein, in this research, various oxide nanowire devices were fabricated for analysis of EVs and its
contents, namely membrane protein markers and EV-encapsulated miRNAs. This thesis provides the series of
nanowire-based device development in order to improve performance and maximize the potentials of nanowire-
based devices by manipulating surface physicochemical properties of oxide nanowires. In chapter 2, three types
of metal oxide nanowires with distinct surface chemistry were used to evaluate and identify the most suitable
candidate material for label-free capturing of EVs. In addition, this device was applied to realize membrane
protein profiling of EVs obtained via charge-based capture for detection of colon cancer within a single device.
Chapter 3 provides a comprehensive investigation of ZnO nanowire in terms of physical properties in EV
capture performance. Various morphologies and crystallinities of nanowires were tailored using an ammonia-
assisted hydrothermal method, then the correlation between device efficacy and physicochemical property of
nanowires from different growth conditions were observed. Our discoveries in chapter 2 and 3 were
subsequently utilized to promote specific adsorption of EVs on nanowires based on crystallinity. Moreover, to

achieve releasability of the captured molecules for further downstream analysis, we additionally apply an



elution essay promoting specific desorption of EVs based on ionic strength and surface charge. This
classification concept to sort EV subpopulations is described in Chapter 4, we provide the analysis of distinct
protein membrane markers and EV-encapsulated miRNAs profiling in each EV fraction. Last but not least, in
Chapter 5, an alternative utilization of the nanowire-based methodology in cancer therapeutic application, as a
model of blood purification device, were proposed for the first time. Since the device application had been
mostly focusing on cancer diagnosis and monitoring in previous studies. Growing of evidences indicated that
EVs involve in metastasis and proliferation of cancers, but, thus far, how their elimination from biofluid in
order to inhibit the abnormal growth of cell has been poorly understood. Here, we described an EV-elimination
device using nanowires which can efficiently remove EV-miRNAs from cancer cell supernatant for inhibiting
abnormal growth in recipient cell without toxicity to cell. Finally, Chapter 6 is dedicated to some concluding
remarks and future perspectives.
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Fig.1 Overall composition of extracellular vesicles (EVs).
Schematic representation of the composition (families of proteins, lipids, and nucleic acids) and membrane

orientation of EVs. Examples of tetraspanins commonly found in EVs include CD63, CD81, and CD?9.
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Fig.2 The workflow of analytical procedure of EVs.

The key to successful determination of EVs mostly relies on the sample preparation processes of the pre-
analysis and isolation since they directly determine the qualitative and quantitative information of EVs from
that sample. The characterization of EVs is primarily based on the variety of their biophysical and biochemical
properties which may be used to determine the molecular composition of vesicles for identifying markers of

disease.



Table 1

Summary of isolation techniques for extracellular vesicles.

Isolation Technique

Principle of Technique

Advantages

Disadvantages

Ultracentrifugation  Size and density based Large sample High instrument cost
seperation by applied capacity Labor intensive
centrifugal force Large yield Time consuming

Low purity

Ultrafiltration Size based seperation Low instrument cost ~ Vesicles trapping

by ultra-fine pore size

membrane

Fast processing

Size overlapping

Protein contaminants

Size-Exclusion

Size and mobility based

High purity

Require additional

Chromatography separation by packed column Low protein concentration step
with porous materials contaminants Long run time
High yield
Precipitation Solubility based Fast processing Protein contaminants
seperation by substances in a High yield Chemical required
solution High quality for
RNA profilling
Immuno-based Surface affinity based High specific High antibody cost
technique separation by antibody High recovery Low sample capacity
Microfluidics Surface affinity based Very fast Complexity of device

separation by various materials

High sensitivity

High selectivity

High cost




Chapter 2. Molecular Profiling of Extracellular Vesicles via

Charge-Based Capture using Oxide Nanowire Microfluidics

2.1 Introduction

Extracellular vesicles (EVs; diameters of 30-2000 nm) are membrane vesicles, such as exosomes,

microvesicles, and apoptotic bodies,***’

and the EVs contain nucleic acids, proteins, and metabolites. The EVs
are secreted into the body’s blood circulation system by most types of cells. Furthermore, EVs maintain
biological functions after their internalization into recipient cells, and therefore, they can regulate cellular
information.*'** Since EVs can preserve cancer- and disease-related genetic and proteomic information,**
they have been used as a source of cancer and disease biomarkers. To take advantage of their full potential as
biomarkers, methodologies that not only capture special subsets of EVs but also profile membrane proteins of
EVs are required to identify the correlation between the captured EV subsets and profiled EV membrane
proteins.

Current methodologies for EV capture are mainly divided into three groups:*’ density-based capture
using ultracentrifugation or differential centrifugation,” size-based capture using size exclusion
chromatography, and immunoaffinity based capture (for specific membrane proteins, e.g., CD9, CD63, and
CD81). In addition, polymer precipitation (for example, ExoQuickTM, a size-based capture according to the
kit manufacturer’s instruction manual)* and microfluidic-based platforms (density-, immunoaffinity-, and size-
based captures)* have been reported as emerging alternatives. The EV subsets obtained through density-, size-,
and immunoaffinity-based captures have EV information corresponding to EV contents or specific membrane
proteins (CD9, CD63, or CD81), but not molecular compositions of the EV surface that reflect donor cell
information.

Since the outer layer of cancer cell-derived EV's can consist of lipid bilayers, organotropic metastasis-
induced membrane proteins,” and specifically enriched proteoglycans,” the idea that EVs have a correlation
between surface molecules and charge is rational. And therefore, understanding the correlation between EV
subsets obtained through surface charge-based capture and expressed membrane proteins should also be
important, as is the case with density-, immunoaffinity-, and size-based captures. Fewer efforts have been
devoted to investigating the correlation between EV subsets obtained through surface charge-based capture and

expressed membrane proteins. Among the developed methodologies, the charge-based capture has advantages

of rapid and simple operation with high EV yield and high RNA throughput (Table 2).



We previously introduced a nanowire-based concept that could collect over 99% of the EVs present;
the analysis targets were urinary microRNAs.>”-*® The correlation between EV subsets obtained through surface
charge-based capture and expressed membrane proteins has not been addressed as yet, however. Here we
propose a methodology using oxide nanowires with different surface potentials to subdivide EVs based on

surface charge and we investigate a correlation between surface charge and expressed proteins on the EVs.

2.2 Method

a. Cell culture and EV purification by ultracentrifugation.

Human breast adenocarcinoma cells (MDA-MB-231, American Type Culture Collection Co., Ltd.)
were cultured in Dulbecco's modified eagle medium (DMEM, Thermo Fisher Scientific Inc.) with 10%
exosome-depleted fetal bovine serum (FBS, System Biosciences, LLC.) without any addition of antibiotics. In
each passage, 2 x 10° cells were seeded into 15 mL of cell medium in a culturing flask and cultured in an
incubator (Panasonic Corp.) at 37°C and in 5% CO,. After 48 h, the cell medium was taken from the culturing
flask and filtered through a 0.22-um filter (Merck Millipore Ltd.) to remove cellular debris. Next, 20 mL of the
filtered medium was ultracentrifuged (80 min, 4°C, 110,000 g). After discarding the supernatant, we added 10
mL of 0.22-um filtered phosphate-buffered saline (PBS; Thermo Fisher Scientific Inc.) to wash the collected
EVs, and this was ultracentrifuged again (80 min, 4°C, 110,000 g). After discarding the supernatant, 1 mL of
0.22-um filtered PBS was added to collect EVs, and the collected EVs were stored at 4°C. For HepG2, HTC116
(American Type Culture Collection Co., Ltd.), CCD-18Co, and Hs578Bst, the media we used were DMEM,
McCoy’s 5A (American Type Culture Collection Co., Ltd.), Eagle's minimal essential medium (EMEM,
American Type Culture Collection Co., Ltd.), and Hybri-Care Medium (American Type Culture Collection
Co., Ltd.), respectively. EV zeta potential was measured at 25°C using the Zetasizer nano-ZS (Malvern
Panalytical Ltd) by means of the M3-PALS (Mixed Mode Measurement-Phase Analysis Light Scattering).
b. Nanowire fabrication and characterization.

We fabricated ZnO nanowires on Si substrate using the previously reported method,”’” and deposited a
TiO, layer or a SiO; layer on the ZnO nanowires by atomic layer deposition. The morphology and the
composition of ZnO (bare) (Fig. 3), ZnO/TiO, (core/shell) (Fig. 4), and ZnO/SiO; (core/shell) (Fig. 5)
nanowires were characterized by field emission scanning electron microscope (FESEM), scanning transmission
electron microscopy (STEM) and energy dispersive x-ray spectroscopy (EDS). For the cross-sectional SEM-

EDS analysis, we utilized an accelerating voltage of 15 kV. For the single-nanowire STEM-EDS analysis, we

10



used an accelerating voltage of 30 kV. The EDS mapping images were 512 x 384 pixels and the delay time for
each pixel was 0.1 ms. The images were integrated for 100 cycles. The peaks of Zn Ka (8.630 keV), O Ka
(0.525keV), SiKa (1.739 keV), and Ti Ka (4.508 keV) were chosen to construct the elemental mapping images.
Nanowire zeta potential was measured using commercial apparatuses (Otsuka Electronics Co., Ltd.).

c. EV capture on nanowires.

We used a custom-made Teflon holder in the experimental capturing of EVs on each nanowire. The
nanowires on a substrate were set into one part of the unassembled holder (Fig. 6a), and the holder parts were
then fasted together with screws (Fig. 6b). 1 mL of EV-suspended PBS was supplied to the holder and the EVs
were captured onto each nanowire. EV concentration and size were analyzed using a nanoparticle tracking
analysis (NTA) instrument (Malvern Panalytical, Ltd.). After appropriate dilutions, video data were collected
5 times for a 60-s time period for each video. Camera level and detection threshold were set to 13 and 5,
respectively. Data analysis was performed automatically by NanoSight NTA 3.2 software (Malvern Panalytical,
Ltd.). After drying the EVs on the ZnO nanowires, we coated the EVs with gold film via plasma exposure
(Vacuum Device Inc.) to a thickness around 25 nm for FESEM imaging (Carl Zeiss AG).

d. Nanowire microfluidic device fabrication.

A glass substrate (26 A ~ 38 mm, Matsunami Glass Ind., Co., Ltd.) was cleaned and then heated at
300°C. A solution mixture of 75 mM zinc acetate dihydrate and 75 mM ethanolamine was prepared by
dissolving them in 2-methoxyethanol. This solution was used to spin-coat a ZnO layer on the glass substrate
(7000 rpm, 30 s), followed by heating of the coated substrate at 300°C for 3 min; this ZnO layer deposition step
was repeated 6 times. Next, positive photoresist (OFPR8600, Tokyo Ohka Kogyo Co., Ltd.) was coated on the
substrate (1500 rpm, 120 s) and then the nanowire pattern was formed by photolithography. The ZnO nanowires
were grown by immersing the substrate in a solution mixture of 20 mM hexamethylenetetramine (HMTA,
Wako Pure Chemical Industries, Ltd.) and 20 mM zinc nitrate hexahydrate (Zn(NO3),.6H,O, Thermo Fisher
Scientific Inc.) at 95°C for 8 h. After removal of the resist, a sheet of poly(dimethylsiloxane) (PDMS) (Silpot
184, Dow Corning Corp.) patterned with microchannels was bonded to the substrate (Fig. 7).

e. In-situ profiling of EV membrane proteins.

When introducing EVs into the nanowire device, we allowed the EVs to be captured onto the ZnO
nanowires for 1 h at room temperature; then PBS was introduced into the device to remove the uncaptured EVs.
Next, we introduced 1% bovine serum albumin (BSA) solution (Kirkegaard & Perry Laboratories, Inc.) into

the device and let it stand for 15 min. After washing out the device using PBS, we introduced a mouse
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monoclonal anti-human AlexaFluor488-labeled CD63 antibody (10 pg/mL, Santa Cruz Biotechnology, Inc.) or
a mouse monoclonal anti-human CD9, CD81, and CD147 antibody (10 pg/mL, Abcam, Plc.) into the device,
and let the antibody solution stand for 15 min. Lastly, we washed out the device using PBS. For CD9, CD&1,
and CD147 detections, additionally, we introduced a goat polyclonal anti-mouse AlexaFluor488-labeled I1gG
secondary antibody (5 pg/mL, Abcam, Plc.) into the device, and let the secondary antibody solution stand for
15 min. Finally, we washed out the device using PBS and followed that by fluorescence observation with an
EM-CCD camera (C9100-13, Hamamatsu Photonics K.K.; measured area, 212 pm?) through the fluorescence
microscope (Olympus, Co., Ltd.) (Fig. 8), and then the fluorescence intensity was analyzed by image-

processing software (AquaCosmos, Hamamatsu Photonics K.K.; measured area, 212 pm?).

2.3 Results and Discussion

a. Surface charge-based EV capture followed by in-situ profiling of EV membrane protein via the
oxide nanowires in microchannels.

For charge-based EV capture followed by in-situ profiling of EV membrane proteins, we introduce
biological samples and then fluorescently labelled antibodies into an array of the oxide nanowires in
microchannels; we call this a nanowire device. First, the nanowires harvest EVs from the introduced biological
samples, and then, the fluorescently labelled antibodies demonstrate in-situ profiling of EV membrane proteins
corresponding to the antibody types. Fig. 9 is a schematic of our proposed concept to perform surface charge-
based EV capture followed by in-situ profiling of EV membrane protein via the nanowire device. Oxide
nanowires may be a good candidate for EV surface charge-based capture due to the diverse isoelectric points
of oxides™ and the large surface-to-volume ratios of nanowire structures.’” *> The microchannels play an
important role in shortening distances and increasing contact frequencies between nanowires and EVs™. Since
the herringbone structure in our previous design’’ made a convection flow, which may have the risk of
noncharge-based capture of EVs, we fabricated the microchannels without mixing structures (straight channel
design). Thus, the present nanowire device allows us to analyze the relationship between surface charge and
proteins on EVs.

To confirm the feasibility of charge-based capture on nanowires, we captured EVs onto charged
surfaces of the nanowires (Fig. 10a). The cell-derived EVs in PBS, which were purified by ultracentrifugation,
had a mean zeta potential of -21.0 mV (Fig. 10b) and a mean diameter of about 94.6 nm (Fig. 10c). We

deposited two different oxide materials, TiO, and SiO,, on ZnO nanowires to form different surface potentials
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of the nanowires in the same pH range. Around pH = 7, the ZnO (bare) nanowires had a positively charged
surface, and the ZnO/TiO> (core/shell) and the ZnO/SiO; (core/shell) nanowires had a negatively charged one
(Fig. 10b). The ZnO (bare), ZnO/TiO; (core/shell), and the ZnO/SiO; (core/shell) nanowires could capture EVs
in response to the surface potential (Fig. 10d). Although the positively charged surface of the ZnO (bare)
nanowires showed the highest capture efficiency among the three types of nanowires, the negatively charged
surface of the ZnO/TiO; and the ZnO/SiO, nanowires could also capture EVs. This result implied that the
captured subsets of EVs using each nanowire type were different; the ZnO (bare) nanowires could capture
negatively charged EVs, while the ZnO/SiO, nanowires could capture positively charged EVs. The ZnO (bare)
nanowires were our first choice in this paper from the standpoint of capture efficiency; however, the ZnO/SiO,
nanowires also would be good candidates to further investigate EV characteristics of the positively charged
EVs. The EV subsets obtained through charge-based capture would provide a unique insight into EV
information corresponding to EV contents or specific membrane proteins. We thought it reasonable that surface
potential, density and aspect ratio of nanowires could further improve the capture efficiency of EVs.
Considering the relationship between zeta potential of nanowires and capture efficiency, we assumed more
positive surface materials, such as NiO, MgO, and PbO,** would be better suited to enhance the capture
efficiency. Since the ZnO surface area relates to the capture efficiency, increasing the nanowire density in the
array with enough space for EVs to enter and increasing the aspect ratio of the nanowires by making them
thinner and longer, would also offer ways to enhance the capture efficiency. Using a precursor of NiO, MgO,
and PbO for atomic layer deposition and adding PEI and ammonia into the growth solution for making

759 would allow researchers to capture more EVs

nanowires thinner and longer such as done in the literatures
in the nanowire device.

For in-situ profiling of the membrane protein of the EVs, here, we used the ZnO (bare) nanowires to
capture EVs. We fabricated ZnO nanowires on a glass substrate (Fig. 11a; 700 pm x 15 mm; height, 2 pym) and
then bonded a sheet of poly(dimethylsiloxane) (PDMS) with microchannels to the substrate (Fig. 11b; 700 pm
x 15 mm; height, 20 pm) to form the nanowire device (Fig. 11¢). Analysis of an FESEM image showed that
the nanowires had an average diameter of 100 nm and the nanowire density was 20 nanowires/um?” (Fig. 11d).
We could estimate 2.0 x 10® nanowires were presented in the fabricated area, resulting in around a 12-fold
larger surface-to-volume ratio compared to the no-nanowire surface. To introduce biological samples, we

supplied 1 pL of sample through an inlet, and aspirated the sample using a vacuum pump (Fig. 11e).

Considering the spatial volume of one microchannel, we could introduce 0.21 pLL amounts of biological samples

13



into the microchannel. Generally, EV concentrations in biological samples® are 10® - 10'° /mL and the number
of EVs in the microchannel are 2.0 x 10°- 2.0 x 107, and therefore, we could say that the present nanowire
device has a large enough number of nanowires (2.0 x 10® nanowires) to capture EVs, as charge-based subsets,
in the biological samples. We verified whether the nanowire device demonstrated in-situ profiling of the
membrane protein of the charge-based captured EVs onto the ZnO (bare) nanowires. We introduced EVs and
fluorescence-labeled antibodies into the nanowire device, and followed that by observing the fluorescence
intensities (Fig. 12). Compared with in-situ profiling of the membrane protein of EVs in a microchannel without
nanowires and no EVs in the nanowire device, we confirmed charge-based EV capture followed by in-situ
profiling of EV membrane proteins using the ZnO nanowires (Fig. 11f). The FESEM images also allowed us
to confirm the EV capture onto the ZnO nanowires (Fig. 11g). To show the superiority of our nanowire-based
methodology to the conventional methodology, we used a 96-well plate, protein adsorption platform for
comparison (Fig. 11h). Comparison of p-values between the cases of EVs captured onto nanowires and EVs
captured onto plate wells of the 96-well plate showed that nanowires could capture EVs and profile membrane
proteins efficiently (Figs. 11f and 11h). We concluded that charge-based EV capture by the nanowire device
outperformed protein adsorption-based EV capture by the 96-well plate platform, and our nanowire device was
suitable for membrane protein profiling of EVs.

b. Correlation between surface charge and membrane proteins.

To elucidate a correlation between surface charge and membrane proteins on EVs, we profiled three
membrane proteins, CD9, CD63, and CD81, on EVs in the nanowire device. We evaluated effect of the
purification method before introduction into the nanowire device on in-situ profiling of the membrane protein
of the charge-based captured EVs. Cell-derived EVs in cell medium, without any purification and concentration
processes, showed larger fluorescence intensity than those purified and concentrated by Exoquick and
ultracentrifugation (Fig. 11i) with similar CD9/CD81 ratio, though CD63 on EVs using charge-based capture
showed a little bit higher expression level than on those using conventional techniques (Exoquick and
ultracentrifugation). The charge-based capture on nanowires could purify and concentrate EVs onto them from
cell supernatant. Then, we profiled the expression level of membrane proteins derived from each cell, liver
cancer cells (HepG2), breast cancer cells (MDA-MB-231), breast cells (HS578Bst), colon cancer cells
(HCT116), and colon cells (CCD-18Co), and determined that each of the cell-derived EVs had unique
expression profiles of CD9, CD63, and CD81 (Fig. 11j). As reported using ultracentrifugation, the

concentrations of collected EVs differed among different cells and the ratio of expressed membrane protein on
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EVs also differed among different cells.®’** Reconstruction of the data points of fluorescence intensity clarified
that CD9 and CD81 would have an inherent expression level related to each cell type, and CD63 would have
an inherent expression level related to EV concentrations (Figs. 12a-12¢). A correlation of expression levels
between CD9 and CDS81 might be worth considering further; a high expression level of CD9 had a low
expression level of CD81 and vice versa. With the ZnO nanowire device, whose use does not require any
purification and concentration processes, we demonstrated the correlation between negatively-charged EV
subsets obtained through surface charge-based capture and expressed membrane proteins derived from each
cell. Since some reports have shown the use of EV membrane proteins in cancer and other disease diagnoses
has performance superior to that of standard clinical biomarkers;***” we profiled CD9 and CD147 membrane
proteins, which have both been found to be highly expressed on EVs and on colon cancer related EVs,
respectively.”® 7' We confirmed that EVs derived from each cell type were captured on the ZnO nanowires
and CD9 and CD147 membrane proteins were profiled on the EV surface (Fig. 13a), leading to the negatively
charged EVs derived from cells being CD9 and CD147 double-positive. Specific membrane proteins on cancer
cell-derived EVs seemed to be more highly enriched than those on non-cancer cell-derived EVs,”* and the
fluorescence intensity of the membrane proteins for cancer cell derived EVs was higher than that for non-cancer
cell-derived EVs even though the EV concentrations were comparative (Fig. 13b); colon cancer cells (HCT116)
> colon cells (CCD-18Co). Profiling membrane proteins of negatively charged EVs demonstrated that colon
cancer cell-derived EVs had a significant difference in expression level ratio between CD9 and CD147,
compared to other cancer cell-derived EVs and non-cancer cell-derived EVs (Fig. 13b). The breast cancer cell-
derived EVs and the breast cell-derived EVs expressed both CD9 and CD147, but there was no significance
difference in their expression level ratios (CD147/CD9). Since a correlation between high expression of CD147
and poor prognosis has previously been shown in colorectal cancer,” it makes sense that the present
methodology has a potential for ex-vivo analysis of tumor-derived EVs. Finally, we introduced a urine sample
from a healthy volunteer into our microfluidics device and confirmed that EVs in the urine were captured on
the ZnO nanowires and CD9 and CD147 membrane proteins were profiled on the EV surface. The present
nanowire device allowed us to profile membrane proteins of urinary EVs from the healthy volunteer (Fig. 13c).
The expression level ratio (CD147/CD9) of urinary EVs from the healthy volunteer showed a significance
difference, compared to colon cancer cell-derived EVs and colon cell-derived EVs; however, the expression
level ratio (CD147/CD9) of urinary EVs was identical to that of breast cell-derived EVs (Fig. 13d). Considering

the fact that the urinary EVs from the healthy volunteer include all EVs derived from all types of cells, it is

15



plausible that the expression level ratio (CD147/CD9) of urinary EVs is identical to that of breast cell-derived
EVs and has a significance difference to that of colon cell-derived EVs. These results and previous reported

data®” imply that our methodology holds promise for application to urine-based cancer diagnosis.

2.4 Conclusions

To summarize, we have demonstrated our nanowire device could achieve membrane protein profiling
of EV subsets obtained through surface charge-based capture from biological samples. The positively charged
surface of the ZnO (bare) nanowires had an important role in the charge-based capture of EVs that we then used
for in-situ profiling of EV membrane proteins, CD9, CD63, CD81, and CD147. The ZnO (bare) nanowires
allowed us to obtain a higher expression level ratio (CD147/CD9) from colon cancer cell-derived EVs and to
detect an expression level ratio (CD147/CD9) from the EVs of a healthy volunteer urine sample. Our
methodology showed the potential to provide a novel indicator of the EV subset role (surface charge) for cancer
diagnosis, although we need to perform further trials for the confirmation of the indicator. Since we have already

identified cancer-related microRNAs from urine samples using ZnO nanowires,*”**

we expect it would also be
possible to identify the membrane protein-based markers from urine samples after making a correlation between
in-situ EV profiling and EV encapsulated microRNAs. At this point, a startup company (Craif Inc.) has already
introduced a ZnO nanowire-based device to the market based on microRNA profiling, and in the future, in-situ
EV profiling should come to be commercialized widely. Although we need to perform more trials for cancer

diagnosis, the present results have led us to believe our developed approach will be a powerful tool that offers

a new strategy for researchers to perform cancer diagnosis using urine samples.
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Table2 Comparison of capture techniques for extracellular vesicles.

Method Time Principle Advantages Disadvantages  Sample matrix
Ultracentrifugation 140-600 Size and Standard Damages EVs; Large variety
73,74 min density-based method; no promotes possible
technique additional aggregation;
chemicals low RNA yield
needed

Immunoaffinity 240 min, Affinity-based  High selectivity; Difficulties with

Culture
75,76 12-24h technique high purity detachment of ~ medium; plasma
incubation molecules
Filtration 130 min Size-based Large scale; Filter plugging; Culture
77,78 technique simple deformation of  medium; serum;
operation EVs; protein urine
contamination
Oxide nanowire 20 min Charge-based Rapid and Interference in Urine
microfluidics technique simple complex sample
53,79

operation; high matrices
EV yield; high
RNA

throughput
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Fig.3 FESEM images, STEM images and EDS elemental mappings of ZnO (bare) nanowires.

(a) A cross-sectional FESEM image and corresponding EDS elemental mappings of the nanowires on Si
substrate; scale bars = 1 um. Zn and O are respectively highlighted as green and red for single elemental
mappings. (b) An STEM image of a nanowire and corresponding EDS elemental mappings; scale bar = 200

nm. Zn and O are respectively highlighted as green and red for single elemental mappings.
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Fig.4 FESEM images, STEM images and EDS elemental mappings of ZnO/TiO: (core/shell) nanowires.
(a) A cross-sectional FESEM image and corresponding EDS elemental mappings of the nanowires on Si
substrate; scale bars = 1 pm. Zn, O and Ti are respectively highlighted as green, red and yellow for single
elemental mappings. Zn and Ti are respectively highlighted as green and blue for dual elemental mappings. (b)
An STEM image of a nanowire and corresponding EDS elemental mappings; scale bar =200 nm. Zn, O and Ti
are respectively highlighted as green, red and yellow for single elemental mappings. Zn and Ti are respectively

highlighted as green and blue for dual elemental mappings.
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Fig.5 FESEM images, STEM images and EDS elemental mappings of ZnO/SiO: (core/shell) nanowires.
(a) A cross-sectional FESEM image and corresponding EDS elemental mappings of the nanowires on Si
substrate; scale bars = 1 um. Zn, O and Si are respectively highlighted as green, red and orange for single
elemental mappings. Zn and Si are respectively highlighted as green and red for dual elemental mappings. (b)
An STEM image of a nanowire and corresponding EDS elemental mappings; scale bar = 200 nm. Zn, O and Si
are respectively highlighted as green, red and orange for single elemental mappings. Zn and Si are respectively

highlighted as green and red for dual elemental mappings.
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Fig. 6 EV capture using two types of nanowires.

(a) A photo of a custom-made Teflon holder before assembly; scale bar = 3 cm. The holder consists of two
Teflon blocks (upper and lower sides), sandwiching an O-ring. The nanowires of different core/shell materials
were grown on the Si substrate and the substrate was set on the lower side Teflon block. (b) A photo of the
custom-made Teflon holder after assembly; scale bar = 3 cm. After assembly, 1 mL of EV-suspended PBS was
supplied from an inlet. (c) Capture efficiency of EVs using each nanowire type (pink, ZnO (bare); purple,
ZnO/Zn0O core/shell) in response to capture time. The ZnO/ZnO core/shell nanowires were fabricated by

depositing a ZnO layer on the ZnO nanowires by atomic layer deposition.
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Fig. 7 Schematic drawing of the fabrication procedure for the nanowire device.
Materials included in the drawing are the glass substrate (shown as dark cyan), ZnO layer (gray), OFPR8600

photoresist (orange), ZnO nanowires (dark gray) and PDMS sheet with microchannels (faded cyan).
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Fig. 8 Schematic drawing of the experimental procedure.
Materials included in the drawing are the glass substrate (shown as light cyan), ZnO (bare) nanowires (gray
rods), PDMS sheet with microchannels (faded cyan), EVs (orange circles), BSA solution (green), antibodies

(gray).
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into a nanowire device

Extracellular vesicle

2. Nanowire-induced charge-based
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introduction into the nanowire device
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Fig. 9  Nanowire device to explore surface charge-based capture of EVs and in-situ profiling of EV

membrane proteins.

Schematic illustrations showing steps in profiling membrane proteins via surface charge-based capture of EVs.
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Fig. 10 Nanowire-induced charge-based capture of EVs.

(a) Schematic illustrations showing steps in calculating capture efficiency for surface charge-based capture of
EVs. (b) Zeta potential of the cell-derived EVs in PBS, and ZnO (bare), ZnO/TiO; (core/shell) and ZnO/SiO»
(core/shell) nanowires in water. (c) A cryo-TEM image of the cell-derived EVs; scale bar = 100 nm. The white
arrow indicates the EVs. (d) Capture efficiency of EVs using different material nanowires (pink, ZnO (bare);
orange, ZnO/Ti0; (core/shell); cyan, ZnO/SiO, (core/shell)). Nanowires of each material on Si substrate were
set into a Teflon holder to avoid any unintended adsorption onto the sample holder. Initial concentration of EVs

was 1.0 x 10° (/mL). Error bars show the standard deviation for a series of measurements (N = 3).
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Fig. 11  In-situ profiling of charge-based captured EV membrane proteins.

(a) Photo showing the patterned area of ZnO (bare) nanowires on a glass substrate; scale bar = 10 mm. (b) A
photo of a PDMS sheet with fabricated microchannels; scale bar = 10 mm. (c) A schematic cross-sectional
illustration of the nanowire device. (d) An FESEM image of ZnO nanowires; scale bar = 1 um. (e¢) Photos taken
during experimental procedures. (f) Box and whiskers plot of CD63 membrane protein profiling of captured
EVs using the microfluidic devices (pink, with ZnO nanowires; cyan, without ZnO nanowires; purple, no EVs).

A measurement series was N = /6. Initial concentration of EVs was 1.0 x 10" (/mL). The horizontal black
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dotted line shows the signal level at 3 standard deviations above the background (3SD). (g) An FESEM image
of captured EVs (colored in pink) on ZnO nanowires (colored in blue); scale bar = 100 nm. (h) Box and whiskers
plot of CD63 membrane protein profiling of captured EVs using the 96 well plate (moss green, with EVs;
yellow without EVs). A measurement series was N = 6. In (f) and (h), colored box lengths represent the
interquartile range (first to third quartiles), the line in the center of each box represents the median value, the
bars show the data range (maximum to minimum), and the p-value was calculated by a non-parametric test, the
Mann—Whitney U test. (i) Box and whiskers plot of membrane protein profiling of captured EVs (pink, CD9;
orange, CD63; cyan, CD81). EVs were purified from HepG2 cell-cultured medium by different protocols: no
purification, Exoquick and ultracentrifugation. A measurement series was N = 20. (j) Box and whiskers plot of
membrane protein profiling of captured EVs (pink, CD9; orange, CD63; cyan, CD81) in different cell-cultured
medium. A measurement series was N = 20. In (i) and (j), colored box lengths represent the interquartile range
(first to third quartiles), the line in the center of each box represents the median value, and the bars show the

data range (maximum to minimum).
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Fig. 12 Membrane protein profiling of captured EVs on ZnO (bare) nanowires.
(a-c) Plots of fluorescence intensity for (a) CD9, (b) CD63, and (c) CD81 membrane proteins vs. EV
concentration. Different cell-derived EVs were used (Fig. 11j). Error bars show the standard deviation for a

measurement series (N = 20).
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Fig. 13 Membrane protein, CD9 and CD147, profiling of EVs.

(a) Box and whiskers plot of membrane protein profiling of captured EVs (pink, CD9; light green, CD147) in
different cell-cultured medium. A measurement series was N = 16. (b) Box and whiskers plot of the ratio of
CD147 fluorescence intensity to CD9 fluorescence intensity. The p-value was calculated by a nonparametric
test, the Mann—Whitney U test. (c) Box and whiskers plot of membrane protein profiling of captured EVs (pink,
CD9; light green, CD147) in urine. A measurement series was N = 20. (d) Box and whiskers plot of the ratio
of CD147 fluorescence intensity to CD9 fluorescence intensity. The p-value was calculated by a non-parametric
test, the Mann—Whitney U test. In (a-d), colored box lengths represent the interquartile range (first to third
quartiles), the line in the center of each box represents the median value, and the bars show the data range

(maximum to minimum).
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Chapter 3. Tailoring ZnO Nanowire Crystallinity and Morphology

for Label-Free Capturing of Extracellular Vesicles

3.1 Introduction

Zinc oxide (ZnO) nanowires have shown their potential in isolation of cancer-related biomolecules
such as extracellular vesicles (EVs), RNAs, and DNAs for early diagnosis and therapeutic development of
diseases. Since the function of inorganic nanowires changes depending on their morphology, previous studies
have established strategies to control the morphology and have demonstrated attainment of improved properties
for gas and organic compound detection, and for dye-sensitized solar cells and photoelectric conversion
performance. Nevertheless, crystallinity and morphology of ZnO nanowires for capturing EVs, an important
biomarker of cancer, have not yet been discussed. Here, we fabricated ZnO nanowires with different
crystallinities and morphologies using an ammonia-assisted hydrothermal method, and we comprehensively
analyzed the crystalline nature and oriented growth of the synthesized nanowires by X-ray diffraction and
selected area electron diffraction using high resolution transmission electron microscopy. In evaluating the
performance of label-free EV capture in a microfluidic device platform, we found both the crystallinity and
morphology of ZnO nanowires affected EV capture efficiency. In particular, the zinc blende phase was
identified as important for crystallinity, while increasing the nanowire density in the array was important for
morphology to improve EV capture performance. These results highlighted that the key physicochemical
properties of the ZnO nanowires were related to the EV capture performance.

At the nanoscale, device properties and performance are no longer dependent solely on the material
type, but also on material geometry. Nanowires, anisotropic structures with diameters from one to hundreds of
nanometers and lengths of tens to hundreds of microns, provide a unique platform for harnessing nanoscale
phenomena.® Semiconductor nanowires are a broad class of materials which, through controlled growth and
organization, have led to a number of novel nanoscale mechanical, electrochemical, thermoelectric, photonic
and electronic devices.*'™ In order to produce and utilize these properties for nanowires, reliable and
controllable nanowire syntheses are required. A hydrothermal method offers flexible control over nanowire
crystal structure and growth orientation, enabling fabrication of high-quality single-crystalline materials with
control of diameter, length, composition, and phase.** When ZnO nanowires are hydrothermally synthesized,
they are single crystals, and as a result of their narrow diameter, the nanowires have an extremely high surface

area allowing highly sensitive interaction with various substances.®>* This high surface-to-volume ratio makes
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the nanowires very sensitive to changes in surface chemistry and permits rapid interaction with comparatively
small sizes of biomolecules including extracellular vesicles (EVs) and nucleic acids giving rise to their
prevalence in isolation and detection technology development.’’- %3

The physical phenomena in the radial and axial directions and the high surface-to-volume ratios of the
nanowires have been controlled and that has led to an explosion of applications utilizing these structures.
Getting preferential nucleation at the ZnO (0001) polar plane and suppressing the lateral growth, such as of the
(1010) plane, are key essentials to produce a well-defined nanowire structure.”*”® Many growth parameters
have been explored to manipulate the morphology of hydrothermally synthesized ZnO nanowires including the
addition of auxiliary agents such as organic ligands, metal ion impurities and ammonia ions.”® *'°" The
solution-grown ZnO nanowires generally adopt the wurtzite crystal structure and grow along the ¢ axis with a
(0002) top facet and (1010) side facets. At pH = 11 basic conditions, it was found that the top facet is negatively
charge and the side facets are positively charged, enabling control of the nanowire dimensions based on the
facet-selective electrostatic interaction;'®> and therefore, the radial growth of colloidal nanowires can be
effectively suppressed. In other words, control of the nanowire mean length and diameter can be achieved by
optimizing the concentration of ammonia ions, for example. Several studies have investigated physicochemical
properties of the developed high aspect ratio ZnO nanowires in various applications including photocatalysis,
a piezoelectric transducer, a UV detector, photovoltaic devices, and gas and chemical sensors. %% To the best
of our knowledge, the correlation of ZnO nanowires in terms of crystal structure and morphology with
biomolecule capture has not been discussed until now.

Here, we propose a methodology using oxide nanowires with different crystallinities and morphologies
synthesized by ammonia-assisted hydrothermal growth to evaluate capture performance of extracellular
vesicles (EVs) and we investigate a correlation between surface crystallinity and numbers of the captured EVs.
The EVs are nano- to micro-sized vesicles secreted from all cells, including cancer cells, and they are released
into their environment to act as intercellular messengers.'>'% ' Since they enclose components from the parent
cells, including nucleic acids and proteins, EVs are being examined as sources of biomarkers in various
diseases, including neurodegenerative diseases, cardiovascular diseases and cancers.!''"''* EVs are also being

explored for the delivery of therapeutic payloads to specific cells or tissues in cancer therapeutics,''> '

owing
to their distinct biological features. The enrichment of these proteoglycans has led to the idea that EVs are

charged molecules.’ "7 We have initiated studies exploiting ZnO nanowire integrated microfluidic devices for

label-free capture of EVs through surface charge-based capture which can collect massive numbers of EVs and
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their molecular cargos.””-* However, comprehensive studies of nanowires with a diverse crystal structure and

morphology system have not been made yet.

3.2 Method

a. Synthesis of ZnO nanowires.

We fabricated ZnO nanowires on Si substrates via a seed-assisted hydrothermal process. First, double-
microchannel patterns (20 x 2 mm?) were formed by photolithography onto each Si (100) substrate and a 20
nm thick seed layer was deposited with an electron cyclotron resonance (ECR) sputtering system (Elionix, EIS-
200ERT-YN). High melting-point Cr-based alloy with purity of 99.999% was used as a sputtering target. The
substrates with seed layer were oxidized in an oven at 400°C for 2 h to prepare them as a scaffold for the ZnO
nanowires. After seed layer preparation on substrate, the nanowire growth solutions were prepared using 15
mM hexamethylenetetramine (HMTA) and 15 mM zinc nitrate hexahydrate (Zn(NO3),.6H,0) as the precursors,
and 0.8 M ammonium solution was added for ultra-lengthening of ZnO nanowires. The nanowires were grown
at 95°C with varying duration times (3 h, 6 h and 9 h). We renewed the growth solutions every 3 h to maintain
the concentrations.

b. Fabrication of the microfluidic device.

The dried nanowires grown on the substrate were treated with oxygen plasma. A sheet of 30-um-depth
Polydimethylsiloxane (PDMS) was attached to the substrate. The sheet was patterned with two microchannels
(20 x 2 mm?) and 0.05 mm inlet and outlet holes at the end of channels for sample injection.
c¢. Characterization of ZnO nanowires.

The morphology and the composition of ZnO nanowires were characterized with a field emission scanning
electron microscope (FESEM; Carl Zeiss, Supra 40VP), a high-resolution transmission electron microscope
(HRTEM; JEOL, JEM-2100) and an energy dispersive X-ray spectroscopy (EDS) system (Oxford Instruments,
Ultim Max 100). For the cross-sectional SEM-EDS analysis and the single-nanowire HRTEM analysis, we
utilized an accelerating voltage of 15 kV and 200 kV, respectively. The EDS mapping images were integrated
for 100 cycles. The peaks of Zn Ka (8.6313 keV), O Ka (0.5249 keV), Si Ka (1.7398 keV), and Cr Ko (5.4117
keV) and were chosen to construct the elemental mapping images. An X-ray diffraction (XRD) analyzer
(Bruker, D8 Advance) was used to examine the crystalline nature and oriented growth of synthesized ZnO

nanowires. The conditions were set to be Cu Ka XRD source, A = 0.1542 nm, accelerating voltage of 40 kV,
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acceleration current 40 mA, scan step 0.02 deg, scan rate 0.5 s/step, and scan range 20 to 80 deg. The XRD
patterns were analyzed using Diffrac.EVA 5.0 software.
d. Cell culture and extraction of EV by ultracentrifugation.

We cultured human breast adenocarcinoma cells (MDA-MB-231) in DMEM supplemented with 10%
exosome-depleted FBS and 1% penicillin streptomycin. The concentration of 2 x 10° cells were seeded into 15
mL of complete medium in a 75 cm? culturing flask and incubated at 37°C and with 5% CO,. After 48 h, the
cell medium was taken from the culturing flask and filtered through a 0.22-um filter to remove cellular debris.
Next, the filtered medium was ultracentrifuged at 110,000 g, 4°C, 80 min. After discarding the supernatant, we
added 5 mL of 0.22-um filtered PBS to wash the EV pellets, and this solution was ultracentrifuged again with
the same conditions. After discarding the supernatant, 1 mL of 0.22-um filtered PBS was added to collect EVs.
The EV suspension was stored at 4°C until use.

e. Evaluation of EV capture efficiency.

We integrated a nanowire device with a dual-channel syringe pump to continuously infuse EV sample with
the flow rate of 10 pL/min. The volume of 250 puL. of EV-suspended PBS was supplied to the nanowire device
to isolate EVs onto each nanowire. EV numbers and size distribution were analyzed using a nanoparticle
tracking analysis (NTA) system (Malvern Panalytical, NanoSight LM10). After appropriate dilutions, video
data were collected 5 times for a 60-s time period for each video. Camera level and detection threshold were
set to 13 and 5, respectively. Data analysis was performed automatically by NanoSight NTA 3.2 software. To
observe EVs on nanowire surfaces, the device was left to dry naturally at room temperature. The PDMS sheet
was removed from the substrate, the captured EVs on the nanowire surfaces were directly observed using

FESEM at 5 kV of accelerating voltage without any fixation or coating processes.
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3.3 Results and Discussion

a. Morphology dependence of fabricated ZnO nanowires.

For controlling the morphology of ZnO nanowires, we introduced ammonia solution into the ZnO
precursor growth solution during the growth step and hydrothermally fabricated nanowires in varying growth
duration times for 3, 6, and 9 h. Ammonium hydroxide is an additive that has been widely used to enhance the
nanowire growth rate along the c-axial ZnO plane via face-selective electrostatic crystal growth inhibition.'*

57,103,118 we evaluated

As ammonia concentration was reported to critically affect the morphology of nanowires,
the optimum concentration of ammonia for our experimental conditions and found the concentration of
ammonia at 0.8 M provided the longest nanowires (Fig. 14). The pH values in growth solutions with ammonia
addition (Fig. 15) indicated the presence of OH™ ions during the time before nanowire growth (initial) to after
it (final). Morphology observations showed that the nanowires obtained were larger in length and diameter in
comparison to nanowires grown without ammonia addition, and nanowire length could be enlarged by
increasing the growth duration time (Fig. 16). The EDS mapping images of Zn Ka as a main constituent of the
synthesized nanowires confirmed that various lengths of ZnO nanowires could be obtained by using the
ammonia-assisted hydrothermal fabrication method (Figs. 16¢ and 17).

To clearly reflect the effect of ammonia in controlling the morphology of nanowires, we examined the
length, diameter, aspect ratio and density of the synthesized nanowires as a function of growth duration times
(Fig. 18). Both length and diameter increased with increasing growth time (Figs. 18a and 18b), especially, for
the 3 h growth time, the addition of NH; lead to nanowires about 5-fold longer than those grown without NH3
in the reaction mixture. Also, the nanowire lengths with ammonia addition increased with time in a linear
manner; however, the nanowires grown for 9 h clearly tended to have a large diameter, indicating the occurrence
of the (1010) radial plane growth. In addition, we noticed that the nanowires grown for 6 h with NH3 addition
had the highest aspect ratio of over 55, calculated from the ratio of length to diameter, after which the ratio
decreased (Fig. 18¢). Furthermore, the density of ZnO nanowires decreased with increasing the growth time
due to the lateral growth effect and the competition among nanowires (Figs. 18d and 19). Although the
precursor supply for the ZnO nanowire growth was replenished with fresh solution to maintain the concentration
and growth rate, the diameter of the nanowires still continued to increase and they were expected to eventually
attach together to form a ZnO film.'"” When the nanowires grow longer in random directions, only a few wires
with a high growth rate will sustainably grow because nanowires with their orientation close to the substrate

will be restricted by neighboring nanowires.”® '?° These results indicated the significant role of ammonia and
y neig g g
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the effect of growth time on the nanowire morphology: the length and diameter of the nanowires increased with
increasing growth time but the aspect ratio and density decreased.
b. Crystal structure analysis by XRD and SAED.

Since the morphological changes to the nanowires are expected to have a significant effect on the crystal
structure of the nanowires, we next examined the crystallinity of the nanowires with different morphologies
synthesized under each growth condition. Normalized XRD spectra showed the single crystallinity of these
nanowires; however different preferential orientations were observed (Fig. 20a). The three main characteristic
peaks (100), (002), (101) of wurtzite ZnO phase in the 26 = 31° to 37° range demonstrated alterations of the
dominant ZnO-related peak for each condition (Fig. 20b and Table 3). When ammonia was added for the 3 h
growth time, the ZnO nanowires started to grow preferentially in the orientation (101) higher than (002), in
contrast, the dominant peak shifted back to (002) direction at 6 h and 9 h with NH3 addition, and the highest
intensity (002) peak was observed at 6 h with NH3 addition (Fig. 20c¢). Besides, the ZnO (004) peak which is
the characteristic peak of the cubic zinc blende phase'?!'** was observed at 6 h and 9 h with NH; addition (Fig.
20d). This was attributed to the fact that the synthesis of ZnO nanostructures under a thermodynamic condition
generally results in the wurtzite structure since the wurtzite phase is thermodynamically more stable than the
zinc blende phase.'” However, compared with the wurtzite ZnO phase, zinc blende ZnO has lower ionicity and
higher crystallographic symmetry, and zinc blende ZnO is expected to have higher carrier mobility and
electrical gain.'?! The presence of different phases in the nanowires may play a role in the capture of EVs by
these nanowires, because the chemical and physical properties of nanowires are expected to be significantly
influenced by their crystal structure. The above results clearly showed that the effect of ammonia occurred not
only on the morphology of the ZnO nanowires but also on their crystallinity, especially in the growth rate of
ZnO nanowires in the vertical c-axis direction, where the NH3 addition for 6 h had the highest growth rate.

The differences in local crystallinity caused by the nanowire morphological change in the upper, middle,
and lower regions were investigated (Fig. 21), because the nanowires grown with NH3 additions were found to
have a needle-like shape, with the upper part of the nanowires being sharper and smaller in diameter than the
lower part. Electron diffraction patterns indicated that the structures of ZnO nanowires with different
morphologies synthesized under each growth condition were a single crystal. In case of 3 h growth without
NHj; addition, the nanowires grow mainly only along the (0002) direction without any significant lateral
sidewall growth for all positions. For the 3 h growth with NH3 addition, the nanowires tended to have varying

diameters from upper to lower parts but the selective area electron diffraction (SAED) measurements yielded
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consistent diffraction patterns. Distinct patterns among the nanowire regions were identified for the cases of 6
and 9 h growth with NH; addition. At the short 3 h growth time, the wurtzite growth mode was dominant;
whereas, the larger diameter nanowires grown with longer reaction times (6 h and 9 h) had a zinc blende crystal
structure. In other words, a transition to the zinc blende growth mode occurred at longer times. We investigated
the inter planar spacing and diffraction planes from XRD and HRTEM for further understanding of the crystal
structure of the nanowires (Table 4).

The above results highlighted that the growth time with NH3 addition not only affected the lateral diameter
but also the growth direction and crystal plane. The anisotropic growth structure of the nanowires is caused by
the highest growth rate occurring along the c-axis, which has a high surface energy but a small area leading to
the wire-like structures.'** A possible explanation for the wurtzite phase in the nanowires is that side walls of

wurtzite have a lower surface energy than the zinc blende nanowires, >>1?’

and the successful phase transition
we achieved was attributed to alterations in nanowire surface energy at different growth conditions with NH3
addition (Fig. 22a). Although the difference in atomic arrangement on a nanoscale is subtle, it is expected to
cause a large difference in the physical and chemical properties of the nanomaterials, such as their EV capture

92, 117, 130 onto the

efficiency.'”® '* We anticipated that the preferential capture of the negatively charged EVs
positively charged surfaces with different crystal planes of ZnO nanowires would lead to the higher EV capture
efficiency.

c¢. Evaluation of EV capture performance.

Finally, we demonstrated the effect on EV capture capability for ZnO nanowires fabricated by the
ammonia-assisted hydrothermal growth. To do this, we integrated nanowires with PDMS microchannels to
fabricate a nanowire microfluidic device (Fig. 23a). The experimental setup of a double-channel nanowire
microfluidic device connected with an automatically continuous flow syringe pump supplied EVs into the
device (Fig. 24). The nanowires grown with NHj3 additions resulted in the efficacy of EV capture being
increased. Furthermore, the nanowires grown for 6 h, with the highest aspect ratio, achieved the highest
performance of 68% after which the efficacy dropped at 9 h (Figs. 23b and 23c). The FESEM images
visualizing EVs on the ZnO nanowire surface after the EV capture experiment showed that EVs were directly
captured along the nanowire surface (Fig. 23e). We attributed the efficacy enhancement to the fact that
nanowires which were long in the vertical could interact with each EV species; however, the capture rate did

not increase monotonically within this regime. This was due to the decreased density of nanowires (Fig. 18d),

which resulted in fewer possibilities for capture events of EVs onto nanowire surfaces.
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In addition to the change in EV capture efficiency due to nanowire morphological changes, we also found
a change in EV capture efficiency due to changes in nanowire crystallinity. The nanowires grown with NH3
addition for 9 h showed the lowest capture efficiency due to the low density of the nanowires, but the
contribution of a single nanowire to EV capture was qualitatively found to be the highest (Fig. 23d), indicating
that changes in the crystallinity of the nanowires were also important. To confirm the effect of the nanowire
crystallinity on EV capture, we prepared ZnO nanowires of wurtzite ZnO phase with the same morphology by
annealing the nanowires at 500 °C for 2 h'*!"'** after nanowire growth since this annealing process is known to
cause the phase transition from zinc blende to wurtzite (Fig. 22b and Table 3). The nanowires grown with NH3
addition for 6 h followed by the annealing process exhibited lower EV capture efficiency than those grown
without the annealing process (Figs. 23b and 23c¢). And also, the contribution of a single nanowire to EV capture
showed that annealing process significantly decreased the number of captured EVs on a single nanowire, and
then the zinc blende phase increased the number of captured EVs on a single nanowire (Fig. 23d). Our results
highlighted that designing and controlling the crystal structure of ZnO nanowires could be achieved by using
NHj; addition to enhance the capability for label-free capture of EVs via the variations of their electrostatic
interactions with the ZnO crystal plane. However, NH3 addition and the growth time also affected the
morphology of nanowires leading to lower efficiency as the nanowires being larger in diameter and lower in
density. Further studies are needed in order to achieve the optimum crystal structure and morphologies of

nanowires for a specific application.

3.4 Conclusions

This is the first study to identify the effects of crystallinity and morphology of ZnO nanowires grown
hydrothermally with NH3 addition on their electrostatic properties for label-free EV capturing. As found from
results of the XRD and HRTEM analyeses, the crystal structures of all samples had the main characteristics of
the ZnO wurtzite phase, but they were also mixed with zinc blende phase when grown under some conditions,
making them suitable for EV capture on the nanowires. Considering the crystallinity and the morphology of the
nanowires, the nanowires grown for 6 h with NH; addition offered the highest EV capture performance due to
the presence of zinc blende phase and high density of the nanowires. These findings are expected to facilitate
the realization of tunable nanowires with high potential suitability for integration into advanced label-free EV
capture devices which will open up opportunities for further fundamental studies (i.e., adsorption mechanisms

by biomolecules) and alternative applications in high-performance integrated nanowire devices.
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Fig. 14 The optimization of ammonia concentration.

FESEM characterization of ammonia concentration dependence of ZnO nanowires (0.4, 0.8, and 1.6 M). The
scale bars are 2 um. The concentration of ZnO precursors was fixed at 15 mM. The ammonium concentration
at 0.8 M resulted in the longest nanowires and its use is promising for promoting ZnO nanowire growth in the

designed patterning area.
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Fig. 15 The pH of growth solution.

The pH values in growth solutions that resulted from ammonia addition indicated the presence of OH" ions
during the time before nanowire growth (initial) to after it (final). The error bars are defined by standard
deviation values (N = 3). The slight changes of pH after the 3 h hydrothermal reaction that were observed

resulted from the consumption of OH" ions and some evaporation.
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Fig. 16 The characterization of nanowire morphology and composition.
(a) FESEM images of cross-sectional nanowires for different growth conditions. The scale bars are 2 um. (b)
FESEM images of top-view nanowires. The scale bars are 1 um. (c) Elemental mapping of Zn Ka (8.6313 keV)

highlighted in yellow, as a main constituent of the nanowires.
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Fig. 17 Composition analysis of nanowires.

(a-e) The top-viewed FESEM images of ZnO nanowires from three different regions of each condition (3 h

without NH3, 3 h, 6 h, and 9 h reactions with NH3 and annealed 6 h with NHj3, respectively). The scale bars are
I pm.
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Fig. 18 The dependence of the morphology of ZnO nanowires on four nanowire characteristics.

(a) Statistic length and (b) diameter of nanowires. The error bars are defined by standard deviation values (N =
100). (c) Aspect ratio (Iength/diameter) of nanowires. (d) Density of nanowires calculated by counting the tips
of nanowires in a known area. The error bars are defined by standard deviation values (N = 486, 187, 103, 31

counted nanowires at each condition, respectively).

40



Fig. 19 Nanowire density measurement.

(a-d) The top-viewed FESEM images of ZnO nanowires from three different regions of each condition (3 h
without NHj3, 3, 6, and 9 h reactions with NH3, respectively). The scale bars are 1 um. Numbers of nanowire
tips in a known area were counted (N = 486, 187, 103, 31, 105 counted nanowires for each condition,

respectively) and then used to calculate the density of nanowires in the area (Fig. 18d).
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Fig. 20 The characterization of nanowire crystal structure and phase composition.
(a) Normalized full spectra XRD patterns. (b) Main characteristic peaks of ZnO wurtzite phase. (c) Enlarged

ZnO (002) plane. (d) Enlarged ZnO (004) plane.

Table 3 The comparative intensity ratio of the characteristic XRD peaks of ZnO nanowires.

Peaks ratio

Sample
(002)/(100) (002)/(101) (100)/(101)
3h without NH3 1.7 1.8 1.1
3h with NH3 0.6 0.3 0.5
6h with NH3 23.6 6.9 0.3
9h with NH3 2.1 1.1 0.5
6h with NH3 500°C 2.1 0.7 0.3
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Fig. 21 The selective area electron diffraction (SAED) patterns of ZnO nanowires.

(a-d) Low-resolution TEM images, and HRTEM images in three regions of i. upper, ii. middle and iii. lower of
a single ZnO nanowire, where (a) is a nanowire grown for 3 h without NH3 addition; (b) is a nanowire grown
for 3 h with NH3 addition; (c) is a nanowire grown for 6 h with NH3 addition; and (d) is a nanowire grown for
9 h with NH; addition. The insets are SAED patterns of each HRTEM micrograph. The scale bars are 50 nm

and 2 nm in low-resolution TEM and HRTEM images, respectively.
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Table4 The inter planar spacing and diffraction planes of ZnO nanowires. ZB represents zinc blende.

d-spacing d-spacing
Sample Peak 20 calculated from calculated from  hkl Structure
XRD (nm) HRTEM (nm)
34.37 0.2609 0.2598 002
top 56.31 0.1634 0.1602 110
67.91 0.1380 0.1359 1m
3h 34.37 0.2609 0.2570 002 g
without middle  56.31 0.1634 0.1591 110 =
NH; 67.91 0.1380 0.1352 1z 3 T_,
34.37 0.2609 0.2570 002 [1120]
bottom  56.31 0.1634 0.1580 110
67.91 0.1380 0.1352 112
34.37 0.2609 0.2598 002
top 56.31 0.1634 0.1602 110
67.91 0.1380 0.1359 12 -
snwich D 34.37 0.2609 0.2598 002 g
NH. middle  56.31 0.1634 0.1591 110 =
67.91 0.1380 0.1359 12 ) T_»
34.37 0.2609 0.2598 002 [1120]
bottom  56.31 0.1634 0.1602 110
67.91 0.1380 0.1352 112
34.37 0.2609 0.2584 002
top 47.49 0.1914 0.1897 102 -
56.31 0.1634 0.1596 110 =
67.91 0.1380 0.1371 12 s
— 34.37 0.2609 0.2635 002 - g
NH middle  56.31 0.1634 0.1577 110 T-»
67.91 0.1380 0.1363 12 -
31.28 0.2859 0.2887 100 {100} [1120)
34.37 0.2609 0.2488 002 oo
bottom P
56.31 0.1634 0.1585 110 srowth
67.91 0.1380 0.1363 112
34.37 0.2609 0.2562 002
top 56.31 0.1634 0.1602 110 T
67.91 0.1380 0.1352 112 {004} B
9} with 72.52 0.1303 0.1294 004  °* E
NH 34.37 0.2609 0.2555 002 s
middle  56.31 0.1634 0.1577 110 T_,
67.91 0.1380 0.1365 1z 120
bottom 3621 0.2480 0.2436 101
47.49 0.1914 0.1886 102
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Fig. 22 XRD patterns.

(a) Normalized full spectra XRD patterns of 6 h and 9 h without NH3 addition nanowires and the characteristic
peaks of ZnO wurtzite phase. (b) Full spectrum XRD pattern of ZnO nanowire at 6 h with NH3 annealed at

500°C, 2 h and the characteristic peaks of ZnO wurtzite phase.
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Fig. 23  The evaluation of EV capture performance by nanowires.

(a) Schematic images of the nanowire microfluidic device and EVs captured by nanowires. (b) The comparative
EV capture efficiency and (c) NTA-based numbers of captured vesicles obtained using ZnO nanowire devices.
Initial concentration of EVs was about 1.0 x 10° (particles/mL). Error bars indicate the standard deviation (N =
6). (d) Colored FESEM images visualize the adsorption of EVs (pink) on a ZnO nanowire surface (blue) after
the EV capture experiment from 6 h with NH3 and 3 h without NH; conditions, respectively. Scale bars are 100

nm. (e) The comparative capture capacity per unit area of a nanowire for each nanowire condition.
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Fig. 24 EV capture experiment configuration.

(a) Sample injection system using an automatic syringe pump to continuously infuse EV sample into the flow
channels with a constant flow rate of 10 uL/min. (b) Photograph of an assembled microfluidic device with the
double-channel nanowire area comparing its size to that of a Japanese one-yen coin (diameter = 1.5 cm). ZnO
nanowires grown in two patterned areas on Si substrated were integrated with a sheet of 30-um-depth PDMS

microchannels and PEEK capillary tubes for inlets and outlets. One channel was used for one experiment.
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Chapter 4. Classifying Tumor-Specific Extracellular Vesicles via

Charge-Based Isolation using ZnO Nanowire Microfluidics

4.1 Introduction

Extracellular vesicles (EVs) are small vesicles that contain and delivery molecular messages (e.g. DNA,
microRNAsS, proteins) in cell-to-cell communication.'**'*® In cancer research fields, these molecules serve as
potential biomarkers that reflect physiological and pathological conditions of primary tumor cells. Therefore,
isolation and analysis of EVs offer great potential in clinical applications including early detection, progression
of the disease, as well as monitoring surgery and treatment responses.''" *7"1** Trends of using extracellular
EVs as highly informative biomarkers in disease diagnostics and precision medicine have been gradually
growing up. Various methods have been proposing to isolate EVs from biological fluids, conventionally
ultracentrifugation which provides high isolation yield, yet high uncertainties.”® "> '*! Moreover, in recent
studies about heterogeneities of EVs subtypes, including small EVs (e.g. exosomes, exomeres) and large EVs
(e.g. microvesicles), showed large verities in biological functions of each molecule and the separation of distinct
EV subpopulations remains a challenge.*” '** '** In order to reach the highest potential utilization of EVs, a
specific separation with high purity of each molecule subset needs to be developed. The objective of this
research is to develop a new methodology for specific separation and classification of EV subpopulations using
oxide nanowire microfluidic devices based on physically and chemically specific surface-adsorption and
desorption of EVs onto nanowire surfaces.

Extracellular vesicles (EVs), especially small EVs including exosomes, present a promising biomarker in
liquid biopsy for cancer diagnosis and therapeutic monitoring, as they are enriched of bioactive molecules (for
example, proteins, DNA, and microRNAs) which reflect current physiological conditions of the parental cells.
Therefore, several approaches have been developed to isolate EVs from biological fluids base on the vesicle
size, charge, density, and membrane affinity.'** Ultracentrifugation is presently the main technique for EV
isolation offering high yields, but low specificity and purity. The co-isolated contaminants, including
lipoproteins and cell-free nucleic acids, could interfere with EV-encapsulated molecule interpretation resulting
in the lower diagnostic efficiency.'*"'*” Other approaches, such as immunoaffinity assay and size-exclusion
chromatography, have emerged to enhance specific EV capture. However, they typically require expensive
reagents (antibodies) and complex protocols with long incubation time. Besides, the heterogeneity of EVs have

found to become another key barrier to our understanding of the composition and functional properties of
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distinct secreted components.'** ¥ Whereas the biogenesis and function of exosomes is relatively well defined,
other small EVs such as Exso-S and Exo-L which have overlapping sizes to exosome is still fundamentally
mysterious.'”’ The high-resolution density gradient fractionation and asymmetric flow field-flow fractionation
methods have been developed to specifically isolate subpopulations of EV by their size and density, but its
throughput is conceded by the complex sample preparation procedures.*” ' 139152 Moreover, only size does
not fully separate them according to the subpopulation.

In this study, we developed a methodology to classify small EV subpopulations via charge-based
capture using nanowire device and a specific sequential elution assay for greater precision in sorting small EV
subsets. The proposed method offers a great platform in nanoscale analysis; fast processing time, high EVs
capturing efficacy, label-free detection, and simple elution assay, which is crucial for identification of
biomarkers, fundamental study and design of future medical inventions. Our device is configurable between

charge-based capture of EV onto nanowire surfaces via electrostatic interaction®’->*%

and a sequential elution
assay of different ionic strength solutions for specific desorption of the vesicles. Hence, the EV surface zeta
potential is altered by the ionic strength of surrounding medium,'** we designed our sequential elution assay

using different concentrations of PBS buffer for specific EV subsets released without devastating of the vesicles

(Fig. 26).

4.2 Method

a. Nanowire fabrication and characterization.

We fabricated ZnO nanowires on Si substrate via a seed-assisted hydrothermal process. A chromium (Cr)
layer with thickness of 20 nm was deposited onto Si (100) substrate (Advantec Co., Ltd.) by electron cyclotron
resonance (ECR) sputtering method (EIS-200ERT-YN, Elionix Inc.). High melting-point Cr-based alloy with
purity of 99.999% (Kojundo Chemical Laboratory Co., Ltd.) was used as a sputtering target. First, Si (100)
substrates were cut into 2 x 4 cm?, the two fluidic areas (20 x 2 mm?) were coated with a positive photoresist
(OFPR8600, Tokyo Ohka Kogyo Co., Ltd.), the microchannel patterns were formed by photolithography and
developed with a developer solution (NMD-3 2.38%, Tokyo Ohka Kogyo Co., Ltd.). After depositing Cr seed
layer, the photoresist was removed using isopropanol at 70°C in a sonicator. The substrates with seed layer
were oxidized in an oven at 400°C for 2 h to be scaffold of ZnO nanowires. After the seed layer preparation,
the growth solutions were prepare using 15 mM hexamethylenetetramine; HMTA (ACS, Thermo Fisher

Scientific) and 15 mM zinc nitrate hexahydrate; Zn(NO3),.6H,O (Wako Pure Chemical Industries, Ltd.) as ZnO
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nanowire precursors, and 0.8 M ammonium solution (Wako, Pure Chemical Industries) was added for ultra-
lengthening of ZnO nanowires. The nanowires were grown with typical growth temperature of 95°C in an oven
for 3 h. The morphology and the composition of ultra-long ZnO nanowires were characterized by field emission
scanning electron microscope; FESEM (Supra 40VP, Carl Zeiss AG.), transmission electron microscopy; TEM
(JEM-2100, JEOL USA Inc.) and energy dispersive x-ray spectroscopy; EDS (Ultim Max 100, Oxford
Instruments). For the cross-sectional SEM-EDS analysis, we utilized an accelerating voltage of 15 kV.

b. Nanowire device fabrication.

After fabrication of ZnO nanowires on microchannel patterns, the substrates and nanowire were washed
by deionized water and dry with nitrogen gas flow. The dried substrates were treated with oxygen plasma and
attached a sheet of 30-pm-depth poly(dimethylsiloxane); PDMS (Silpot 184, Dow Corning Corp.) patterned
with microchannels and 0.05 mm inlet and outlet holes. We used capillary PEEK tubes (ICT-55, Institute of
Microchemical Technology Co., Ltd.) connecting microchannels with a microliter syringe (Hamilton
Company) for sample injection.

c. Cell culture and EV purification by ultracentrifugation.

Human breast adenocarcinoma cells; MDA-MB-231 (American Type Culture Collection Co., Ltd.) were
cultured in a complete medium DMEM (Thermo Fisher Scientific Inc.) supplemented with 10% exosome-
depleted FBS (System Biosciences, LLC.) and 1% penicillin streptomycin (Life technologies). In each passage,
2 x 10° cells were seeded into 15 mL of complete medium in a 75 cm? culturing flask (Asahi Glass Co., Ltd.)
and cultured in an incubator (Panasonic Corp.) at 37°C and in 5% CO,. After 48 h, the cell medium was taken
from the culturing flask and filtered through a 0.22-pm filter (Merck Millipore Ltd.) to remove cellular debris.
Next, the filtered medium was ultracentrifuged at 110,000 g, 4°C, 80 min (CS150FNX, Hitachi, Ltd.). After
discarding the supernatant, we added 10 mL of 0.22-um filtered phosphate-buffered saline; PBS (Thermo Fisher
Scientific Inc.) to wash the EV pallets, and this solution was ultracentrifuged again with the same condition.
After discarding the supernatant, 1 mL of 0.22-pm filtered PBS was added to collect EVs, the EV suspension
was stored at 4°C until use.

d. EVisolation and classification by nanowire device.

We integrated a nanowire device with a dual-channel syringe pump (Fusion 100, Chemyx Inc.) to
continuously infuse EV sample with 10 uL/min of the constant flow rate. 250 uL of EV-suspended PBS was
supplied into microfluidic nanowire device to capture EVs onto each nanowire. Subsequently, different

concentrations of PBS were used for releasing the captured EVs by introducing 250 pL of buffer with 10 uL/min
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of the flow rate. We used 1.0X M and 0.1X M PBS to evaluate specific elution based on alternation of EV
surface charge in each buffer concentration. The feasibility of specific EV elution in each buffer was confirmed
by designing the sequential elution experiments. For elution sequence #1, we firstly introduced 250 puL of 1.0X
PBS to wash the nanowire device, followed by 250 uL. of 0.1X PBS in the second wash. Conversely, in elution
sequence #2, we introduced 0.1X and then 1.0X PBS, respectively.

e. EV characterization.

Concentration and size distribution of collected EVs were analysed using a nanoparticle tracking analysis
(NTA) instrument (Malvern Panalytical, Ltd.) to calculate EV capture efficiency of nanowire device (Fig. 25a).
After appropriate dilutions, video data were collected 5 times for a 60-s time period for each video. Camera
level and detection threshold were set to 15 and 5, respectively. Data analysis was performed automatically by
NanoSight NTA 3.2 software ((Malvern Panalytical, Ltd.). After isolation of EV onto nanowire surface, the
nanowire devices were left to dry naturally at room temperature. Upper PDMS sheet was removed from the
substrate, then the captured EVs on nanowire surface were directly observed using field emission scanning
electron microscope; FESEM (Supra 40VP, Carl Zeiss AG.) at 5 kV of accelerating voltage without any fixation
or coating processes. The surface charge of EVs was demonstrate by zeta potential measurement using a zeta-
potential and particle size analyser (ELSZ-2000, Otsuka electronics).

f.  Surface biomarker analysis by ExoView.

To obtain surface biomarker characteristics of each isolated EV subpopulation, we used single particle
interferometric reflectance imaging sensing (SP-IRIS) by ExoView platform (ExoView R100, NanoView
Biosciences). Starting from 10° to 10° particles of EV sample, the sample were adjusted to optimal
concentrations; no dilution needed for 10° particles, diluted 1:1 of 10° particles with incubation solution
supplied in the ExoView kits to avoid oversaturating the chip. The results presented in this research were
obtained by using the ExoView Plasma Tetraspanin kit (NanoView Biosciences). We performed the analysis
by using CD9, CD63 and CDS81 as the detection antibodies and anti-CD9, anti-CD63 and anti-CD81 as the
capturing antibodies. The diluted EVs was loaded on the ExoView chips and performed the protein membrane

analysis following the manufacturer’s instructions.
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g. MicroRNA profile analysis by next generation sequencing (NGS).

After capturing of EVs in the device, the total exosomal RNAs (including small RNA and microRNA)
were isolated using a commercial urine microRNA purification kit (Norgen, Biotek Corp.) and QIAseq miRNA
library kit following the manufacturer’s instructions and determine mutual miRNAs sequences on an NGS

instrument (NextSeq 550, [llumina).

4.3 Results and Discussion

a. Capture and release of EVs by nanowire device and elution assay.

In this experiment, the nanowires grown with addition of ammonia (NH3) solution at 3 h were used to
demonstrate specific adsorption and desorption of EVs on nanowire surface. The device showed capacity of
EV capture at 54% from the initial concentration about 1.0 x 10° EVs/mL (Fig. 25a). SEM image was used to
confirm the adsorption of EVs on nanowire surface (Fig. 25b). This result indicated that the nanowire device
had capability of label-free EV capture. To confirm the specific classification of EV subpopulations, we
fabricated two different morphology and crystallinity (3 h with and without NH3) based on our knowledge in
chapter 3 that different crystallinities played crucial role in EV capture efficiency. Thus, we hypothesized that
the crystal structure could adsorb different EV subtypes according to different surface energy and electrostatic
properties between nanowire phases. Then, the elution buffers were introduced in two sequences (Figs. 25¢ and
25d). Phosphate buffered saline (PBS) was used as an elution buffer since it is well known to preserve
biomolecules from rupturing or shriveling up due to osmosis.'** '>* Since the variation of buffer concentration,
ionic strength, and pH value is possible to alter EV surface charge,'*® we took this advantage to competitively
release the captured EVs on nanowire surfaces. The zeta potential measurement of EVs in different PBS
concentrations was shown in Fig. 26 indicating the largest charge difference could be achieved with 100%
(1.0X M) PBS and 10% (0.1X M) PBS. Thus, with these elution buffers, EVs were isolated into two fractions
based on surface charges. The sequential elution assay showed similar ratios of the released vesicles from two
fractions in 3 h without NH; nanowire. Interestingly, in 3 h with NH; nanowire, the 0.1X PBS could elute a
greater number of EVs compared to 1.0X PBS in both sequences. Moreover, the releasability was up to 99%
from the total captured EVs. This result implied that the eluted subset of EVs using each buffer concentration

were different and a specific desorption could be achieved with this assay.
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b. EV membrane marker analysis using protein immunoassay.
To obtain surface biomarker characteristics of each isolated EV subpopulation, we used a single particle
interferometric reflectance imaging sensing (SP-IRIS) by an ExoView analysis platform (Fig. 27). The protein

immunoassay confirmed the presence of exosome-associated proteins (CD63, CD81, CD9)'*> 156

with unique
ratio in each fraction. For the crude EVs from ultracentrifugation and uncaptured EVs had similarity in vesicle
sizes (mean = 130 nm) and expression of all tetraspanins but highly enriched in CD63 (Figs. 27a and 27b).
Interestingly, the released EVs by 1.0X PBS showed relatively smaller in vesicle size (mean = 118 nm) and
was enriched in CD9 with 83.6% from the total of three markers (Fig. 27¢). Whereas, the 0.1X PBS eluted EVs
that were enriched in CD81 (44.6%) compared to CD63 and CD9 (Fig. 27d). The results indicated that each
EV fraction has different representative markers which might lead us to a distinguished group of EVs.
Conventionally, an exosome fraction obtained from ultracentrifugation at 100,000 g has been considered as
P100 fraction”” '*® and the subsequently centrifuged at 200,000 g can obtain P200 pallets which are smaller
than exosomes."*? CD63 was found in both P100 and P200 fractions, and CDS81 is highly enriched in the P100
fraction (i.e., exosomes) but not in the P200 (i.e., small EVs). EVs bearing only CD9 or CD81 but not CD63
probably did not form in endosomes (and were thus ectosomes), whereas those bearing CD63 together with one
or the two other tetraspanins may correspond to endosome-derived exosomes.'® Thus, we hypothesized that
our approach could provide classification of EV subsets based on surface protein markers and determine the
exosomal or extosomal nature of EVs containing the different tetraspanins.

c. EV-microRNA expression analysis.

Finally, we demonstrated the potential of in situ extraction of classified EV—encapsulated miRNAs
using the nanowire device to find a unique miRNA profile in each subpopulation (Fig. 28). Because the device
allowed us to analyze many species of miRNA, we compared the differentiated expression between EV groups.
NGS analysis showed that crude EVs provided a greater variety of species miRNAs when compared to other
groups (Figs. 28a, ¢, d). However, in the concept of classification, our methodology could provide distinguished
profile of miRNA in 1.0X PBS and 0.1X PBS (Fig. 28b) and Table 5. Although we need to make more trials
for clear recognition of statistically significant down-regulated and overexpressed miRNAs, based on current
results, we can say that the device mainly classified two types of miRNA groups: miRNAs from CD9-enriched

EV and CD81-enriched EV.
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4.4 Conclusions

In previous study, we succeeded to control various morphologies of NWs by varying fabrication
parameters in hydrothermal method and found that in different nanowires provide different EV isolation
efficacy. In this study, we showed the development of a configurable the tailored zinc oxide nanowire
microfluidic device to enable isolating and sorting tumor-derived small EVs with high sensitivity and
specificity. The characterization of vesicles and quantification of carried molecules including membrane protein
markers and EV-encapsulated miRNAs were analyzed to confirm specific isolation of the device. The recovered
EV subsets obtained through charge-based isolation would provide a unique insight into EV information
corresponding to EV contents, offer a new understanding of small EV heterogeneity base on surface charges in
tumor cell biology as well as would be beneficial for the development of high precision of cancer diagnostic

and therapeutic strategy.
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Fig. 24 EV classification by nanowire device.
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(a) The Schematice illustration shows steps in EV classification by surface charge-based isolation using ZnO

nanowire device. Breast cancer (MDA-MB-231) cell-derived EVs were collected and extracted from cell

culture medium using ultracentrifugation (i. and ii.). EV pallets (crude) were resuspended in PBS and flown

through nanowire device, the EVs were captured onto nanowire surface and subsequently releaseded by

different concentrations of PBS (iii. and iv.).
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Fig. 25 Capture and release of EVs by nanowire device and elution assay.

(a) The performance to isolate EVs using nanowire device was evaluated by capture efficiency. The initial
concentration of crude EVs was about 1 x 10° particles/mL, around 5 x 10® particles were captured by nanowire
device (N = 10), which was 54% of total initial EVs. (b) The SEM image shows adsorbtion of EV particles
(pink) onto ZnO nanowire surface (blue). The scale bar is 100 nm. (c) The sequential elutions using different

PBS concentrations (1.0X M PBS and 0.1X M PBS) to specicfically release EV subpopulations from 3 h

56



without NH3 nanowire (N = 3). (d) The sequential elutions using different PBS concentrations (1.0X M PBS
and 0.1X M PBS) to specicfically release EV subpopulations from 3 h with NH3 nanowire (N = 3). Sequential
elution #1 was to introduce 1.0X PBS followed by 0.1X PBS. Sequential elution #2 was to introduce 0.1X PBS

followed by 1.0X PBS.
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Fig. 26  Zeta potential of EVs in different PBS concentrations.

Since the variation of buffer concentration and ionic strength is possible to alter EV surface charge, we took
this advantage to competitively release the captured EVs on nanowire surfaces. The zeta potential measurement
of EVs in different PBS concentrations indicated the largest charge difference could be achieved with 100%

(1.0X M) PBS and 10% (0.1X M) PBS.
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Fig. 27 Size distribution of EVs and membrane protein analysis.

(a) The size distribution and membrane protein signatures of crude EVs obtained from ultracentrifugation. (b)
The size distribution and membrane protein signatures of uncaptured EVs by nanowires. (c) The size
distribution and membrane protein signatures of released EVs from nanowires by 1.0X PBS. (d) The size

distribution and membrane protein signatures of released EVs from nanowires by 0.1X PBS.
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Fig. 28 EV-miRNA expression analysis from next generation sequencing (NGS).

(a) The scatterplot of normalized intensities of miRNAs extracted from crude EVs (ultracentrifuged) versus
uncaptured EVs by nanowires. Each point corresponds to a different miRNA species. The boundary between
yellow and gray represents the same level of miRNA expression for the two subsets. (b) The scatterplot of
normalized intensities of miRNAs extracted from the released EVs from nanowires by 1.0X PBS versus 0.1X
PBS. The boundary between pink and blue represents the same level of miRNA expression for the two subsets.
(c) The scatterplot of normalized intensities of miRNAs extracted from crude EVs (ultracentrifuged) versus the
released EVs from nanowires by 1.0X PBS. The boundary between gray and pink represents the same level of
miRNA expression for the two subsets. (d) The scatterplot of normalized intensities of miRNAs extracted from
crude EVs (ultracentrifuged) versus the released EVs from nanowires by 0.1X PBS. The boundary between

gray and blue represents the same level of miRNA expression for the two subsets.

59



Table 5 The profiling of top 50 high expression miRNAs from each EV fraction.

EV-miRNAs EV-miRNAs
from 1.0X PBS from 0.1X PBS

Mutual miRNASs

hsa-miR-4448
hsa-miR-598-3p
hsa-miR-610
hsa-miR-6727-5p
hsa-miR-6879-3p
hsa-miR-6752-5p
hsa-miR-3688-3p
hsa-miR-6834-5p
hsa-miR-6750-5p
hsa-miR-7974
hsa-miR-4661-5p
hsa-miR-3938
hsa-miR-6717-5p
hsa-miR-4302
hsa-miR-6802-5p
hsa-miR-532-3p
hsa-miR-4459
hsa-miR-6781-5p
hsa-miR-483-3p
hsa-miR-5001-5p
hsa-miR-6738-5p
hsa-miR-6749-5p
hsa-miR-885-3p
hsa-miR-1908-5p
hsa-miR-6743-3p
hsa-miR-6790-5p
hsa-let-7b-5p
hsa-miR-4796-3p
hsa-miR-718

hsa-miR-625-3p
hsa-miR-4517
hsa-miR-3130-5p
hsa-miR-4793-5p
hsa-miR-3162-3p
hsa-miR-6815-3p
hsa-miR-188-3p
hsa-miR-765
hsa-miR-936
hsa-miR-944
hsa-miR-92a-1-5p
hsa-miR-6857-3p
hsa-miR-7111-5p
hsa-miR-7108-3p
hsa-miR-4655-5p
hsa-miR-218-2-3p
hsa-miR-1273e
hsa-miR-3935
hsa-miR-874-3p
hsa-miR-659-5p
hsa-miR-4786-5p
hsa-miR-3127-5p
hsa-miR-3124-5p
hsa-miR-6768-5p
hsa-miR-6785-5p
hsa-miR-1237-3p
hsa-miR-4716-3p
hsa-miR-3668
hsa-miR-326

hsa-miR-4651
hsa-miR-143-3p
hsa-miR-5196-5p
hsa-miR-3974
hsa-miR-197-3p
hsa-miR-6801-5p
hsa-miR-1909-3p
hsa-miR-6779-5p
hsa-miR-3168
hsa-miR-6745
hsa-miR-5692a
hsa-miR-3141
hsa-miR-4440
hsa-miR-6729-3p
hsa-miR-6825-3p
hsa-miR-6795-5p
hsa-miR-1247-5p
hsa-miR-3613-3p
hsa-miR-6078
hsa-miR-6756-3p
hsa-miR-4739
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Chapter 5. Elimination of Cancer Cell-Derived Extracellular
Vesicles by Oxide Nanowires for in vitro Metastasis Suppressing

5.1 Introduction

Growing of evidences indicated that EVs involve in metastasis and proliferation of cancers, but, thus
far, how their elimination from biofluid in order to inhibit the abnormal growth of cell has been poorly
understood. Here, we describe an EV-elimination device using nanowires which can efficiently remove
metastases from cancer cell-derived EV components including proteins and miRNAs for inhibiting abnormal
growth in recipient cell without toxicity to the cells. EVs from breast adenocarcinoma cells (MDA-MB-231)
supernatant incubated within an integrated device that induces specific adsorptions of EVs onto oxide nanowire
surfaces. The cleansed medium is then transferred to the culture environment of mammary gland epithelial cells
(MCF10A), the proliferation rate was evaluated to demonstrate in vifro metastasis suppressing using nanowire
devices. The data provides evidence that the irregularly high proliferation rate of cells almost abolished by
eliminating the number of EVs by nanowires. Our methodology provide new possibilities for researchers to
achieve a deeper understanding of metastasis supressing by the effective and specific reduction of EV numbers
from body fluids for developing an alternative tool, namely a nanowire-based blood purification device, in
cancer therapy.

Extracellular vesicle (EV) is a membrane vesicle with heterogeneous types and sizes ranging from 40-
1000 nm secreted from all cells in the body,*” *** ' and it presents circulating in body fluids such as blood,
urine, saliva, and semen.'®! In recent years, it has been found that EV is involved in various in vivo phenomena
including intercellular communication, diseases progression and aging.” 3 410916216 Eyg play a key role in
propagating the spread of disease-related conformation including miRNA and proteins in cancers,
cardiovascular diseases, and neurodegenerative diseases.'®* ' In cancers, evidence supporting a role for EVs
in propagation the spread of disease-associated regulators to distant cells through the blood vessels and lymph
has been drawn from a number of studies. ' % 16 167

Metastasis are characterised by the presence of abnormal, pathogenic agents that can induce abnormal
growth of specific normal cells and leads to the development of cancer tumors.'® 7! [t is reported that the
level of EVs is significantly higher in body fluids as EVs are increasingly secreted from cancer cells, compared
to normal cells.'”*'”* The investigation of EVs elimination is an important aspect of understanding metastasis

suppression mechanism, as the disease-associated regulators in EVs, such as miRNAs, can trigger healthy cells
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to grow abnormally.'” 7 While EVs depletion is difficult to study, in vitro studies suggesting direct corelation

37,177

of EV-depleting by nanowire device and cell proliferation as potential mechanisms for inhibiting cancer

propagation is possible. Although some studies examined how manipulating the release of EVs impacted

61, 178-181

proteins and miRNA transmission between cells, the studies of EVs depletion are lacking.

Blood purification is a methodology of removing pathogens which trigger severity and mortality in
patients with infectious and non-infectious diseases, including sepsis,'** '** COVID-19,"®'% and cancers.'*” '*
Several blood purification devices have been developed as an alternative treatment and several devices are
currently on the market.'*'*! From the best of our knowledge, a therapeutic model using blood purification
device that specifically remove EVs for cancer metastasis suppressing has not been studied elsewhere. Here,
we propose a methodology using oxide nanowires with potential to eliminate EVs from cell culture medium
based on surface charge and we investigate a correlation between isolation efficiency of EVs and in vitro cancer
metastasis suppressing. The importance of EV depletion in biological fluid was highlighted, we used a cell
proliferation assay to show that EV-driven modulation of a healthy epithelia cell over differentiating is
dependent on the amounts of EV in cell culture environment. As the normal state of cell proliferation was

observed, the proliferation rate could possibly be used to distinguish between normal and EV-associated states

of cell growth.
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5.2 Method

a. Cell culture.

For culture of human breast adenocarcinoma cells (MDA-MB-231; American Type Culture Collection),
the complete growth medium was prepared by DMEM (Lonza) and 10% (v/v) exosome-depleted FBS (System
Biosciences). The concentration of 2 x 10° cells/mL suspension was then dispersed in a 75 cm? cell culturing
flask with 15 mL of the complete medium, and cultured in an incubator (Sanyo) at 37°C and in 5% CO,. For
mammary gland epithelial cells (MCF10A; American Type Culture Collection), the 1 x 10° cells/mL suspension
was seeded in a 25 cm? cell culturing flask with 5 mL of the MEGM BulletKit medium (Lonza), and cultured
in an incubator (Sanyo) at 37°C and in 5% CO,.

b. Extracellular vesicles extraction from MDA-MB-231 cells.

After 48 h of cell incubation, the supernatant of cultured MDA-MB-231 cells was collected and filtered
through a 0.22-pm filter (Merck Millipore) to remove cellular debris. Next, the filtered suspension was
ultracentrifuged (80 min, 4°C, 110,000 g; Hitachi) to exact EV pallets. The supernatant was removed, then 10
mL of 0.22-um filtered phosphate-buffered saline (PBS; Thermo Fisher Scientific) was added to wash the
pallets, and the ultracentrifugation was performed one more time under the same condition. After discarding
the supernatant, 1 mL of 0.22-um filtered PBS was added to disperse palleted EVs, and the EV suspension was
stored at 4°C. The size and concentration of EVs were determined by nanoparticle tracking analysis (NanoSight
NTA; Malvern Instruments). The zeta potential of EVs was measured using a zeta potential analyser (Zetasizer
Nano ZS; Malvern Instruments).
c¢. Nanowire fabrication and characterization.

ZnO nanowires were fabricated using previous reported method.”® Briefly, 15 nm-thick chromium (Cr)
seeding layer was deposited onto 20 mm x 20 mm Si (100) substrate by ECR sputtering (Elionix). The Cr layer
was oxidized at 400°C for 2 h, then immersed in 50 mL growth solution (15 mM HMTA; Fujifilm Wako Pure
Chemical Corp. and 15 mM Zn(NOs),.6H>O; Thermo Fisher Scientific) at 95 °C for 3 h. Metal oxides, including
TiO; layer and SiO» layer, were deposited on the ZnO nanowires by atomic layer deposition (ALD) technique.
Morphology and composition analysis of ZnO (bare), ZnO/TiO, (core/shell), and ZnO/SiO, (core/shell)
nanowires were characterized by field emission scanning electron microscope (FESEM; Jeol), scanning

transmission electron microscopy (STEM) and energy dispersive x-ray spectroscopy (EDS).
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d. Extracellular vesicles capture using nanowire device.

The EV-treatment by nanowires was set in the chamber between two connector blocks of a custom-made
Teflon holder (Fig. 34). The nanowire substrate was aligned on the lower block, and assembled with the upper
block into a single integrated device that was tightened together by screws. The holder was placed in a closed
container filled with an amount of water to prevent the sample evaporation. The 1 mL of EV-suspended PBS
was supplied and incubated in the chamber at room temperature for 1, 3, 6, and 12 h with a shaker. After isolate
EVs by each nanowire device, the solution was collected and used as a recovered solution. Size distribution
and concentration of EVs were determined by nanoparticle tracking analysis (NanoSight NTA; Malvern
Instruments).

e. Cell proliferation assays.

The MCF10A cells were seeded in a 96-well microplate (Corning) with the density of 5 x 10° cells/well
and incubated at 37°C and with 5% CO,. After 24 h, the culture medium was discarded and replaced,
independently, with EV-suspended and EV-treated media using oxide nanowire devices. On the first and fifth
day (Day 1 and Day 5) of culturing, the cell viability was examined using cell counting kits (Dojindo
Laboratory). The absorbance was measured at 450 nm wavelength in a microplate reader (BMG Labtech).

f.  In-vitro imaging of EVs diffused in MCF10A cells.

The purified EVs obtained by ultracentrifugation from the MDA-MB-231 cells were labelled using PKH26
red fluorescent cell linker kits (Sigma-Aldrich) with instructions from the company. The MCF10A cells were
seeded into a 33 mm culture dish at 5 x 10* cells/200 uL, and first incubated for 24 h. The medium was then
replaced by the suspension of 20 puL of labelled EVs in 200 pL. of DMEM and 10% (v/v) exosome-depleted
FBS, and further incubated for 24 h. The cells were fixed with 10% (w/v) paraformaldehyde solution (Fujifilm
Wako Pure Chemical Corp.), followed by the nuclei staining with Hoechst33342 fluorescent dye (Dojindo
Molecular Technologies) and cytoskeleton Alexa488 fluorescent dye (Thermo Fisher Scientific). Cell
morphology and composition were observed using a confocal microscope (Nikon).

g. EV-derived microRNA sequencing analysis.

The 1 mL of cell lysis buffer (Fujifilm Wako Pure Chemical) was added into the MDA-MB-231-derived
EV pallets, and incubated at room temperature for 5 min. The EV- encapsulated miRNAs were extracted using
a SeraMir Exosome RNA purification column kit (System Biosciences). Concentration and sequencing of the
EV-derived microRNAs were then analysed by an ultra-micro spectrophotometer (NanoDrop Technologies)

and a next-generation sequencing (BGI Genomics), respectively.
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5.3 Results and Discussion

a. Cell proliferation test for evaluating metastatic activity.

To evaluate the effect of EVs elimination for cancer metastasis suppressing, we used a cell proliferation
test as a model system. The model of cancer metastasis induced by EVs was described by the phenomenon that
normal mammary gland epithelial cells cultured with breast cancer cell-derived EVs were acquired abnormal
growth rate, which potentially resulting in tumor development in the recipient cells. We constructed an
evaluation system for the suppression of metastasis activity by removing cancer cell-derived EVs from the
culture environment using oxide nanowire devices. Then, the degree of proliferation of the epithelial cells were
compared, and it was evaluated whether or not abnormal proliferation can be suppressed by the EV elimination
effect by nanowires (Fig. 29).

In constructing this system, it is necessary to optimize the abnormal growth conditions of normal cells
(positive control in this study). EVs derived from MDA-MB-231 (breast cancer cells) was added into the
cultural environment of MCF10A (mammary gland epithelial cells), conditions that EVs induce abnormal cell
growth were identified. The definition of abnormal cell growth is defined as comparing the growth rate with
cells cultured in a normal state without adding EVs suspension when the p-value is less than 0.01 in statical
analysis by T-test. The optimal condition parameters to promote abnormal proliferation rate in MCF10A cells
were examined, including cell culture medium, cell passage number, cell seeding concentration, and
concentration of added EVs. Fig. 30 shows the ratio of the degree of cell proliferation under each condition to
the degree of cell proliferation without the addition of cancer cell-derived EVs. From these results, it was
confirmed that MCF10A cells at passage number 5 (P5) which were seeded at 5000 cells/well and cultured in
MEBM medium with the condition of 10® to 10° EVs/mL were optimal for evaluating proliferation rate.

b. Surface charge-based EV capture ability of oxide nanowire devices.

To remove EVs from cell supernatant, we developed a device integrated oxide nanowires which provides
the high surface-to-volume ratios with diverse isoelectric points of metal oxide materials to promote efficient
charge-based EV capture. Zinc oxide nanowire (ZnO) were prepared by a hydrothermal synthesis method, then
TiO; layer and SiO; layer were deposited onto ZnO nanowires to promote core-shell structure of ZnO/TiO, and
Zn0/Si0, nanowires using atomic layer deposition (ALD) technique (Fig. 31a and 31b). The hydrothermal
synthesis method allows us to manipulate the morphology and crystal growth orientation of nanowire by
controlling the growth time and the precursors concentration. For EV separation in this device, we used the

precursors concentration at 15 mM and 3 h growth time as it offered ZnO nanowire with the highest surface-
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to-volume ratio. The presence of TiO; and SiO; layers was confirmed on the ZnO nanowire surface by energy
dispersive X-ray spectroscopy (EDS) (Fig. 31¢). To provide enough space allowing the EVs with 40 — 1000
nm in diameter to enter the gap between nanowires, it is necessary to perform thin metal oxide layer while
maintaining the structure. SEM images were used to measure the diameter of nanowires before and after
deposition, the thin metal oxide layer about 15 nm were calculated (Fig. 31d).

The cancer cell-derived EVs used for the elimination test was concentrated from the culture supernatant
of breast cancer cells (MDA-MB-231) at 80% cell confluency by ultracentrifugation. The vesicles had an
average zeta potential ({) of -22.5 mV (Fig. 32a) and average diameter of 140.1 nm (Fig. 32b). The EVs were
introduced into the devices integrated ZnO nanowires, ZnO/TiO, nanowires, or ZnO/SiO, nanowires, and the
elimination efficiency was evaluated by comparing the EV concentrations before and after the introduction into
the devices (Fig. 33). These results showed that the device with ZnO nanowires could separate EVs with the
highest efficiency followed by ZnO/TiO, nanowires and ZnO/SiO, nanowires, respectively (Fig. 32¢). This
difference in separation efficiency was considered to be an effect of magnitude relationship of the electrostatic
interaction between EVs and oxide nanowire surface charges. Each metal oxide has its instinct isoelectric point
(IEP); the surface is positively charged when the isoelectric point is large relative to solution pH, in the other
hand for negatively charged surface."” '** Since the pH of the EV dispersion solvent (PBS: saline) in this
experimental system was 7.2, it was supposed that the surface charge of ZnO nanowire (IEP 8.7 — 10.3) will be
positive, ZnO/TiO; nanowire (IEP 3.9 — 8.2) and ZnO/SiO, (IEP 1.6 — 3.5) nanowire will be negative.
According to the negatively charged EVs, the magnitude relation of the electrostatic interaction with nanowires
is in the order of ZnO > TiO; > Si0O,, which is consistent with the elimination efficiency in the present results.
On one hand, this suggests that the difference in the isolation capacity of each metal oxide nanowire is due to
the difference in electrostatic interaction. On the other hand, TiO, and SiO, which cause electrical repulsion to
EVs also had ability to separate EVs. Therefore, it was supposed that there are possibilities that EVs are
adsorbed by nanowire in different manners other than the electrostatic interaction. The presence of a sugar chain
has been confirmed on EV membrane surface where hydroxy group, carboxyl group and amide group are
found."'® '** 15 One of the possibilities is that adsorption occurring by unpaired electrons in these functional
groups formed a coordination bond to metal atoms on the oxide surface. In addition, the size distribution of
EVs before and after the introduction to nanowire devices were measured showing the variations in each oxide

nanowire (Fig. 34). In case of ZnO nanowires, the size distribution of uncaptured EV was relatively larger than
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the ones of TiO, and SiO; nanowires. This result supports the assumption that EV subgroups were specifically
separated in different metal oxide materials.
c. Evaluation of cancer metastasis inhibitory ability by cell proliferation test.

The ability of oxide nanowires to suppress cancer metastasis was evaluated using an evaluation system
based on a cell proliferation test. EVs derived from MDA-MB-231 cells in MEBM medium were eliminated
by each oxide nanowire device (incubated and stirred for 1 h), then the recovered solution from device was
added to MCF10A cell culture medium. The numbers and cell proliferation rate of MCF10A cells cultured in
the recovered solution were observed. The results showed that when ZnO nanowire device was used, the degree
of normal cell proliferation was zero (Fig. 35a), and microscopic observation found that cell growth was
stopped or cells died (Fig. 35b). The same phenomenon was observed when only the culture medium without
EVs (negative control) was introduced into the ZnO nanowire device and the recovered solution was added to
the MCF10A cells. Therefore, it was considered that the factor that deteriorated the cell state was due to the
cytotoxicity of ZnO nanowire.'**'”® Therefore, ZnO nanowires were considered to be unsuitable for EV
elimination device to inhibit metastasis, even though it provided the highest EV capture efficiency.

Next, the elimination capacity of the ZnO/TiO2 nanowires and the ZnO/SiO: nanowires were evaluated. In
these cases, the suppression of abnormal growth of MCF10A cells was observed by the EV eliminating using
the devices. This was considered to be a result of the concentration of EVs added to MCF10A cells was partially
eliminated and were lower than the threshold value of causing the abnormal growth. When the concentration
of the extracellular vesicle was reduced to one-tenth, it was confirmed that abnormal growth did not occur (Fig.
35c). In addition, it was confirmed that there was no cytotoxicity from the result of the microscopic observation
and the result of the control condition (Fig. 35d). From the above results, abnormal growth suppression was
confirmed by the cell proliferation test, suggesting that ZnO/TiO- nanowires and ZnO/SiO: nanowires were
able to eliminate cancer cell-derived EVs and inhibit cancer metastasis in the culture condition.

In addition, to confirm the localization of cancer cell-derived EVs in the epithelia MCF10A cells, we
used a red fluorescent dye (PKH26) for EV tracking. Confocal microscopic imaging showed PKH26-labelled
EVs were found assembled inside the cytoplasm of MCF10A cells, indicating the diffusion of EVs into the
recipient cells (Fig. 36). Furthermore, microRNAs extracted from MDA-MB-231 cancer cell-derived EVs were
analysed to confirm the inducing effect in the abnormal epithelia MCF10A cell growth. The next-generation
sequencing analysis (NGS) showed the presence of miRNA-21"" and miRNA-10b** which were reported to

be associated with cancer progression suggesting that the EV-miRNAs induced abnormal growth in the
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recipient cells (Table 6). We confirmed that our methodology of introducing EVs into the culture medium of a
normal cell in a certain condition promotes abnormal growth by the invasion of EVs into cell cytoplas and the

association of EV-miRNA regulations.

5.4 Conclusions

To summarize, we have demonstrated that our nanowire device could achieve eliminating of cancer
cell-derived EVs to reduce the abnormal cell proliferation rate in the recipient cells. The positively charged
surface of the ZnO nanowire allowed us to isolate the highest numbers of EVs, however cell cytotoxicity was
found. Interestingly, the devices integrated with ZnO/TiO; nanowires and ZnO/SiO; nanowires, which have
negatively charged surface, could offer the sufficient ability to partially remove EV numbers to be lower than
the threshold value of causing the abnormal growth and cytotoxicity was not occurred with these nanowires.
These results provide a proof-of-concept for the use of oxide nanowire as a promising EVs elimination platform,
namely blood purification therapy, to inhibit the spread of metastases. Even though further trials need to be
performed to confirm the feasibility of the device in real sample, such as whole blood and plasma, we believe
that the current result opens up a new possibility in the development of future therapeutic strategies against

cancer progression.
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Fig. 29 Schematic illustration of the propose method.

The model of cancer metastasis induced by EV's was described by the phenomenon that normal mammary gland
epithelial cells cultured with breast cancer cell-derived EVs were acquired abnormal growth rate, which
potentially resulting in tumor development in recipient cells. We constructed an evaluation system for the
suppression of metastasis activity by eliminating cancer cell-derived EVs from the culture environment using
oxide nanowire devices. Then, the degree of proliferation of the epithelial cells were compared, and it is
evaluated whether or not the abnormal proliferation can be suppressed by EV eliminating effect using nanowire

devices.
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Fig. 30  The cell proliferation test.

The MCF10A cells were cultured in various condition parameters, including cell culture medium, cell passage
number, cell seeding concentration, and concentration of added EVs to evaluate the abnormal proliferation rate.
It was confirmed that MCF10A cells at passage number 5 (P5) which were seeded at 5000 cells/well and

cultured in MEBM medium with the condition of 10® to 10° EVs/mL were optimal for cell proliferation test.
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Fig. 31 Fabrication and characterization of oxide nanowires.

(a) ZnO nanowires were fabricated on Cr seeding layer on Si substrate using a hydrothermal method and the
oxide layers (TiO, and SiO,) were deposited by atomic layer deposition (ALD) technique. (b) Cross-sectional
SEM images of oxide nanowires. The scale bar = 1000 nm. (c) STEM-EDS mapping analysis of oxide
nanowires showed a thin layer of TiO, and SiO> on ZnO nanowire surfaces. The scale bar = 200 nm. (d) The
histograms of oxide nanowires diameter comparing between ZnO nanowires (before deposition) and ZnO/TiO,

nanowires and ZnO/SiO; nanowires (after deposition). N = /00 nanowires/sample.
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Fig. 32 Surface charge-based EV capture ability of oxide nanowire devices.

(a) The vesicles had an average zeta potential ({) of -22.5 mV and average diameter of 140.1 nm. (b) The EVs
were introduced into devices integrated ZnO nanowires, ZnO/ TiO, nanowires, or ZnO/SiO, nanowires, and
the EV separation ability was evaluated by comparing the EV concentrations before and after introduction into

the devices.

72
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Fig.33 The configuration of a nanowire device and experimental setting.

The nanowire substrate was aligned on the lower block, and assembled with the upper block into a single
integrated device that was tightened together by screws. The holder was placed in a closed container filled with
an amount of water to prevent the sample evaporation. The 1 mL of EV-suspended PBS was supplied and

incubated in the chamber at room temperature for 1, 3, 6, and 12 h with a shaker.
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Fig. 34 The size distribution comparing initial EVs and uncaptured EVs by oxide nanowires.

This suggests the possibility of EV subgroups were specifically separated in each metal oxide material.
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Fig. 35 Evaluation of cancer metastasis inhibitory by cell proliferation test using oxide nanowire

devices.

(a) When ZnO nanowire device was used, the degree of normal cell proliferation was zero and (b) the
microscopic observation found that cell growth was stopped or cells died due to the cytotoxicity of the ZnO
nanowires. The scale bar = 100 um. (c) In cases of ZnO/TiO, and ZnO/SiO, nanowires, the suppression of
abnormal growth of MCF10A cells was observed by the EV eliminating using these types of nanowire device

and (d) the cells grew in the normal state compared to control condition. The scale bar = 100 pm.
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Fig.36  The localization of cancer cell-derived EVs in epithelia MCF10A cells.
A red fluorescent dye (PKH26) was used for EV tracking. The confocal microscopic imaging showed PKH26-
labelled EVs were found assembled inside the cytoplasm of MCF10A cells, indicating the diffusion of EVs into

the recipient cells.
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hsa—miR-30b—5p
hsa—miR-505-3p
hsa—miR-664a—5p
hsa—miR-144-5p
hsa—miR-299-5p
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hsa-miR-769-5p
hsa-miR-218-5p
hsa—miR-411-5p
hsa—miR-1306-3p
hsa-miR-181a—3p
hsa—miR-421
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hsa—let-7d-3p
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hsa—miR-29¢—-3p
hsa-miR-374a-5p
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hsa—miR-378d
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hsa—miR-223-3p
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hsa-miR-1269b
hsa—miR-16-5p
hsa—miR-194-5p
hsa—-miR-27b-5p
hsa—miR-331-5p
hsa—miR-1468-5p
hsa—miR—-361-5p
hsa—miR—-199a—3p
hsa—miR-199b-3p
hsa—miR-15b—5p
hsa—miR-222-5p
hsa—miR-323a-3p
hsa—miR—-369-5p
hsa—miR-375
hsa—miR-484
hsa—miR-4326
hsa—miR-1307-5p
hsa—miR-4745-5p
hsa—miR-191-3p
hsa-miR-615-3p
hsa-miR-130a-3p
hsa—miR-29¢-5p
hsa—miR-145-3p
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hsa—miR-429
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Table 6 The NGS analysis of miRNAs extracted from MDA-MB-231 cancer cell-derived EVs.

hsa-miR-103a-3p
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hsa-miR-9-3p
hsa—miR-339-5p
hsa—miR-9-5p
hsa—miR-382-3p
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hsa-miR-200b-5p
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hsa—-miR-3138
hsa-miR-3158-3p
hsa—miR-335-5p
hsa—miR-424-5p
hsa-miR-4488
hsa—miR-4642
hsa—miR-486-3p
hsa—miR-548ah—-3p
hsa—miR-548p
hsa—miR-589-5p
hsa-miR-660-5p
hsa-miR-6866—-5p



Chapter 6. Concluding Remarks and Future Perspectives

1. In the nanowire chemical property study (chapter 2), three types of metal oxide nanowires with
different surface chemistry were used for evaluating the most suitable candidate for label-free EV capture. We
have demonstrated that our nanowire device could achieve membrane protein profiling of EV subsets obtained
through surface charge-based capture from biological samples. The positively charged surface of the ZnO (bare)
nanowires had an important role in the charge-based capture of negatively charged EVs that we then used for
in-situ profiling of EV membrane proteins, CD9, CD63, CD81, and CD147. The ZnO (bare) nanowires allowed
us to obtain a higher expression level ratio (CD147/CD9) from colon cancer cell-derived EVs and to detect an
expression level ratio (CD147/CD9) from the EVs of a healthy volunteer urine sample. Our methodology
showed the potential to provide a novel indicator of the EV subset role (surface charge) for cancer diagnosis,
although we need to perform further trials for the confirmation of the indicator. Since we have already identified
cancer-related microRNAs from urine samples using ZnO nanowires, we expect it would also be possible to
identify the membrane protein-based markers from urine samples after making a correlation between in-situ
EV profiling and EV-encapsulated microRNAs. At this point, a startup company (Craif Inc.) has already
introduced a ZnO nanowire-based device to the market based on microRNA profiling, and in the future, in-situ
EV profiling should come to be commercialized widely. Although we need to perform more trials for the highly
precise cancer diagnosis, the present results have led us to believe that our developed approach will be a
powerful tool which offers a new strategy for researchers to perform cancer diagnosis using urine samples.

2. In the nanowire physical property study (chapter 3), we achieved fabricating ZnO nanowires
with different morphologies and crystallinities using an ammonia-assisted hydrothermal method, and we
comprehensively analysed the crystalline nature and oriented growth of the synthesized nanowires by X-ray
diffraction analysis and selected area electron diffraction using high resolution transmission electron
microscopy. This is the first study to identify the effects of crystallinity and morphology of ZnO nanowires
grown hydrothermally with NH3 addition on their electrostatic properties for capturing EVs. As found from
results of the XRD and HRTEM analyses, the crystal structures of all samples had the main characteristics of
the ZnO wurtzite phase, but they were also mixed with zinc blende phase when grown under some conditions,
making them suitable for EV capture on the nanowires. Considering the crystallinity and the morphology of the
nanowires, the nanowires grown for 6 h with NH; ammonia addition offered the highest EV capture
performance due to the presence of zinc blende phase and high density of the nanowires. These findings are

expected to facilitate the realization of tunable nanowires with high potential suitability for integration into
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advanced label-free EV capture devices which will open up opportunities for further fundamental studies (i.e.,
adsorption mechanisms by biomolecules) and alternative applications in high-performance integrated nanowire
devices.

3. In the classification of EV subpopulations by crystallinity and elution assay (chapter 4), we
developed a new methodology for specific separation and classification of EV subpopulations using oxide
nanowire microfluidic devices based on physically and chemically specific surface adsorption onto nanowire
surfaces and specific sequential elution. The characterization of EV numbers and quantification of carried
molecules including membrane protein markers and EV-encapsulated miRNAs were analyzed to confirm
feasibility and specific isolation of the device. The recovered EV subsets obtained through charge-based
isolation would provide a unique insight into EV information corresponding to EV contents, offer a new
understanding of small EV heterogeneity base on surface charges in tumor cell biology as well as would be
beneficial for the development of high precision of cancer diagnostic and therapeutic strategy.

4. In the alternative application of nanowire device in therapeutic purpose (chapter 5), we describe
an EV-elimination device using nanowires which can specifically remove EV-miRNAs from cancer cell
supernatant for inhibiting abnormal growth in recipient cells without toxicity to the cells. EVs from breast
adenocarcinoma cells (MDA-MB-231) supernatant were incubated within an integrated device that induces
charge-based interaction and captures the vesicles onto oxide nanowire surfaces. The cleansed medium was
then transferred to the culture environment of mammary gland epithelial cells (MCF10A), the proliferation rate
was evaluated. The results showed that positively charged ZnO nanowires allowed us to isolate the highest
numbers of EVs, however cytotoxicity was found. Interestingly, the devices integrated with ZnO/TiO,
nanowires and ZnO/SiO; nanowires, which have negatively charged surface, could offer sufficient isolation
capacity to partially remove EV numbers to be lower than the threshold value of causing the abnormal growth
and cytotoxicity was not found with these nanowires. These results provide a proof-of-concept for the use of
oxide nanowire as a promising EVs isolation platform, namely blood purification therapy, in order to inhibit
the spread of metastases in cancer progression. This research provides new possibilities for the development of
future therapeutic strategies. However, further experiment needs to be performed to confirm the inhibitory

effect whether it came from depletion of EVs or other essential growth factors for the epithelia cells.

79



From our discoveries and developments throughout the thesis, we explored the insights in modification
and utilization of oxide nanowire feasibilities as a highly efficient and flexible platform with tunable properties
for customized application in both of cancer diagnostic and therapeutic purposes. We recently achieved greater
performance of the devices with high sensitivity and selectivity in EV capture and isolation. However, the
downstream analysis of the collected molecules in various subpopulations, including EVs and its cargos, and
their clinical applications have not been comprehensively discussed yet. Moreover, the different mechanisms
of capture EVs using nanowires were shown, but the identification and detailed discussion are still unclear. To
know for the certain, future research efforts will be focusing on analyzing the interactions based on diverse
adsorption and desorption events for deeper understanding and unveiling the distinct mechanisms. Regardless,
it is foreseeable that due to their unique chemical and physical characteristics, nanowire-based microfluidics
will become a powerful tool in the near future for EV isolation, classification, and elimination devices,
providing infinite power to overcome limitations of current conventional methods for accurate early diagnosis

and efficient treatment of cancers.
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