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Abstract

Tumor-derived extracellular vesicles (EVs) present in bodily fluids are emerging liquid biopsy
markers for non-invasive cancer diagnosis and treatment monitoring. Because the majority of EVs
in circulation are not of tumor origin, it is critical to develop new platforms capable of enriching
tumor-derived EVs from the blood. Herein, we introduce a biostructure-inspired NanoVilli Chip,
capable of highly efficient and reproducible immunoaffinity capture of tumor-derived EVs from
blood plasma samples. Anti-EpCAM-grafted silicon nanowire arrays were engineered to mimic
the distinctive structures of intestinal microvilli, dramatically increasing surface area and
enhancing tumor-derived EV capture. RNA in the captured EVs can be recovered for downstream
molecular analyses by reverse transcription Droplet Digital PCR. We demonstrate that this assay
can be applied to monitor the dynamic changes of ROS1 rearrangements and epidermal growth
factor receptor T790M mutations that predict treatment responses and disease progression in non-
small cell lung cancer patients.
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INTRODUCTION

Extracellular vesicles! (EVs) are a heterogeneous group of lipid bilayer-enclosed particles
that play a crucial role in intercellular communication by transporting biomolecular cargo,
including DNA, RNA, proteins, and lipids.23 EVs are classified into three categories
according to their size and their biogenesis pathway of origin: (i) exosomes (30-150 nm);**
(ii) microvesicles (100-1000 nm);8 and (iii) apoptotic bodies (500-4000 nm).” EVs are
actively secreted by all cell types in the human body and can be found in a variety of body
fluids. Oncogenic transformation often leads to increased EV production by tumor cells,
resulting in increased levels of tumor-derived EVs in patients’ blood.8° Compared to well-
studied circulating tumor cells (CTCs), which are challenging to detect until metastatic
progression, tumor-derived EVs are present in circulation at relatively early stages of
disease. These cancer-specific EVs can be collected from plasma or serum at any time over
the course of treatment. Consequently, tumor-derived EVs are emerging candidates for
liquid biopsy approaches'9-12 for implementing non-invasive cancer diagnosis, prognosis,
and treatment monitoring across all disease stages.

Since the biomolecular contents of tumor-derived EVs mirror those of the parental tumor
cells, performing molecular characterization on tumor-derived EVs could provide key
insights into the molecular mechanisms governing oncogenesis and disease progression.
Most importantly, the fragile biomolecular contents inside individual EVs (e.g., tumor-
specific RNA) are protected by the EV’s lipid bilayer, guaranteeing their availability for
downstream molecular analysis. Recent studies have demonstrated the feasibility of
detecting cancer driver mutations using mRNA extracted from enriched tumor-derived EVs
in different solid tumors, for example, KRAS mutations in pancreatic cancer!3 and
epidermal growth factor receptor (EGFR) vIII mutation in glioblastoma.1# Performing
mutational analyses using EV-derived mRNA results in improved sensitivity and better
correlation with patients’ clinical outcomes over cell-free DNA (cfDNA)-based approaches.
15,16 Moreover, well-preserved RNA in tumor-derived EVs is ideal for detecting gene
rearrangements, as they have variable breakpoints and different fusion partners.

Since tumor-derived EVs constitute only a minor portion of the total number of EVs in
circulation, the enrichment of tumor-derived EVs represents a considerable technical
challenge. Conventional methods, such as ultracentrifugation,1’=20 filtration,2122
precipitation,23 and size-based microfluidic enrichment,24-29 can isolate entire populations
of EVs from peripheral blood samples based on their physical properties (i.e., size and/ or
density). However, these approaches are incapable of discriminating tumor-derived EVs
from non-tumor-derived EVs. More recent research efforts have explored the application of
immunoaffinity-based capture techniques for enriching tumor-derived EVs in different solid
tumors.17:18.27 For example, pancreatic cancer-derived exosomes can be captured selectively
using anti-GPC1-coated beads and isolated via flow cytometry,13 and the enrichment of
glioblastoma-derived exosomes has been demonstrated in herringbone microfluidic devices
(i.e., EVHB-Chip) with EGFRVIII antibodies used as the capture agent.1* To characterize
and/or to quantify the trace amount of mMRNA extracted from the enriched tumor-derived
EVs, highly sensitive mRNA profiling technologies, for example, next-generation
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sequencing and Droplet Digital PCR (ddPCR), were adopted for downstream detection
purposes.

Inspired by the distinctive structures of intestinal microvilli (Figure 1a), which are densely
packed on intestinal walls to increase mucosal surface area for enhanced absorption, we
developed the NanoVilli Chips. These biostructure-inspired chips have antibody-grafted
silicon (Si) nanowire arrays that are engineered in a densely packed manner to achieve
efficient and reproducible immunoaffinity capture of tumor-derived EVs from blood plasma
samples. A NanoVilli Chip is composed of two integral components (Figure 1b), that is, (i)
an anti-epithelial cell adhesion molecule (EpCAM)-grafted Si nanowire substrate (SINWS)
and (ii) a superimposed polydimethylsiloxane (PDMS)-based chaotic mixer with a
serpentine micro-channel, in which herringbone micropatterns introduce helical flow to
facilitate direct physical contact between anti-EpCAM-grafted SINWS and tumor-derived
EVs in plasma. When a plasma sample containing tumor-derived EVs is run through a
NanoVilli Chip, the integration of the anti-EpCAM-grafted SINWS and the PDMS-based
chaotic mixer leads to enhanced capture of tumor-derived EVs. Our SINWS is optimized for
interacting with nanoscale targets. In our previously described NanoVelcro chips,39-32 which
utilize a similar device configuration, Velcro-like topographic interactions between nano-
structured substrates and nanoscale cellular surface components immobilize CTCs on top of
the SINWS. Whereas microscale CTCs (diameters = 6-20 pm) can only interact with the
uppermost portion of the SINWS, free-floating nanoscale EVs (diameters = 30—-1000 nm)
can interact with both upper and deeper portions of the SINWS (which are spaced 200-400
nm apart). EVs above 300 nm in diameter are primarily captured on the tips of the SINWS,
whereas EVs with sizes ranging between 30 and 300 nm are captured on both tips and
sidewalls of the SINWS. We designed NanoVilli Chips with longer Si nanowires (lengths =
10-15 um) to increase functional surface area, enabling more efficient enrichment of tumor-
derived EVs at both the tips and the sidewalls of individual Si nanowires. After capturing
tumor-derived EVs on NanoVilli Chips, RNA recovered from the EVs can be evaluated with
a Qubit 3.0 Fluorometer in combination with the Qubit RNA HS Assay and subjected to
downstream analysis by reverse transcription Droplet Digital PCR (RT-ddPCR). We
explored the clinical utility of NanoVilli Chips by applying this workflow to detect driver
gene alterations in non-small cell lung cancer (NSCLC) quantitatively (e.g., ROS1
rearrangements or EGFR, T790M mutation). To understand how the embedded Si nanowires
in NanoVilli Chips contribute to the highly efficient capture of tumor-derived EVs, scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and fluorescence
microscopy were employed (Figure 2) to characterize the interactions between anti-EpCAM-
grafted SINWS and tumor-derived EVs. These observations were further validated with
those obtained via computational simulation (see Supporting Information). Moreover, we
progressively optimized the performance of NanoVilli Chips by systematically varying
device operating conditions and configurations (e.g., flow rates, Si nanowire lengths, and
anti-EpCAM concentrations). We evaluated these data to identify experimental conditions
that enable efficient and reproducible enrichment of tumor-derived EVs from both artificial
plasma samples and blood plasma samples obtained from NSCLC patients. The combined
use of NanoVilli Chips and RT-ddPCR offers a new type of EV-based mRNA assay for
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quantitatively detecting and monitoring targetable oncogenic gene alterations in NSCLC
patients.

There has recently been a major strategic shift in the clinical management of NSCLC.
Following initial tissue-based histo-logical classification schemes, NSCLC has been further
classified based on molecular phenotype (e.g., ALK/ROS1 rearrangements33-34 and EGFR
mutations3®) in order to guide the implementation of effective targeted therapeutic strategies
employing tyrosine kinase inhibitors (TKIs). Considering the profound risk associated with
invasive tissue-based diagnostic approaches, clinicians increasingly prefer non-invasive
diagnostic solutions3® for both initial diagnosis and longitudinal monitoring of disease
progression.3” NanoVilli Chips were developed to harvest tumor-derived EVs to enable non-
invasive characterization of tumors. We demonstrate the feasibility of quantifying the
dynamic changes in both ROS1 rearrangements and the EGFR T790M mutations from
tumor-derived EVs in NSCLC patients and correlate these data with patient outcomes
measured by radiographic imaging, which is the current gold standard for evaluating the
therapeutic response of solid tumors clinically.

RESULTS AND DISCUSSION

Fabrication of NanoVilli Chips.

The nanostructures-embedded substrates (i.e., SINWS) were fabricated via photolithography,
followed by silver (Ag) nanoparticle-templated wet etching3® to generate vertically aligned
nanowire arrays on a Si wafer.39 This fabrication process confers precise control over the
diameters (100-200 nm), lengths (1-2 or 10-15 um), and spacings (200-400 nm) of the Si
nanowires (confirmed by SEM, Figure S1), resulting in large surface areas that enable
enhanced immunoaffinity capture of tumor-derived EVs. A 4-step modification process was
designed for the preparation of anti-EpCAM-grafted SINWS (Figure S2). Chaotic mixers
were prepared by thermally curing PDMS pre-polymer (Sylgard 184) on a Si-based replicate
mold (master wafer). On the mold, the herringbone patterns were fabricated by inductively
coupled plasma-reactive ion etching (ICP-RIE). Compared to the SU-8
photolithographically deposited patterns used previously,*0 the ICP-RIE fabricated patterns
on Si are much more durable over time with repeated usage. We altered the chaotic mixing
behavior in our devices based on findings reported by Sheng et al.,*1 where the spacings of
herringbone patterns and the microchannel heights/widths/lengths (70 4m x 2 mm x 60 mm)
were configured to optimize physical contact between anti-EpCAM-grafted SINWS and
tumor-derived EVs in plasma. Prior to EV capture studies, a custom-designed chip holder
was employed to couple the PDMS-based chaotic mixers onto anti-EpCAM-grafted SINWS
to complete the chip assembly (Figure S3). This chip holder also serves as an interface with
syringe/ syringe pumps used for handling plasma samples and reagents.

Characterization of EV Captured in NanoVilli Chips.

To study the function and performance of NanoVilli Chips, tumor-derived EVs were purified
by ultracentrifugation from serum-free culture media of HCC78 NSCLC cells which harbor
the SLC34A2-ROS1 rearrangement. These HCC78-derived EVs were first characterized by
both dynamic light scattering (DLS, Figure S4) and TEM. The inset in Figure 2a shows a
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typical TEM image of the HCC78-derived EVs after uranyl acetate negative staining. These
EVs exhibited cup- or spherical-shaped morphologies with sizes ranging between 30 and
1000 nm. As a model system for testing NanoVilli Chips, artificial plasma samples were
prepared by spiking aliquoted 10 gL HCC78-derived EVs into 90 yL freshly isolated healthy
donor (HD) blood plasma. After EV capture, the NanoVilli Chips were disassembled to
remove the PDMS-based chaotic mixers. To prepare samples for SEM imaging, the SINWS
underwent paraformaldehyde (PFA) fixation, ethanol dehydration, and vacuum sputter
coating with gold. The SINWS were then cut to expose the cross sections of the Si nanowire
arrays. The inset in Figure 2b shows a cross-sectional SEM image of Si nanowires with
HCC78-derived EVs (diameters = 30—300 nm) adhered along the sidewalls of the nanowires.
For samples characterized by TEM, Si nanowires with immobilized EVs were mechanically
detached from the underlying substrate. The detached Si nanowires were collected and
transferred onto TEM grids. The immobilized EVs along the sidewalls of Si nanowires range
between 30 and 300 nm in diameter (Figure 2c¢). Additionally, both SEM and TEM images
showed that EVs with diameters greater than 300 nm were immobilized on the tips of
SiNWS (Figure S5a-d), which is expected, given that these EVs are too large to fit into the
spacings (200-400 nm) between the Si nanowires. In comparison, negligible amounts of
EVs were captured in control experiments where the anti-EpCAM capture agent was absent
(Figure S6). To confirm the identity of EVs, immunogold staining via anti-CD63 (an EV
surface marker) was employed to label EVs with 10 nm gold nanoparticles before and after
anti-EpCAM-based immunoaffinity capture onto Si nanowires, respectively. The TEM
images showed that both precapture (Figure S7) and postcapture (Figure 2d,e) EVs could be
decorated with 10 nm gold nanoparticles via anti-CD63.

The HCC78-derived EVs also express cytokeratin (CK) due to their epithelial origin, which
enables immunohistochemical characterization of tumor-derived EVs immobilized on the
SiNWS (Figure 2f-h) via fluorescence microscopy (Nikon, 90i). As shown in Figure 2f,g,
CK-positive EVs trapped on the tips of SINWS were visualized by fluorescence microscopy.
The actual size distribution of these EVs was determined by SEM (Figure S5b,d).

EV-Derived RNA Assay Using NanoVilli Chips.

To optimize EV-capture performance for NanoVilli Chips, we systematically examined
different experimental parameters, including flow rates, Si nanowire lengths, and anti-
EpCAM concentrations. In each study, a 100 L artificial plasma sample was run through a
NanoVilli Chip. Subsequently, a TRIzol solution (Zymo Research, USA) was introduced
into the device to lyse the captured EVs. The resulting lysate was subjected to RNA
extraction using a Direct-zolRNA MicroPrep Kit (Zymo Research, USA), followed by
treatment with DNase | to remove residual DNA. The extracted EV-derived RNA was then
evaluated and quantified using a Qubit 3.0 Fluorometer in combination with the Qubit RNA
HS Assay. The amount of the extract EV-derived RNA is denoted as RNAcap-gv- In
parallel, 90 s healthy-donor plasma samples were analyzed via the same workflow, where
we denote the systems’ RNA background as RNAyg. To determine the EV-capture
efficiencies of NanoVilli Chips, we also quantified RNA directly extracted from aliquoted 10
uL HCC78-derived EVs (that were not passed through a NanoVilli Chip), labeled as
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RNAi-gv- The EV-capture performance of NanoVilli Chips was assessed by calculating
the RNA recovery rate using the following equation:

RNA RNA,,

cap—EV
RNA

@

RNA recovery rate =
ori—EV

To study how flow rate affects EV-capture performance, 100 gL artificial plasma samples
were injected into NanoVilli Chips (Si nanowire lengths = 1-2 1m) at flow rates of 0.1, 0.2,
0.5, 1.0, and 2.0 mL h™1. A flow rate of 0.2 mL h™1 resulted in an optimal RNA recovery
rate of 60 + 6% (Figure 3a). We subsequently used this flow rate to investigate the
relationship between Si nanowire length and EV-capture performance (Figure 3b). NanoVilli
Chips with long Si nanowires (lengths = 10-15 um) exhibited an 82 + 8% RNA recovery
rate, which was significantly higher than 60 + 6 and 31 + 1% observed for the devices with
shorter Si nanowires (lengths = 1-2 um) and flat Si substrates, respectively. The lengths of
the embedded Si nanowires NanoVilli Chips were verified by SEM (Figure 3c).
Additionally, SEM was also used to characterize how EVs (7= 500, diameters = 30-300
nm) distributed along the depth of Si nanowires (Figure S9a). The results in Figure S9b
showed that 53.4, 20.4, 20.4, 5.8, and 0% of EVs were immobilized at depths of 0-1, 1-2,
2-5, 5-9, and 9-10 pm from the top of Si nanowires, respectively. This demonstrates that the
increased surface area of the longer Si hanowires improves immunoaffinity capture of
tumor-derived EVs such that a total length of 10 um is sufficient.

To validate the results of the EV distribution observed by SEM, a computational simulation
was conducted (see Supporting Information). The well-known laminar boundary layer
effect*2 dominates fluid behavior at the surface of microfluidic channels. These laminar
boundary layers were estimated to be about 1.3 um thick (Figure S9c). Therefore, the flow
velocity near the top of Si nanowire matrix is very slow and the EV diffusion into the Si
nanowire matrix is primarily attributed to Brownian motion of EVs. A dissipative particle
dynamics (DPD) simulation#3 was used to study the EV capture process by the Si nanowire
matrix when the EVs diffuse from the top to the bottom of Si nanowire matrix (Figure S9d).
As shown in Figure S9e, 52.1, 25.0, 14.6, 8.3, and 0% of EVs were located at depths of 0-1,
1-2, 2-5, 5-9, and 9-10 xm from the top of Si nanowires, respectively. An empirical
function with the exponential form was used to describe the EV distribution probability
profiles along the depth of Si nanowire. The results derived from the experiment and DPD
simulation were very close.

We next attempted to reduce the consumption of our EV-capture agent (anti-EpCAM)
without compromising the EV-capture performance at the optimal flow rate and nanowire
configurations identified earlier. Five different biotinylated anti-EpCAM concentrations (i.e.,
0.5, 1.0, 2.5, 5.0, and 10.0 zg mL~1) were tested for SINWS modification. At concentrations
<5.0 ug mL~1, EV-capture performance was reduced dramatically (Figure 3d). When the
concentration was higher than 5.0 ug mL™1, the EV-capture performance did not improve,
indicating that 5.0 ug mL-1 is sufficient to capture EVs in NanoVilli Chips. EV capture
capacity along the channel was tested by segmentally quantifying RNA recovery rates of the
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three channels (Figure S10b). The results indicated that 90% of the EVs were captured in the
f irstchannel of the NanoVilli Chips.

With the optimal EV-capture conditions identified, we compared the performances of
NanoVilli Chips with two commonly used EV enrichment methods (i.e., immunomagnetic
beads!® and ultracentrifugationl?) using the artificial plasma samples. Since HCC78 NSCLC
cells harbor-specific SLC34A2-ROS1 rearrangement, these artificial plasma samples can be
used to validate the feasibility of detecting ROS1 rearrangement in the EVs captured by
NanoVilli Chips. In parallel with the RNA quantification, matching RNA samples obtained
from the three EV enrichment methods were subjected to the RT-ddPCR assay to quantify
the ROS1 rearrangement copy number (Figure S11). The results summarized in Figure 3e
indicate that NanoVilli Chips exhibited a superior RNA recovery rate of 82 + 8% compared
to the 31 + 4 and 22 + 5% observed for immunomagnetic beads and ultracentrifugation,
respectively. We observed consistent performance in detecting ROS1 rearrangements (610
+ 55, 206 + 12, and 165 + 8 copies) when comparing NanoVilli Chips, immunomagnetic
beads, and ultracentrifugation. For control purposes, the artificial plasma samples were
directly processed and subjected to the RT-ddPCR assays. The resultant low RNA recovery
rate (7 £ 1%) may due to the RNase and proteins in the background plasma had a negative
effect on the RNA quality during direct lysing process, highlighting the necessity of EV
enrichment for reliable EV-based RNA analysis. Finally, we validated the general
applicability of NanoVilli Chips for enriching NSCLC-derived EVs using different artificial
plasma samples containing EVs purified from NCI-H1975 cells (harboring EGFR T790M
point mutation). As shown in Figure 3f, an EV-capture efficiency of 63 + 8% was measured
with the NanoVilli Chip, which is significantly higher than the 12 + 2% observed following
a direct lysis method. Using RT-ddPCR, 1010 + 42 copies of EGFR T790M mutation were
detected in enriched EV-derived RNA (whereas 27 + 17 copies of EGFR T790M mutation
were observed for the direct lysis method). Overall, the optimized conditions developed for
NanoVilli Chips enabled efficient purification of tumor-derived EVs from artificial plasma
samples with capture efficiencies ranging from 63 to 82% in a period of 30 min.

Non-Invasive Detection of Gene Alterations in NSCLC Patients.

We operated the NanoVilli Chips at the optimal conditions identified in our initial studies to
enrich tumor-derived EVs from NSCLC patient blood plasma samples. A cohort of 13
NSCLC patients seven harboring a clinically confirmed CD74-ROS1 rearrangement
(treatment naive, stages I11-1V) and six with an acquired EGFR T790M mutation (resistant
to the prior EGFR-TKI treatment, i.e., gefitinib or erlotinib, stages I11-1VV)—were recruited
for this feasibility study (Table 1). Control studies were performed in parallel on nine HDs.
In each study, 200 4L samples of processed plasma were run through a NanoVilli Chip. For
the seven ROS1-rearranged NSCLC patients, 18-468 copies of the CD74-ROS1
rearrangement were detected in the NanoVilli Chip-enriched EVs at diagnosis. For the six
EGFR T790M-mutated NSCLC patients, 0-225 copies of the acquired EGFR T790M
mutation were detected at their time of disease relapse. In the control studies, all of the nine
HDs were negative for both ROS1 rearrangement and EGFR T790M mutation (Table 1).

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 9

Dynamic Monitoring of Gene Alterations over the Course of Treatment Intervention.

We then investigated the feasibility of combining tumor-derived EV enrichment by
NanoVilli Chips and RT-ddPCR to monitor dynamic changes in disease course during
treatment. Serial blood draws were obtained from patient RO7 with the ROS1 rearrangement
before and after crizotinib treatment. The copy numbers of rearranged ROSL1 are plotted in
Figure 4a. Matching serial computed tomography (CT) images depict the lesions in the
patient’s chest on days 0, 30, and 75 post-crizotinib treatment. The patient was found to have
a partial response on day 30 but unfortunately relapsed after day 75 (Figure 4b). The patient
died of untreatable tumor burden on day 78. Dynamic changes in ROS1 copy numbers were
consistent with CT imaging and clinical outcomes, suggesting that this EV-based mRNA
assay may serve as a complementary diagnostic tool for monitoring treatment outcomes in
NSCLC patients with ROS1 rearrangements. In Figure 4c, we track patient EO4 over a
period of 279 days. Blood was collected serially at three time points: day 0, when the patient
had responded to a first-generation EGFR-TKI (i.e., gefitinib); day 133, when the patient
acquired resistance; and day 279, when the patient had a partial response after 146 days of
treatment with the third-generation EGFR-TKI osimertinib, which targets the acquired
EGFR T790M mutation. The emergence of the acquired EGFR T790M mutation (copy
number increased from 0 to 225) between days 0 and 133 indicated resistance to the initial
therapy, suggesting a possible timepoint for switching from gefitinib to osimertinib. At 146
days post-osimertinib treatment, the EGFR T790M copy numbers decreased from 225 to 9,
consistent with the tumor shrinkage observed via CT imaging (Figure 4d). The US Food and
Drug Administration has approved osimertinib for the treatment of patients with an acquired
EGFR T790M mutation who progress during prior EGFR-TKIs treatments.** Confirmation
of the EGFR T790M mutation by tissue re-biopsy is required for treatment selection after
relapse from prior EGFR-TKIs treatments. These results suggest our NanoVilli Chip-based
tumor-derived EV capturing platform is compatible with detecting both gene rearrangements
(i.e., ROS1 rearrangements) and gene mutations (i.e., EGFR T790M mutation) for
monitoring early treatment response and guiding the selection of alternative therapies non-
invasively.

CONCLUSIONS AND PROSPECTS

We have successfully developed and demonstrated a bio-inspired device capable of highly
efficient and reproducible immunoaffinity capture of tumor-derived EVs from blood plasma
samples. The anti-EpCAM-grafted Si nanowire arrays that comprise these NanoVilli Chips
mimic the distinctive structures of intestinal microvilli, providing dramatically increased
surface area for capturing tumor-derived EVs. A PDMS-based microfluidic chaotic mixer is
used to establish direct physical contact between tumor-derived EVs and anti-EpCAM-
grafted SINWS, further enhancing the EV-capture performance. We studied the influence of
flow rate, length of Si nanowires, and anti-EpCAM concentrations to identify conditions that
yield optimal EV-capture performance. When operated at these optimal conditions,
NanoVilli Chips enable highly efficient, reproducible, and rapid (30 min) enrichment of
tumor-derived EVs from both artificial plasma samples as well as plasma samples isolated
from NSCLC patients. By coupling NanoVilli Chips with a downstream RT-ddPCR, we have
developed a new type of EV-based mRNA assay for quantitatively detecting and monitoring
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targetable oncogenic gene alterations. In clinically relevant applications, tumor-derived EVs
captured on NanoVilli Chips can provide critical diagnostic information as a source for
detecting specific oncogenic gene alterations that correlate with treatment responses and
disease progression to inform the clinical management of NSCLC patients.

EXPERIMENTAL SECTION

Fabrication of the Anti-EpCAM-Grafted Silicon Nanowire Substrate.

First, thiol groups were introduced onto SiINWS by exposure to (3-
mercaptopropyl)trimethoxysilane (MPS, 211.4 mg, 200 /1, Sigma-Aldrich, USA) vapor at
room temperature for 45 min. The SINWS were rinsed with ethanol three times to wash off
unbound reagents. Second, freshly prepared MPS—SiNWS were incubated with the A~
maleimidobutyryl-oxysuccinimide ester (GMBS, 0.25 mM in DMSO, Sigma-Aldrich, USA)
solution for 30 min to attach GMBS on the surface of SINWS. Third, GMBS-SiNWS were
reacted with streptavidin (SA, 10 zg mL™1, Thermo Fisher Scientific, USA) solution at room
temperature for 30 min to immobilize SA. The obtained SA-SiINWS were rinsed with 1x
phosphate-buffered saline (PBS, pH 7.4, Thermo Fisher Scientific) to remove excess SA.
Fourth, to graft anti-EpCAM onto the SA-SINWS, biotinylated anti-EpCAM (Abcam,
USA) at concentrations of 1.0, 2.5, or 5.0 zg mL~1 in PBS (100 /1) was incubated on the
SA-SINWS for 30 min at room temperature. After rinsing off the unbounded biotinylated
anti-EpCAM, the anti-EpCAM-grafted SINWS were blocked with 5% bovine serum
albumin (BSA, Thermo Fisher Scientific) solution for 30 min. The total inner volume of
three microfluidic channels in a NanoVilli Chip was 20 gL

Culture of NSCLC Cell Lines.

NSCLC cell lines including HCC78 and NCI-H1975 were obtained from the American Type
Culture Collection and regularly tested and found negative for mycoplasma contamination.
These NSCLC cells were cultured in RPMI-1640 growth medium (Thermo Fisher Scientific,
USA) with 10% (v/v) fetal bovine serum (Thermo Fisher Scientific), 1% (v/v) GlutaMAX-I
(Thermo Fisher Scientific), and penicillin-streptomycin (100 U mL™, Thermo Fisher
Scientific) in a humidified incubator with 5% CO, at 37 °C.

Preparation and Isolation of NSCLC Cell-Derived EVs.

Both HCC78 and H1975 NSCLC cells were grown in 18 Nunc EasY Dish dishes (145 cm?,
Thermo Fisher Scientific) for 3 days. The cells were then cultured in serum-free medium
(Thermo Fisher Scientific) for 24-48 h. Thereafter, the culture medium was collected for
centrifugation at 300g (4 °C) for 10 min to remove cells and cell debris. The supernatants
were transferred to new Falcon 50 mL Conical Centrifuge Tubes (Thermo Fisher Scientific)
and centrifuged at 2800 g (4 °C) for 10 min to eliminate remaining cellular debris and large
particles. The supernatants were carefully transferred into Ultra-Clear Tubes (38.5 mL,
Beckman Coulter, Inc., USA), followed by ultracentrifugation using an Optima L-100 XP
Ultracentrifuge (Beckman Coulter, Inc, USA) at 100 000g (4 °C) for 70 min. After removing
the supernatant, EV pellets at the bottom of the tubes were resuspended into 400 /L of PBS
(Thermo Fisher Scientific) and were stored at =80 °C for future use.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dong et al.

Page 11

Preparation of Artificial Plasma Samples Containing NSCLC Cell-Derived EVs.

The plasma was isolated from the blood samples of HDs with approval from the UCLA
Institutional Review Board (IRB, #00000173). Artificial plasma samples (each had a total
volume of 100 L) were prepared by spiking 10 zL of NSCLC cell-derived EVs (see above)
into 90 4L of healthy-donor plasma.

Capture of Tumor-Derived EVs on NanoVilli Chips.

Prior to the injection of artificial plasma samples, 200 uL of PBS was introduced into a
NanoVilli Chip via an automated digital fluidic handler at a flow rate of 0.5 mL h-1 to test
for leaks. Next, 100 uL of artificial plasma or blood plasma containing tumor-derived EVs
was introduced into the NanoVilli Chip at an optimal flow rate of 0.2 mL h~L. For the
optimization of flow rates, replicates of 100 yL of artificial plasma samples were introduced
into NanoVilli Chips at flow rates of 0.2, 0.5, 1.0, and 2.0 mL h™1, respectively.

Characterization of the Embedded Silicon Nanowires and Captured EVs by SEM.

To characterize the Si nanowires embedded in the SINWS, we cut the SINWS to expose the
cross sections of the silicon nanowire arrays. The broken SINWS was placed on the SEM
sample holder for SEM imaging (ZEISS Supra 40VP SEM at an accelerating voltage of 10
keV). For SEM characterization of EVs captured on Si nanowires, the SINWS were
separated from the NanoVilli Chip after capturing EVs from 100 pL of artificial plasma
samples. The EVs immobilized on SINWS were fixed in 4% PFA for 1 h. The samples were
dehydrated by sequential immersion in 30, 50, 75, 85, 95, and 100% ethanol solutions for 10
min per solution. After overnight lyophilization, sputter-coating with gold was performed at
room temperature. The morphology of EVs immobilized on Si nanowires was observed
using a ZEISS Supra 40VP SEM at an accelerating voltage of 10 keV.

TEM Characterization of HCC78-Derived EVs.

The HCC78-derived EVs in solution or captured by the Si nanowires were fixed in 4% PFA
for 30 min prior to morphological characterization and determining the size distribution of
tumor-derived EVs via TEM. Afterward, the EV samples were deposited onto 200-mesh
formvar and carbon coated copper grids and incubated for 5 min. After wiping off the excess
sample, the grids were treated with 2% uranyl acetate for 10 min and then washed three
times with deionized water. Grids were dried for TEM imaging by JEM1200-EX (JEOL
USA Inc.) at 80 kV. To verify the identity of EVs in solution and captured on Si nanowires,
immunogold staining by anti-CD63 was employed for TEM imaging. Fixed EVs in solution
or captured on Si nanowires were applied to 200-mesh formvar and carbon-coated nickel
grids and incubated for 5 min before being wiped off from the grids. Then, the grids were
incubated in a blocking solution (0.4% BSA in PBS) for 30 min and then rinsed three times
using deionized water. Thereafter, the grids were incubated with mouse anti-CD63 (Abcam,
USA, positive control) or with blocking solution (negative control) for 1 h. After being
rinsed three times with deionized water, the grids were incubated with goat anti-mouse 1gG
H&L 10 nm gold (Abcam, USA) for 1 h. After again being rinsed three times using
deionized water, the grids were negatively stained using 2% uranyl acetate and then dried for
TEM imaging using a JEM1200-EX (JEOL USA Inc.) at 80 kV.
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Immunostaining by Anti-CK and Fluorescence Characterization of Tumor-Derived EVs
Immobilized on Silicon Nanowire Substrates.

Tumor-derived EVs immobilized on SiNWS were fixed with 4% PFA for 10 min, followed
by incubation with 0.1% Triton X 100 in PBS for 10 min at room temperature. Then, they
were incubated with a PBS solution containing Pan-CK antibody [Abcam, USA, 1:100
(v/v)] and Normal Donkey serum (Jackson Immuno-Research, USA, 2%) at 4 °C overnight.
After being washed with PBS three times, the tumor-derived EVs captured on SINWS were
further incubated with Donkey anti-Rabbit 1gG (H + L) [Alexa Fluor 488, Thermo Fisher
Scientific, USA, 1:500 (v/v)] for 1 h. After washing off the excess reagent, the tumor-
derived EVs immobilized on SINWS were characterized using a fluorescence microscope
(Nikon 90i, exposure time = 200 ms).

Extraction of RNA from Tumor-Derived EVs Captured on NanoVilli Chips.

To extract RNA from tumor-derived EVs captured on NanoVilli Chips, we performed on-
chip lysis of EVs by introducing 600 pL of TRIzol solution (Zymo Research, USA) and 600
L of anhydrous ethanol (Sigma-Aldrich) sequentially through the NanoVilli Chip. The
effluent solution was collected in a 2.0 mL RNase-free Eppendorf tube at the same time.
Then, RNA was purified using a Direct-zolRNA MicroPrep Kit (Zymo Research). The
enzyme DNase | was used to digest DNA for 15 min to make sure that cfDNA was not
analyzed in the measurements. The RNA was dissolved in DNase/ RNase-free water and
then measured with a Qubit 3.0 Fluorometer (Thermo Fisher Scientific) in combination with
the Qubit RNA HS Assay (Thermo Fisher Scientific) using the manufacturer’s protocol.

Quantification of ROS1 Rearrangements or EGFR T790M Mutation from EV-Derived mRNA
by RT-ddPCR.

EV-derived mRNA was reverse-transcribed to cDNA using a Maxima H Minus Reverse
Transcriptase Kit (Thermo Fisher Scientific). The EV-derived mRNA was added into a
reaction solution containing 1x RT Buffer, dNTPs (0.5 mM), Random Hexamer (8 uM),
Maxima H Minus Reverse Transcriptase (6.5 U uL™1), and RNase inhibitor (1 U pL™1). The
reaction was run at 55 °C for 30 min and then 85 °C for 5 min. The cDNA generated from
EV-derived mRNA was detected by the PrimePCR ddPCR Expert Design Assay Kit
(dHsaEXD73338942, ROS1 rearrangements) or PrimePCR ddPCR Mutation Assay Kit
(dHsaCP2000020, EGFR T790M mutation, Bio-Rad, USA) according to the manufacturer’s
instructions. For ddPCR, droplets were generated within a DG8 Cartridge which was
preloaded with sample (20 pL) and droplet generation oil (70 pL) for each sample. All
droplets were transferred into a 96-well plate accordingly and sealed with a PX1 PCR Plate
Sealer. A programmed Thermal Cycler was set at 96 °C for 10 min, followed by 40 cycles of
94 °C for 30 s and 60 °C for 60 s, and finally 98 °C for 10 min. The droplets containing
amplicons were quantified with a QX200 Droplet Reader using the QuantaSoft software
package.

Collection of Blood Plasma Samples from NSCLC Patients and HDs.

Blood samples were collected from 12 NSCLC patients in Guangdong Provincial Hospital
of Traditional Chinese Medicine and 9 HDs at UCLA in accordance with the Institutional
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Review Board (IRB). We consecutively enrolled 6 NSCLC (stages Il and 1V) patients with
known ROS1 rearrangements*® from October 2016 to June 2017 and 6 NSCLC patients with
known EGFR T790M mutation from January 2018 to June 2018. Blood samples were
centrifuged at 300g for 5 min and then 2000g for 5 min at 4 °C. Plasma was collected and
stored | at —80 °C. For each blood plasma sample, 200 uL of plasma was directly run
through a NanoVilli Chip.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Inspired by the distinctive structures of intestinal microvilli (a), which are densely packed on
the intestinal walls to increase their intestinal mucosal surface areas for enhanced
absorption, we designed and tested a biostructure-inspired NanoVilli Chip (b) featuring
densely packed anti-epithelial cell adhesion molecule (anti-EpCAM)-grafted silicon (Si)
nanowire arrays to achieve highly efficient and reproducible immunoaffinity capture of
tumor-derived EVs. A NanoVilli Chip is composed of (i) an anti-EpCAM-grafted Si
nanowire substrate (SINWS) and (ii) a superimposed PDMS-based chaotic mixer. Captured
tumor-derived EVs were lysed in the device to release EV-derived RNA, which was
extracted for downstream analysis via RT-ddPCR. We utilize this workflow to detect gene
alterations such as ROS1 rearrangements or EGFR T790M mutations in NSCLC

quantitatively.
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Figure2.
Characterization of tumor-derived EVs in solution and on anti-epithelial cell adhesion

molecule (anti-EpCAM)-grafted silicon nanowire substrates (SINWSs) in NanoVilli Chips.
(a) Size distribution (n =653, diameters = 30—1000 nm) of HCC78-derived EVs, measured
by TEM. Inset: a representative TEM image (scale bar, 100 nm) of HCC78-derived EVs. (b)
Size distribution of HCC78-derived EVs (7= 425, diameters = 30—-300 nm) immunoaffinity-
captured on the sidewalls of Si nanowires (SiNWs) measured by SEM. Inset: a
representative cross-sectional SEM image (scale bar, 100 nm) of a device with immobilized
HCC78-derived EVs (colored in red). (¢) TEM image of HCC78-derived EVs (colored in
red) immobilized on the sidewalls of Si nanowires. Scale bar, 100 nm. (d) Immunogold
staining by anti-CD63 was employed to verify the identity of EVs captured on Si nanowires.
(e) Schematic illustrating the immobilization of 10 nm gold nanoparticles via anti-CD63
onto a tumor-derived EV attached to the sidewall of a Si nanowire by anti-EpCAM. (f,g)
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Fluorescence microscopy images confirming the capture of HCC78-derived EVs
immobilized on the SINWS using an antibody targeting to the epithelial tumor marker CK.
(h) Schematic depicting how anti-EpCAM and anti-CK were used for EV capture and
immunostaining of CK, respectively.
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Figure 3.
Optimization of NanoVilli Chips for immunoaffinity capture of tumor-derived EVs using

artificial plasma samples. (a) EV-capture performance of NanoVilli Chips (Si nanowires
lengths = 1-2 zm) was studied at flow rates of 0.1, 0.2, 0.5, 1.0, and 2.0 mL h71, (b) EV-
capture performance observed for three different control groups: flat Si substrates, short Si
nanowires (lengths = 1-2 4m), and long Si nanowires (lengths = 10-15 gm). (c) SEM
images (scale bar, 2 um) of the two NanoVilli Chips with different lengths of embedded Si
nanowires (1-2 vs 10-15 um). (d) EV-capture performance observed for NanoVilli Chips
with Si nanowires (lengths = 10-15 xm) coated by biotinylated anti-epithelial cell adhesion
molecule (anti-EpCAM) at concentrations of 0, 1.0, 2.5, 5.0, and 10.0 zg mL~1. (e) RNA
recovery rates and copy numbers of ROS1 rearrangements observed for NanoVilli Chips,
immunomagnetic beads and ultracentrifugation. As a control, the artificial plasma samples
were directly subjected to RT-ddPCR analysis to demonstrate the necessity of conducting
EV enrichment. (f) General applicability of NanoVilli Chips was validated using different
artificial plasma samples containing EVs purified from NCI-H1975 NSCLC cells harboring
EGFR T790M mutation.
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Day 279

NanoVilli Chips combined with RT-ddPCR analysis can be used to detect and to monitor
ROS1 rearrangements or acquired EGFR T790M mutation in tumor-derived EVs purified
from NSCLC patients’ blood. (a) Dynamic change (0-75 days) of the ROS1 rearrangements
observed for patient RO7 with CD74-ROS1 rearrangement before and after crizotinib
treatment. (b) Chest CT scans taken at days 0, 30, 75 post-crizotinib treatment. (¢) Dynamic
changes (0-279 days) of EGFR T790M mutation observed for patient E04 before and after
osimertinib treatment. (d) Chest CT images were taken at day 0 (following response to
gefitinib treatment), day 133 (disease relapse), and day 279 (post-treatment with

osimertinib).
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