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Abstract: Selection of the optimal chemotherapy regimen for an individual cancer patient is
challenging. The existing chemosensitivity tests are costly, time-consuming, and not amenable
to wide utilization within a clinic. This limitation might be addressed by the recently proposed
use of circulating tumor cells (CTCs), which provide an opportunity to noninvasively monitor
response to therapy. Over the past few decades, various techniques were developed to capture
and recover CTCs, but these techniques were often limited by a capture and recovery perfor-
mance tradeoff between high viability and high efficiency. In this work, we used anti-epithelial
cell adhesion molecule coated aptamer—poly (N-isopropylacrylamide) functionalized silicon
nanowire substrates to capture and release epithelial cell adhesion molecule-positive CTCs at
32°C and 4°C, respectively. Then, we applied the nuclease to digest the aptamer to release the
captured CTCs (near or at the end of the polymer brush), which cannot be released by heating/
cooling process. High viability and purity CTCs could be achieved by decreasing the heating/
cooling cycles and enzymatic treatment rounds. Furthermore, the time-saving process is help-
ful to maintain the morphology and enhance vitality of the recovered CTCs and is beneficial
to the subsequent cell culture in vitro. We validated the feasibility of chemosensitivity testing
based on the recovered HCC827 cells using an adenosine triphosphate—tumor chemosensitivity
assay, and the results suggested that our method can determine which agent and what concen-
tration have the best chemosensitivity for the culturing recovered CTCs. So, the novel method
capable of a highly effective capture and recovery of high viability CTCs will pave the way
for chemosensitivity testing.

Keywords: circulating tumor cells, aptamer—PNIPAM coating, capture and recovery, cell

culture in vitro, chemosensitivity testing

Introduction

Chemotherapy is one of the major treatment methods against malignant tumors.
With the ever-increasing number of drugs approved to treat cancers, selection of the
optimal treatment regimen for an individual patient is challenging. Clinical oncologists
weigh the potential benefits of the drugs against the side effects to the patient. To avoid
blind chemotherapy and to improve the therapeutic effect, we need rapid and reliable
detection technologies and methods for chemosensitivity testing. Currently, the existing
chemosensitivity tests, including the human tumor clonogenic assay, 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2 H-tetrazolium bromide assay, histoculture drug response
assay, and collagen gel-droplet-embedded-culture drug sensitivity test, are costly,
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time-consuming, tumor type-specific, and not amenable to
most cancers.! The existing chemosensitivity tests include
the human tumor clonogenic assay, 3-(4,5-dimethyl-2-
thiazolyl)-2,5 -diphenyl-2 H-tetrazolium bromide assay,
histoculture drug response assay, and collagen gel-droplet-
embedded-culture drug sensitivity test.

This limitation might be overcome by the recently pro-
posed use of circulating tumor cells (CTCs) as a “liquid
biopsy”.2* CTCs** are defined as cancer cells that break away
from either the primary tumors or its metastases, and CTCs
have been detected in the peripheral blood of patients with
solid tumors. CTCs provide an opportunity to noninvasively
monitor cancer patients’ prognosis and response to therapy.
Over the past few decades, although great endeavor has been
devoted to developing CTC capture and recovery devices
in which captured cells are released usually under certain
special stimuli (such as light, electric current, enzymes,
temperature, and pH),”!! these techniques are often limited
by a capture and recovery performance tradeoff between high
efficiency and high viability. Hence, there is a desperate need
for techniques to capture and recover high viability CTCs.

Previously, a study of a highly efficient and inexpensive
CTC assay'? has reported that it can enrich, identify, and enu-
merate CTCs in whole-blood samples collected from cancer
patients based on anti-epithelial cell adhesion molecule (anti-
EpCAM)"-coated silicon nanowire substrates (SINWS). To
improve CTC capture efficiency, the researchers combined
the SINWS with a polydimethylsiloxane (PDMS)-based
chaotic mixer'* that enhances contact frequency between
flow-through CTCs and the substrate. To further improve
the cell-release performance, they grafted thermorespon-
sive polymer brushes onto SiNWS. Thermoresponsive
SINWS can capture and release CTCs at 37°C and 4°C,
respectively.” The temperature-dependent conformational
changes of polymer brushes can alter the accessibility of
the capture agent (eg, anti-EpCAM) on the SINWS. We also
developed a platform that is capable of not only capturing
CTCs with high efficiency but also recovering the CTCs
with high purity and viability upon two rounds of nuclease
treatment.® Although efficient and reproducible enumera-
tion of CTCs has been achieved, the several heating/cooling
process cycles or multiple rounds of enzyme treatment may
affect the recovery cell morphology and viability; one of
the remaining obstacles is to minimize damaged cells and
improve cell viability performance.

Therefore, based on our previous studies,”® we antici-
pated that further improvement of cell viability performance
could be achieved by decreasing the heating/cooling cycles
and enzymatic treatment rounds. Thermoresponsive poly

(N-isopropylacrylamide) (PNIPAM)'>-2° is one of typical ther-
mosensitive polymers with a good biocompatible and a lower
critical solution temperature behavior approximately 32°C in
an aqueous solution, which is close to the physiological tem-
perature, so PNIPAM is widely applied to the bioseparation.
The PNIPAM exhibits hydrophilic characteristics below the
lower critical solution temperature, but hydrophobic above the
lower critical solution temperature. As we know, aptamers?!-?2
are single-stranded DNA or RNA oligonucleotides that fold
into specific 3D structures and are screened by the Systematic
Evolution of Ligands by Exponential Enrichment procedure.
Because of their stability, lack of immunogenicity, and ready
availability, aptamers have been developed against a variety
of targets, including extracellular ligands and polymers.?2¢
Aptamers can be digested by nucleases, and so we can
release captured cells by enzyme treatment. Therefore, we
speculated that the aptamer—polymer conjugation could be
utilized as a strategy to mediate highly effective capture
and recovery CTCs.?® By grafting thermoresponsive PNI-
PAM brushes onto SINWS, and then we conjugated the
biotin—aptamer to PNIPAM surface, the sandwich structure
Aptamer-PNIPAM-SINWS was denoted as Ap-P-SiNWS.
The Ap-P-SiNWS can capture and release CTCs at 32°C and
4°C, respectively, and the rest of the CTCs, which are near
or at the end of the polymer brush and cannot be released
by heating/cooling, can be further released by the nuclease
digestion (Figure 1A). We showed that our Ap-P-SiNWS
could be utilized to capture and recover CTCs from both
artificial and clinical blood samples, enabling subsequent cell
culture in vitro. The significant advantages of our approach
are the use of aptamer—PNIPAM functionalized SINWS: the
high viability and purity CTCs can be achieved by one cycle
heating/cooling process and one round enzyme treatment.
Most importantly, the time-saving process is helpful to main-
tain the morphology and vitality of the recovered CTCs and is
beneficial to the subsequent cell culture in vitro. We validate
the feasibility of chemosensitivity testing based on the recov-
ered HCC827 cells using an adenosine triphosphate—tumor
chemosensitivity assay (ATP-TCA),?” and our method can
determine which agent and what concentration have the best
chemosensitivity for the culturing of recovered CTCs. The
novel method capable of high effective capture and recovery
of high viability CTCs will pave the way for chemosensitivity
testing based on CTCs.

Materials and methods

Materials
Silicon wafers (p-type, (100)-orientation, resistivity
of ~10-20 Q3 cm) were acquired from Silicon Quest
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Figure | A schematic diagram of the capture and release of CTCs from the Ap-P-SiNWS chip.

Notes: (A) Conceptual illustration of the molecular mechanism for the capture and release of CTCs from the Ap-P-SINWS by heating/cooling process and enzymatic
treatment. (B) A schematic diagram of capture and release of CTCs from the Ap-P-SiNWS chip upon heating/cooling process and enzyme digestion.

Abbreviations: Ap-P-SINWS, aptamer—PNIPAM-SINWS; CTC, circulating tumor cell; EpCAM, epithelial cell adhesion molecule; PNIPAM, poly (N-isopropylacrylamide);

SiINWS, silicon nanowire substrates.

Int. (San Jose, CA, USA). Sulfuric acid (98%), hydrogen
peroxide (30%), silver nitrate (>99.8%), hydrofluoric
acid (48%), ethanol (>99.5%), and 3-mercaptopropyl
trimethoxysilane (95%) were purchased from Sigma-
Aldrich Co. (St Louis, MO, USA). Anhydrous toluene,
dichloromethane, N-dimethylformamide, triethylamine,
3-aminopropyltrieth-oxysilane (98%), and 2-aminoethyl-
methacrylate hydrochloride were obtained from Sigma-
Aldrich. N-isopropylacrylamide (>98.0%) was purchased
from TCI America (San Francisco, CA, USA). All chemicals
were used without additional purification. Non-small-cell
lung cancer cell line (HCC827), cervical cancer cell line
(HeLa), prostate cancer cell line (PC3), glioblastoma cell
line (U87), and acute T Cell Leukemia cell line (Jurkat)
were purchased from American Type Culture Collection
(Manassas, VA, USA). White blood cells (WBCs) were
isolated from blood samples collected from healthy donors.
The biotinylated DNA aptamer® (sequence, Ap: biotin-
5-TTTATGGGTGGGTGGGGGGTTTTT-3": 24 bp) was
custom synthesized by Sangon Biotech Co., Ltd (Shanghai,
People’s Republic of China). GlutaMAX-I, Roswell Park
Memorial Institute medium 1640 (RPMI-1640) culture
medium, 4’6-diamidino-2-phenylindole (DAPI), Vybrant
DID, and DIO cell-labeling solutions were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Biotinylated
human anti-EpCAM/TROP1 antibody (goat IgG) and strepta-
vidin (1 mg/mL) were obtained from R&D Systems, Inc.
(Minneapolis, MN, USA). Fetal bovine serum was obtained
from Lonza BioWhittaker (Walkersville, MD, USA).

Sodium citrate (10% w/w, Sigma-Aldrich) was used to
avoid coagulation during blood collection. Acridine orange/
ethidium bromide (AO/EB) was obtained from Invitrogen
and used for dual-fluorescent cell viability assay. One
microliter of AO stock (5 mg/mL in ethanol) and 1 uL of
EB stock (3 mg/mL in ethanol) were mixed together in 1 mL
of phosphate-buffered saline (PBS) as AO/EB working
solution. Tris-HCI buffer and ATP-TCA kit were purchased
from Huzhou Haichuang Biotech Co., Ltd. (Huzhou, Zhe-
jiang, People’s Republic of China).

Preparation of biotin—aptamer—PNIPAM
functioned SINWS

The assumption is to covalently graft thermally responsive
polymer brushes, PNIPAM, onto SiNWS by a surface
initiated atom-transfer radical polymerization.?® In these
polymer brushes, we strategically introduced covalently-
linked biotin—aptamer and formed biotinylated Ap-P-
SINWS (biotin-Ap-P-SiNWS). The biotin-Ap-P-SINWS
were prepared through three continuous steps as illustrated
in Figure 2, including 1) photolithography and wet etching
to introduce vertically aligned SINWS onto a silicon wafer
(Figure S1A); 2) covalently grafting PNIPAM polymer
brushes that confer “thermoresponsiveness” to the devices;
and 3) biotin—aptamer was then conjugated to the free
amino groups of these polymer brushes to yield the desired
biotin-Ap-P-SiNWS. The biotin—streptavidin-mediated
conjugation was employed to introduce NSCLC CTC-
specific capture agent (eg, anti-EpCAM) onto SiNWS. For
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Preparation of biotin—aptamer—-PNIPAM functioned SiNWS (biotin-Ap-P-SiNWS)

Br
o
NH,
NH
q /
Br
(Me0),Si ™" NH, Si Br& si
> SN > RN
OHOHOH  Toluene, 40°C 00 O Triethylamine 000
CH,CI,, rt
SiNWS
(Surface silanization) ‘ OfIAn.T_rgguif‘tilt?;m
ATRP 7
CuBr, PMDETA o
H,O/MeOH rt NH
[ Surface-initiated ATRP ]
v
nBr Br
n
NH N\Aptamer—biotin HN 0
Biotin—aptamer NH )\
//// Tris-HCI buffer, MgCl,, rt r//
A
O O O {Biotin—aptamerconjugation] O/CI)\O

Biotin-Ap-P-SiNWS

-

P-SiNWS

Figure 2 Synthetic approach employed to covalently graft biotinylated aptamer—PNIPAM onto SINWS (biotin-Ap-P-SiNWS).
Abbreviations: Ap-P-SiINWS, aptamer—PNIPAM-SiINWS; P-SiNWS, PNIPAM-SiINWS; PMDETA, N,N,N’,N”,N”-pentamethyldiethylenetriamine; ATRP, atom transfer
radical polymerization; PNIPAM, poly (N-isopropylacrylamide); rt, room temperature; SiNWS, silicon nanowire substrates.

the surface characterizations of biotin-Ap-P-SiNWS refer
to Figure S1B.

Modification of the biotin-Ap-P-SiNWS
chips with streptavidin

Chip holder is employed to assemble a patterned Ap-P-
SINWS chip with an overlaid PDMS chaotic mixer. The
Ap-P-SiNWS chip was then rinsed once with 200 uL PBS
at room temperature, and subsequently the surface of the
chip was modified with 250 pL streptavidin (50 pug/mL)
at 4°C overnight. Then, the Ap-P-SiNWS chip was washed
thrice with 250 uL. PBS. Next, the chip was treated with
250 uL PBS solution of anti-EpCAM (10 pg/mL) at room
temperature for 2 hours, and then flushed with 250 uLL PBS
to remove excess anti-EpCAM. The chips were stored at 4°C
ready for subsequent cell capture and release.

Biotin-Ap-P-SiNWS device captures and

releases CTCs

As shown in Figure 1, the biotin-Ap-P-SiNWS underwent
reversible switches between hydrophobic and hydrophilic
surfaces at 32°C and 4°C, respectively. The surfaces became
hydrophilic at 32°C, and the capture agent (eg, biotinylated
anti-EpCAM) through biotin—streptavidin interaction can
be introduced onto the substrates, enabling a highly effi-
cient CTC capture. When the temperature is reduced to
4°C, the backbones of substrate-grafted PNIPAM undergo
conformational changes, leading to an internalization of
anti-EpCAM embedded inside the elongated polymer
brushes. As a result, the nanosubstrate-immobilized CTCs
are effectively released. Subsequently, we used the nuclease
to digest the aptamer and release the cells near or at the end
of these polymers brush (Figure 1A). The high viability
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CTCs and high release efficiency could be achieved by
sequential heating/cooling process and enzymatic treat-
ment (Figure 1B).

Immunofluorescence staining of captured

CTGCs

CTCs captured with the Ap-P-SiNWS chips were fixed with
PBS containing 2.0% formaldehyde, washed, and blocked
with 1% donkey sera in PBS. Then, cells were identified with
a commonly used three-color immunofluorescence method,
including fluorescein isothiocyanate (FITC)-labeled anti-
EpCAM, a marker for epithelial cells, Cy5-labeled anti-CD45
(CD45, a marker for WBCs), and DAPI nuclear staining.
Combined information was utilized to discriminate tumor
cells from WBCs. Cells that were Cy5+/FITC—/DAP+ and
morphologically intact were identified as CTCs, while cells
that exhibited high FITC and low Cy5 expression levels
were WBCs.

Test the viability of recovered CTCs and

culture in vitro

The ethics committee of the Central Hospital of Wuhan of
Tongji Medical College of Huazhong University of Science
and Technology approved the study. Written informed
consent obtained from all donors. An amount of 1.0 mL of
whole blood samples from healthy donors spiked with known
numbers of cancer cells or 1.0 mL blood samples donated by
cancer patients with lung cancer was used in our experiments.
Red blood cells were removed using red blood cell lysis
buffer. Then, we introduced the treated blood samples to the
Ap-P-SiNWS chips for capturing and releasing. The released
cells could be collected from the Ap-P-SiNWS chips by PBS
washing. To examine the viability of tumor cells after being
captured and then released from one cycle heating/cooling
process and one round enzyme digestion by our Ap-P-SiNWS
chips, we carried out the study of a dual-fluorescence viability
assay (AO/EB staining). “AO-green staining” indicates live
cells and “EB-red staining” indicates dead cells. Cells were
then observed under a confocal laser scanning microscopy
(Olympus X81; Olympus, Tokyo, Japan). For further cell
culture, the recovered HCC827 cells in suspension were first
centrifuged and washed with 200 uL PBS. The resulting cell
pellets were then resuspended in 200 UL RPMI-1640 medium
with 20% FBS in a Petri dish under normal cell culture
conditions. We cultured the collected tumor cells from this
device at 1, 3, 5, and 7 days and imaged by a confocal laser
scanning microscopy (Olympus X81).

Recovered CTCs culture in vitro for
ATP-TCA procedure

Chemosensitivity testing was assessed in cultured CTCs
using an ATP-TCA kit containing serum-free complete
assay medium, digestive enzymes, and luciferin—luciferase
reagent. An amount of 100 uL cell suspensions (contain-
ing 5x%10° CTCs) from cultured CTCs were added to each
well of a 96-well polypropylene microplate. Single agents
were tested at six different doses (6.25, 12.5, 25, 50, 100,
and 200%) of a standard test drug concentration (TDC).
The TDC values were 13.8 ug/mL for paclitaxel (PTX),
20 pg/mL for cis-dichlorodiamine platinum (II) (DDP),
25 ug/mL for carboplatin, 25 nug/mL for gemcitabine, 10
ng/mL for docetaxel (TXT), and 20 pug/mL for etoposide
(VP-16). For each concentration, two wells were used as
controls, one containing 100 L. ATP inhibitor for maximum
inhibition (positive control) and the other containing com-
plete assay medium only (no drug, negative control). Plates
were incubated for 5-6 days at 37°C with 95% humidity in
a 5% CO, incubator. Following incubation, the cells were
lysed by the addition of 50 WL ATP extraction reagents,
and 50 pL luciferin—luciferase reagents were added to each
well. Measurements of luminescence were recorded using
a microplate luminometer (Orion II; Berthold Diagnostic
Systems, Bad Wildbad, Germany), and inhibition curves
were established. The results were interpreted and compared
using the parameters IC50, IC90 =100% TDC and IC50
=100% TDC and IC50 and Sensitivity Index (SI) (SI =500
— sum of % tumor growth inhibition (TGI) at 200%, 100%,
50%, 25%, 12.5% and 6.25% TDC). Three categories of in
vitro sensitivity were defined as follows: sensitivity, IC90
TDC; weak sensitivity, IC90 <25% TDC or SI =250; and
resistance, SI >250.

Statistical analysis

Analysis of variance and Student’s #-test were used to per-
form the statistical analysis of the data. All experiments
were done in triplicate. Data are represented as the mean *
standard error of three independent experiments. A P-value
of <0.05 was considered statistically significant.

Results and discussion

In order to optimize the operation parameters for CTC
capture and release by the anti-EpCAM-coated Ap-P-SiINWS
chips, the artificial CTC sample containing EpCAM-positive
HCC827 NSCLC cells (200 cells/mL) and freshly purified
human WBCs (5x10° WBCs/mL™") in an RPMI medium was
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prepared. For the convenience of cell counting, HCC827 cells
were prestained with DIO green fluorescent dye.

The capture performance of the Ap-P-SiNWS chip was
first characterized with a 1.0 mL suspension of HCC827
cells (100 cells/mL, in RPMI-1640 medium) at flow rates
0f0.2,0.5, 1.0, 2.0, and 4.0 mL/h. After rinsing and parallel
staining of FITC-labeled anti-EpCAM (a surface marker for
epithelial cells) and DAPI, the substrate-immobilized cells
were imaged and counted under an upright fluorescence
microscope (Olympus X81). The transparent PDMS chaotic
mixer allows direct imaging analysis without dissembling the
sandwiched devices. The results (Figure 3A) suggest that an
optimal flow rate (1.0 mL/h) was determined based on the
observed cell-capture efficiencies. To test this substrate for
repeated capture and release of cells, we performed multiple
cycles of studies in sequence using HCC827 cells again.
We observed a gradually attenuated cell capture/release
performance (solid line in Figure 3B) with an increasing
number of experimental cycles. We hypothesize that the cap-
ture agent, anti-EpCAM, could dissociate from the polymer
brushes as a result of its thermally responsive conformation
changes during the capture/release processes. To validate
this hypothesis, we repeatedly conducted anti-EpCAM
conjugation prior to cell capture/release studies. By doing
so, the cell capture/release performances in new cycles were
restored (the dashed line in Figure 3B). Further, three control
studies using 1) biotin Ap-P-SiNWS, 2) anti-EpCAM-coated
biotin Ap-P-Flat-Si (flat, no nanofeature), and 3) anti-
EpCAM-coated SINWS were carried out in parallel with the
Ap-P-SiNWS chips. The results shown in Figure 3C suggest
that: 1) capture efficiency of anti-EpCAM-coated SiNWs
(88.6%+£3.9%) is similar to anti-EpCAM-coated biotin-
Ap-P-SiNWs (as high as 91.3%%3.2%) and 2) aptamer—
polymer functionalized SINWS play an indispensible role
in achieving the superb cell capture performance. To test the
specificity of anti-EpCAM-coated Ap-P-SiNWS chip, three
EpCAM-expressing cancer cells (such as HCC827, MCF87,
and PC3) in contrast to low or absence EpCAM-expressing
cells (such as HeLa, Jurkat, and WBCs) were examined in
parallel. Summarized results in Figure 3D suggest that the
anti-EpCAM-coated Ap-P-SiNWS chips were capable of
specifically capturing EpCAM-expressed cancer cells and
nonspecific capturing the absence EpCAM-expressing WBCs
(1,050£568). Parallel staining of FITC-labeled anti-EpCAM,
Cy5-labeled anti-CD45 (a surface marker for WBCs), and
DAPI allowed us to identify and enumerate CTCs and WBCs
under the microscope (Figure 3E). In our device, nanostruc-
tured substrates such as SINWS could significantly increase

the cell capture efficiency by increasing the friction between
cell membrane of CTCs and the substrate surface (Figure 3F).
Finally, we tested the dynamic range of the anti-EpCAM-
coated Ap-P-SiNWS chips using a series of artificial NSCLC
CTC samples that were prepared by spiking PBS and healthy
donor’s blood with DIO-stained HCC827 cells at densities of
10, 50, 200, 400, 600, and 800 cells/mL. The results indicate
that the devices exhibit sufficient performance (Figure S2)
for handling clinical samples that normally have CTC density
ranging from a few to hundreds of CTCs mL™".

We attempted to optimize the performance of our CTC
release system by sequential thermoresponsive releasing and
enzyme digesting through the Ap-P-SiNWS incorporated
microfluidic chamber at various conditions. To prepare the
cell-release studies, cell suspensions containing both HCC827
cells (200 cells/mL) and human WBCs (5x10° cells/mL) were
generated in RPMI-1640 medium. An amount of 1.0 mL of
the cell suspensions was first introduced into Ap-P-SiNWS
chips at 32°C (temperature control by constant temperature
heating platform), and then the device was placed in the 4°C
refrigerator for 15 minutes, and the substrate-immobilized
cells (prestained with DIO green fluorescent dye) were rinsed
with 4°C ice-cold PBS at 0.1, 0.2, 0.5, 1.0, and 2.0 mL/h
(Figure 4A). The results suggested that a flow rate at 0.5 mL/h
appeared to be the optimal to achieve the highest release
efficiency (as high as 92.6%). To determine a reasonable time
required for achieving effective enzyme-induced cell release
via enzyme treatment. Firstly, these devices were kept at 4°C,
and 200 pL ice-cold PBS solutions containing Benzonase
Nuclease (20 units/mL, EMD Millipore, Billerica, MA, USA;
Figure S3) were introduced to individual Ap-P-SiNWS chip.
Enzyme-induced cell-release studies were then conducted
by placing the devices in a constant temperature heating
platform (32°C) for 5, 10, 20, 30, and 45 minutes. After the
released cells were flushed out of the channels, the remaining
cells in the devices were imaged and enumerated again. The
data summarized in Figure 4B imply that after 10-minute
enzyme digestion, >92% of immobilized HCC827 cells were
specifically released, while <4.5% of immobilized WBCs
were nonspecifically released. The 10 minutes is optimal
as the enzymatic treatment time point for cell-release. To
understand how the spiked HCC827 cell numbers affect the
cell-release performance, cell-release studies were conducted
using cell suspensions (containing 10-500 HCC827 cells and
5x10° WBCs) with the 10-minute enzyme digestion time. The
results summarized in Figure 4C suggest that the cell-release
performance is independent from the spiked cell numbers
under the optimized experimental parameters.
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Figure 3 Cell-capture efficiency of the anti-EpCAM-coated Ap-P-SiINWS chip and identification of the captured CTCs.

Notes: (A) Cell-capture efficiency of the anti-EpCAM-coated Ap-P-SiNWS chip at flow rates of 0.2, 0.5, I, 2, and 4 mL/h. The error bars show the standard deviations
(n=3). Cell suspensions (1.0 mL) containing HCC827 NSCLC cells (100 cells/mL) were employed as a model system. (B) Cell capture/release performance of anti-EpCAM-
coated Ap-P-SiNWS chip in sequential cycles studies with and without repeated anti-EpCAM conjugation. (C) In parallel with the anti-EpCAM-coated Ap-P-SiNWS chips,
three control studies were conducted based on: |) biotin Ap-P-SiNWS, 2) anti-EpCAM-coated biotin Ap-P-Flat-Si (flat, no nanofeature), and 3) anti-EpCAM-coated SINWS.
(D) Performance observed for capturing and releasing EpCAM-positive cell lines (such as HCC827, MCF7, and PC3) and EpCAM-negative cells (such as Hela, Jurkat, and
WBC:s). (E) A three-color ICC method to identify substrate-immobilized CTCs (DAPI+/FITC+/Cy5-) from captured WBCs (DAPI+/FITC—/Cy5+). (F) A SEM image of a cell
captured by the Ap-P-SiNWVS chip.

Abbreviations: Ap-P-Flat-Si, aptamer-PNIPAM-flat-silicon; Ap-P-SINWS, aptamer—PNIPAM-SiINWS; EpCAM, epithelial cell adhesion molecule; h, hours; PNIPAM, poly
(N-isopropylacrylamide); SINWS, silicon nanowire substrates; CTCs, circulating tumor cells; DAPI, 4’6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; WBC,
white blood cell; ICC, immunocytochemistry; SEM, scanning electron microscopy.
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Figure 4 Cell-release efficiency and cell viability study of the anti-EpCAM-coated Ap-P-SiNWS chip.

Notes: (A) Quantitative evaluations of cell release performance of the anti-EpCAM-coated Ap-P-SiNWVS chip at flow rates of 0.1, 0.2, 0.5, I, and 2 mL/h. The error bars show
the standard deviations (n=3). (B) Time-dependent release efficiencies for both HCC827 cells and WBCs. (C) The release performance between spiked HCC827 cells and
WBCs under different spiked HCC827 cell numbers. (D) Enzyme digestion time affected the viability of recovered cells. (E) Viability of recovered cells affected by different
heating/cooling cycles and enzyme treatment rounds. (F) The relationship between release efficiency and cell viability of recovered cells under various experiment conditions
(sum of release procedure means sum of heating/cooling cycles and enzyme treatment rounds).

Abbreviations: Ap-P-SINWS, aptamer—PNIPAM-SINWS; EpCAM, epithelial cell adhesion molecule; ET, enzyme treatment; h, hours; min, minutes; PNIPAM, poly
(N-isopropylacrylamide); R, round; SINWS, silicon nanowire substrates; WBC, white blood cell.

To determine the factors affecting viability of recovered
cells by our device, we first tested the viability of recovered
cells affected by different heating/cooling cycles. An amount
of 1.0 mL of the cell suspensions (containing 500 HCC827
cells and 5x10® WBCs) was first introduced into Ap-P-
SiNWS chips, and five cycles of heating/cooling process were
conducted. Parallel tests allowed us to measure the recovered
HCC827 cells viability after every cycle by using an AO/
EB staining (a dual-fluorescence viability assay). The results

summarized in Figure S4 suggest that recovered HCC827
cell viability is gradually decreased with the increasing of
heating/cooling cycles. Further, to determine a reasonable
enzyme treatment time required achieving ideal recovered
cell viability by enzyme-inducing release. Initially, these
model systems were kept at 4°C, and 200 uL ice-cold PBS
solutions containing Benzonase Nuclease (20 units/mL,
EMD Millipore) were introduced to individual devices.
Enzyme-induced cell-release studies were then conducted
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by placing the devices in an incubator (32°C) for 5, 10, 20,
30, and 45 minutes. After the released cells were flushed
out of the channels, we measured the collected HCC827
cell viability in different enzyme digestion time by AO/
EB staining. The data shown in Figure 4D indicate that the
viability of recovery HCC827 cells is gradually attenuated
with the increasing of enzyme digestion time. Furthermore,
we tested the recovered cell viability affected by sequen-
tial heating/cooling process and enzyme treatments. An
amount of 1.0 mL of the cell suspensions (containing 200
HCC827 cells and 5x10° WBCs) was first introduced into
Ap-P-SiNWS chips and heating/cooling process conducted.
Then, we performed one or more heating/cooling cycles and
carried out one or two round enzyme digestions. Parallel tests
allowed us to measure the recovered HCC827 cell viability
after every point (such as one heating/cooling cycle and one
round enzyme digestion, two heating/cooling cycles and one
round enzyme digestion, etc) by using an AO/EB staining.
The results indicated that recovered HCC827 cell viability
is gradually decreased with the increasing of heating/cooling
cycles and enzyme digestion rounds, and one heating/cooling
cycle and one round enzyme digestion appeared to be the
optimal to achieve the highest viability (as high as 90.8%)
(Figure 4E). Finally, to investigate the relationship between
release efficiency and cell viability of recovered cells under
various experiment conditions, 1.0 mL of the cell suspen-
sions (containing 200 HCCS827 cells and 5x10° WBCs) was
first introduced into Ap-P-SiNWS chips, and then heating/
cooling processes and enzyme digestions were conducted.
Parallel tests allowed us to measure the recovered HCC827
cell viability and release efficiency of each sum of release
procedure. The results implied that the relationship between
release efficiency and cell viability of recovered cells under
various experiment conditions is negative, and one heating/
cooling cycle and one round enzyme digestion could achieve
the highest viability (90.8%) and a high release efficiency
(82.6%) (Figure 4F).

To test the feasibility of culturing the recovered HCC827
cells, we first performed viability studies on the HCC827
cells in the cell suspension recovered from one cycle heating/
cooling and one round enzyme digestion of capture/release
processes. The recovered HCC827 cells were collected in an
Eppendorf tube (1.5 mL). After the centrifugation, the cells
were washed and resuspended with 100 UL PBS. The resulting
cell suspension was mixed with 100 uL. AO/EB working
solution and immediately checked on the fluorescence micro-
scope on a glass slide. The results suggest that the recovered
HCCR827 cells exhibited 89%-93% viability (Figure 5A). For

further cell culture, the recovered HCC827 cells in suspen-
sion were first centrifuged and washed with 200 uL. PBS.
The resulting cell pellets were then resuspended in 200 UL
RPMI-1640 medium with 20% FBS in a 96-well plate placed
in the cell culture incubator (HERA Cell 150, 37°C, 5% CO,).
Figure 5B shows the cell morphologies of recovered HCC827
cells cultured at day 1, day 3, day 5, and day 7.

The molecular analysis of CTCs provides important
information to target therapy and an intriguing opportunity
to obtain insights into tumor biology.** In our studies,
we demonstrated that the purity of HCC827 cells could be
increased to 90% by the sequential heating/cooling process
and enzyme digestion. The scatter plot (Figure S5A) shows
HCC827/WBC distribution of the cell suspension obtained
from the heating/cooling process and enzyme digestion stud-
ies (n=5). To further examine the feasibility of performing
molecular analysis on the recovered HCC827 cells, we car-
ried out a KRAS mutation analysis in recovered high purity
HCC827 cells by performing PCR amplifications, followed
by Sanger sequencing (Figure S5B).

To validate the feasibility of chemosensitivity test-
ing based on the recovered HCC827 cells, we performed
chemosensitivity testing by using an ATP-TCA. We found
that the SI values of PTX, DDP, carboplatin, gemcitabine,
VP-16, and TXT are 152.2+15.4, 256.7£27.8, 279.6£23.2,
299.3£31.5, 340.8420.9, and 398.6+26.3, respectively.
Overall, the sensitivity of recovered HCC827 to the agents
tested was in the following order: PTX > DDP > carbopla-
tin > gemcitabine > VP-16 > TXT (Figure 5C). The data
show that PTX at 200% TDC has the highest TGI (97.2%),
and the TXT at 6.25% TDC has the lowest TGI (8.3%)
(Figure 5D). So, our method can determine which agent
and what concentration have the best chemosensitivity for
recovered CTCs.

Conclusion

In summary, we have developed a novel CTC capture and
release platform in which the thermoresponsiveness prop-
erty of PNIPAM is exploited to specific capture and release
of EpCAM-positive CTCs by heating/cooling process, and
features of aptamer that can be digested by nuclease are
used for specific releasing the captured CTCs by enzymatic
treatment. The Ap-P-SiNWS can reduce the heating/cooling
process cycle and enzyme treatment round and weaken the
damage of recovered CTCs. So, the time-saving process
is helpful to preserve the morphology and enhance the
vitality of the recovered CTCs and is beneficial to the sub-
sequent cell culture in vitro. We validate the feasibility of
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Figure 5 The viability test and culture study of the recovered HCC827, and the recovered HCC827 for in vitro chemosensitivity testing.

Notes: (A) Fluorescent images of recovered HCC827 cells by this method after AO/EB staining; AO-green staining implies live cells and EB-red staining implies dead
cells. (B) Bright-field micrographs of the recovered HCC827 cells that were cultured for |, 3, 5, and 7 days. (C) Frequency histograms (mean +95% confidence interval)
demonstrating the sensitivity indices among the chemotherapy agents tested. (D) Tumor growth inhibition curves demonstrate the sensitivity to the different chemotherapy
agents based on culturing recovered CTCs. The error bars show the standard deviations (n=3).

Abbreviations: AO, acridine orange; CBP, carboplatin; CTCs, circulating tumor cells; DDP, cis-dichlorodiamine platinum (Il); EB, ethidium bromide; GEM, gemcitabine;

PTX, paclitaxel; VP-16, etoposide; TXT, docetaxel.

chemosensitivity testing based on the recovered HCC827
cells using an ATP-TCA, and the results suggested that our
method can determine which agent and what concentration
have the best chemosensitivity for culturing recovered
CTCs. The novel method capable of high effective capture
and recovery of high viability CTCs will pave the way for
chemosensitivity testing.
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Fabrication of PDMS Chaotic Mixer

PDMS chaotic mixers were fabricated based on a soft litho-
graphic approach.! The patterned silicon master mold (or
silicon replicate) was fabricated by a standard two-step pho-
tolithographic procedure. A negative photoresist (SU8-2100,
Micro Chem Corp., Newton, MA, USA) was spin-coated
with a 100 um thickness onto a 3 inches silicon wafer. After
exposure to UV and further development, a serpentine fluidic
channel with a rectangular cross shape (length 22 cm and
width 1.0 mm) was obtained. Another negative photoresist
(35 um, SU8-2025, Micro Chem Corp.) was spin-coated
on the same wafer. Prior to UV irradiation, the mask was
aligned (Karl Suss America Inc., Waterbury, VT, USA) to
get an accurate alignment between the prior pattern and the
pattern to be imprinted. The fabricated pattern contained ceil-
ing “ridges” that promote chaotic mixing effect in the fluid
channel. The mold was then exposed to trimethylchlorosilane
vapor for 2—3 min and then transferred to a Petri dish. To
prepare a 6 mm thick chip, a well-mixed PDMS prepolymer
(GE Silicones, Waterford, NY, USA; RTV 615 Aand Bin 10
to 1 ration) was poured into the mold and kept in an oven at
80°C for 48 h. The PDMS chaotic were then peeled off from
the mold, and two through-holes were punched at the fabric
channel’s ends for connection with the fluidic handler.

Preparation of Biotin-Ap-P-SiNWS

Lithographically patterned SINWS were prepared by a
standard photolithography and a chemical wet etching pro-
cess. Photoresist (AZ 5214) was spin-coated onto a silicon
wafer with 100 um thickness. After exposure of UV light
and development, the silicon wafer was kept in etching
solution containing deionized water, HF (4.6 M), and silver

3.0kV x4.00 k

nitrate (0.2 M). Then, the substrate was treated with boiling
aqua regia (3:1 (v/v) HCI/HNO3) for 15 min. The patterned
photoresist on the silicon substrate was removed by rinsing
with acetone and ethanol. After being washed with deionized
water and then dried with nitrogen, the patterned SINWS
were obtained. Figure SIA shows a SEM image of a pat-
terned SINWS.

The surfaces of the lithographically patterned SINWS
were modified with APTES (1% (v/v) in toluene) to have
amine groups. The APTES-grafted SINWS were reacted with
2-bromo-2-methylpropionyl bromide (9.1 mL, 72 mmol, and
atom transfer radical polymerization (ATRP)>? initiator in
the solution of dichloromethane (200 mL) and triethylamine
(10 mL, 72 mmol). Then, NIPAM were polymerized on
the surface of the ATRP initiator conjugated SINWS. The
molecular weight of these polymer brushes was measured as
4600 g/mol and the thickness was estimated as 14 nm. Then,
the PNIPAM-SiNWS was treated with 40 UM biotin-Aptamer
in Tris-HCl buffer (10 mM, pH 7.5, containing MgCl,, 5 mM)
atroom temperature for 1 h, and washed with 200 uL PBS for
three times, and stored at 4°C refrigerator. Figure S1B shows
a SEM image of a patterned biotin-Ap-P-SINWS.

Examining the dynamic range of
the optimized anti-EpCAM-coated
Ap-P-SiNWS chips

Figure S2 was obtained after we completed all the optimiza-
tion studies shown in Figure 3, with the intention to dem-
onstrate the dynamic range of the optimized Ap-P-SiNWS
Chips. Two sets of artificial CTC samples were prepared by
spiking different numbers (10, 50, 200, 400, 600, and 800)
of HCC827 cells into 1.0 mL blood (from healthy donor)
or PBS. The results indicate that the Ap-P-SiNWS Chips
exhibit sufficient cell-capture efficiency (ranging from 73.2

Figure S1 SEM image of a patterned SINWS (A). SEM image of biotin-aptamer-PNIPAM growth on SiINWS (B).
Abbreviations: PNIPAM, poly (N-isopropylacrylamide); SEM, scanning electron microscopy; SINWS, silicon nanowire substrates.
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Figure S2 Dynamic ranges of the anti-EpCAM-coated Ap-P-SiNWS chips using
a series of artificial NSCLC CTC samples that were prepared by spiking PBS and
healthy donor’s blood with DIO-stained HCC827 cells.

Abbreviations: Ap-P-SiINWS, aptamer—PNIPAM-SINWS; CTC, circulating tumor
cell; DIO, 3,3-dioctadecyloxacarbocyanine; EpCAM, epithelial cell adhesion
molecule; PBS, phosphate-buffered saline; PNIPAM, poly (N-isopropylacrylamide);
SiINWS, silicon nanowire substrates.

to 91.6 %, Figure S2) for handling clinical samples that
normally have CTC density ranging from a few to hundreds
CTCs mL™.

Optimization of Benzonase
concentration that allows effective
release of HCC827 cells in PBS

These optimization studies were conducted before the studies
(summarized in Figure 4A) in order to determine a reason-
able Benzonase concentration that allow for effective release
of HCC827 cells in PBS. Artificial samples were prepared
by spiking 200 HCC827 cells into 1.0 mL of PBS solution,
and were utilized to flow through the Ap-P-SiNWS Chips at
0.5mL h7'. As indicated in Figure S3, the 20 uM Benzonase

100.04
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80.01

Flow rate =0.5 mL/h

70.04

Release efficiency (%)

60.0 T T T T T T T J
0 5 10 15 20 25 30 35 40
Concentration of Benzonase (uM)

Figure S3 The cell release performance of the Ap-P-SiNWS chips as the foundation
of the concentrations (1.0 to 40 uM) of Benzonase.

Notes: The 20 tM of Benzonase concentration is determined for releasing the
captured CTCs onto Ap-P-SiINWS.

Abbreviations: Ap-P-SINWS, aptamer—PNIPAM-SINWS; CTC, circulating tumor cell;
h, hours; PNIPAM, poly (N-isopropylacrylamide); SINWS, silicon nanowire substrates.
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Figure S4 Heating/cooling cycles affected the viability of recovered cells.

will be enough for digestion the aptamer to promise satisfied
release efficiency.

Heating/cooling cycles affected the

viability of recovered cells

To determine the factors affect viability of recovered cells
by our device, we first tested the viability of recovered cells
affected by different heating/cooling cycles. 1.0 mL of the cell
suspensions (containing 500 HCC827 cells and 5x10° WBCs)
were first introduced into Ap-P-SiNWS Chips and con-
ducted five cycles heating/cooling process. Parallel tests
allowed us to measure the recovered HCC827 cells viability
after every cycle by using an AO/EB staining (a dual-
fluorescence viability assay). The results summarized in
Figure S4 suggest that recovered HCC827 cells viability
is gradually decreased with the increasing of heating/cool-
ing cycles.

Mutation analysis on the HCC827
cells recovered from the sequential
heating/cooling process and enzyme
digestion

To examine the feasibility of performing molecular analysis
(Figure S5) on the recovered HCC827 cells, we were able
to identify KRAS?“ mutation in HCC827 cells recovered
from the sequential heating/cooling process and enzyme
digestion, by performing PCR amplifications, followed
by Sanger sequencing. In contrast, only wild-type KRAS
(present in WBCs) was detected from the initial artificial
blood samples since the surrounding WBCs constitute
the major cell population, making the KRAS%?“ mutation
signal essentially invisible. The artificial blood samples
were pretreated as described in references.** Both artificial
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Figure S5 The purity study and molecular analysis of recovered HCC827 cells.

KRAS®'2¢ mutation

Notes: The scatter plot summarizes the HCC827/WBC cell distribution (with a purity of 93.8%) in one of the cell suspensions obtained from the heating/cooling process
and enzyme digestion study (A). Mutation analyses of KRAS on the HCC827 cells recovered from the heating/cooling process and enzyme digestion studies using the anti-

EpCAM-coated Ap-P-SINWS chips (B).

Abbreviations: Ap-P-SINWS, aptamer—PNIPAM-SiINWS; EpCAM, epithelial cell adhesion molecule; FITC, fluorescein isothiocyanate; PNIPAM, poly (N-isopropylacrylamide);

SINWS, silicon nanowire substrates; WBC, white blood cell.

blood samples and recovered HCC827 cells were then
proceeded to extract gDNA for amplification using the
GenomePlex® Single Cell Whole Genome Amplification
Kit (WGA2, Sigma-Aldrich). After further purification
using QIAquick PCR Purification Kit (QIAGEN, Valen-
cia, CA), 1 uL of the whole-genome amplification (WGA)
product was used for quality control by Gel Electrophoresis.
Another 5 UL WGA product was applied for KRAS (Prim-
ers: Forward CTACGCCACCAGCTCCAACTA, Reverse
GTACTCATGTCAATGGTCAGAG)® amplification by
PCR. The sequence reads were aligned to the human refer-
ence genome using Novoalign V2.07.13 from Novocraft
(http://www.novocraft.com). As indicated in Figure S4,

KRASY?¢ mutation was clearly detected in the recovered
HCC827 cells from two rounds of specific capture and release
rather than the whole blood samples.
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