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C
irculating tumor cells1,2 (CTCs) are
cancer cells that break away from
either primary tumor or metastatic

sites and circulate in the peripheral blood as
the cellular origin of metastasis. Although
detecting and enumerating3�5 CTCs is of
prognostic significance in different types of
solid tumors, it is conceivable that perform-
ing molecular6�9 and functional10,11 ana-
lyses on CTCs will reveal insights into
tumor biology during the critical window,
where therapeutic intervention could make
a significant difference. To pave the way for
obtaining CTC-derived molecular signatu-
res6�9 and functional readouts,10,11 it is

important to develop novel methodologies
that can recover CTCs with minimum con-
tamination of white blood cells (WBCs) and
negligible disruption to their viabilities.
We pioneered a unique concept of “Nano-

Velcro” cell-affinity assays,12�16 in which
capture agent (e.g., anti-EpCAM)-coated
nanostructured substrates were utilized to
achieve enhanced affinities with CTCs, re-
sulting in desired cell-capture efficiency. In
addition to silicon nanowire substrates
(SiNWS),12 the general applicability of Nano-
Velcro assays is also supported by our13�15

and others'17�23 research endeavors, where
a diversity of nanostructured materials was
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ABSTRACT Unlike tumor biopsies that can be constrained by pro-

blems such as sampling bias, circulating tumor cells (CTCs) are regarded as

the “liquid biopsy” of the tumor, providing convenient access to all disease

sites, including primary tumor and fatal metastases. Although enumerat-

ing CTCs is of prognostic significance in solid tumors, it is conceivable that

performing molecular and functional analyses on CTCs will reveal much

significant insight into tumor biology to guide proper therapeutic

intervention. We developed the Thermoresponsive NanoVelcro CTC

purification system that can be digitally programmed to achieve an optimal performance for purifying CTCs from non-small cell lung cancer (NSCLC)

patients. The performance of this unique CTC purification system was optimized by systematically modulating surface chemistry, flow rates, and heating/

cooling cycles. By applying a physiologically endurable stimulation (i.e., temperature between 4 and 37 �C), the mild operational parameters allow
minimum disruption to CTCs' viability and molecular integrity. Subsequently, we were able to successfully demonstrate culture expansion and mutational

analysis of the CTCs purified by this CTC purification system. Most excitingly, we adopted the combined use of the Thermoresponsive NanoVelcro system

with downstream mutational analysis to monitor the disease evolution of an index NSCLC patient, highlighting its translational value in managing NSCLC.

KEYWORDS: cancer diagnosis . circulating tumor cells . nanostructured materials . thermoresponsive polymer .
non-small cell lung cancer
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combined with capture agents to achieve highly effi-
cient detection of CTCs as well as other types of rare
cells. Over the past 5 years, several categories16 of
NanoVelcro CTC chips have been demonstrated by our
research team to meet needs in oncology clinics. First,
in the presence of anti-EpCAM, NanoVelcro chips24,25

with embedded SiNWS and overlaid microfluidic
chaotic mixers26 were developed for CTC detection
and enumeration. To implementmolecular analyses on
CTCs, we then established the combined use of trans-
parent polymer NanoVelcro chips27,28 and laser cap-
turemicrodissection (LCM) technique, enabling a great
precision for single-CTC isolation as well as subsequent
mutational analysis27 and genomic sequencing.28 For
supporting routine clinical applications, challenges
remain to further simplify the labor-consuming pro-
cess and improve the viability of the isolated CTCs
encountered by the NanoVelcro-LCM approach.27,28

Thermoresponsive NanoVelcro substrates29 were
developed to address these issues. By grafting thermo-
responsive polymer brushes30 (i.e., poly(N-isopropyl-
acrylamide, PIPAAm) onto SiNWS, Thermoresponsive
NanoVelcro substrates can capture and release CTCs at
37 and 4 �C, respectively. The temperature-dependent
conformational changes of polymer brushes can alter
the accessibility of the capture agent (i.e., anti-EpCAM)
on the NanoVelcro, allowing reversible switches be-
tween the “cellphilic” and “cellphobic” states of the
NanoVelcro substrates.
On the basis of the stationary Thermoresponsive

NanoVelcro substrates,29 we foresaw that further im-
provement of cell purification performance could be

achieved by increasing the contact frequency between
CTCs and NanoVelcro substrates, as well as fast
temperature responsiveness (Figure 1). With the
incorporation of an overlaid polydimethylsiloxane
(PDMS) chaotic mixer26,31 onto a lithographically pat-
terned Thermoresponsive NanoVelcro substrate, we
developed the Thermoresponsive NanoVelcro chip
(Figure 1b) with improved CTC-capture performance.
Further, in order to instantly and precisely control
devices' responsiveness at different temperatures, we
machined a chip holder to integrate a thermo-electric
Peltier cooling/heating system with a built-in thermo-
couple sensor (see its heating/cooling performance in
Figure S1 in Supporting Information). As a result, opera-
tional parameters (i.e., flow rates and cooling/heating of
such Thermoresponsive NanoVelcro system) can be
digitally programmed to achieve an optimal perfor-
mance for purifying CTCs, while preserving the CTCs'
viability and molecular integrity. We showed that our
Thermoresponsive NanoVelcro CTC purification system
could be utilized to purify non-small cell lung cancer
(NSCLC) CTCs from both artificial and clinical blood
samples, enabling subsequent cell culture and muta-
tional analyses. In contrast to the other NanoVelcro CTC
assays16 demonstratedbyour research team, the overall
improvement of this Thermoresponsive NanoVelcro CTC
purification system is explicitly illustrated in Table S1
(see Supporting Information).
Lung cancer is the major cause of cancer-related

deathworldwide,32 andNSCLCaccounts for approximately
70�80% of incidents.33 A substantial portion of NSCLC
patients present with oncogenic driver mutations in

Figure 1. Thermoresponsive NanoVelcro system for purification of NSCLC CTCs. (a) Chip holder is employed to assemble a
lithographically patterned Thermoresponsive NanoVelcro substrate with an overlaid PDMS chaotic mixer. A Peltier cooling/
heating pad (integrated with a thermocouple sensor) is located underneath the lower piece of the chip holder, enabling
instant andprecise temperature control of the system. (b) At 37 �C, the ThermoresponsiveNanoVelcro substrate is programmed
to its “cellphilic” state. The chaotic mixer is capable of enhancing the contact frequency between the flowing-through NSCLC
CTCs and the substrate, leading to an improved CTC-capture performance. The substrate can defectively release CTCs at its
“cellphobic” state (4 �C). Multiple heating/cooling cycles can further increase the efficiency of CTC release.

A
RTIC

LE



KE ET AL. VOL. 9 ’ NO. 1 ’ 62–70 ’ 2015

www.acsnano.org

64

epidermal growth factor receptor (EGFR) genes, lead-
ing to the response to the targeted therapy known
as EGFR tyrosine kinase inhibitors (EGFR TKIs, e.g.,
gefitinib),34 which offers significant survival benefit to
these patients. To guide the implementation of EGFR
TKI treatment, invasive biopsy or surgery is employed
to collect NSCLC tissues for characterizing the presence
of these EGFR mutations. However, these invasive
sampling procedures impose significant risk to the
patients. As an alternative, CTCs can be repetitively
sampled and analyzed in a minimally invasive manner,
thus allowing real-time monitoring of the evolution of
tumor driver mutations. We demonstrated that a small
number of CTCs purified by the Thermoresponsive
NanoVelcro system could be first subjected to ampli-
fications of their genomic DNA, followed by Sanger
sequencing to detect EGFR point mutations.

RESULTS AND DISCUSSION

Thermoresponsive NanoVelcro substrates were pre-
pared through two continuous steps, including (i)
photolithography and wet etching to introduce24,25

vertically aligned SiNWS onto a silicon wafer and (ii)
covalently grafting29 PIPAAm polymer brushes that
confer “thermoresponsiveness” to the devices. Biotin�
streptavidin-mediated conjugation29 was employed to
introduce NSCLC CTC-specific capture agent (i.e., anti-
EpCAM) onto NanoVelcro substrates (see fabrication
details in Supporting Information Figures S2�S5). SEM

surface characterizations (Figure S6) and temperature-
dependent contact angle measurements of water
droplets (Figure S7) were utilized to examine the ther-
moresponsive surface properties of these PIPAAm-
grafted SiNWS. By controlling the mixing ratios of
PIPAAm precursors,24,25 three different biotin densities
(i.e., 2.5, 5.0, and 10.0%) were obtained, giving control
of anti-EpCAM densities on NanoVelcro substrates. In
order to optimize the operation parameters for CTC
purification by the Thermoresponsive NanoVelcro sys-
tem, the first-type artificial CTC sample containing
EpCAM-positive H1975 NSCLC cells (200 cells mL�1)
and freshly purified humanWBCs (5� 106WBCsmL�1)
in a RMPI medium was prepared. For the convenience
of cell counting, H1975 cells were prestained with DiO
green fluorescent dye.
We first examined how the anti-EpCAM coverage

and flow rates affected cell-capture performance of
the Thermoresponsive NanoVelcro system under the
cellphilic temperature (i.e., 37 �C). After the substrate-
immobilized cells were counted under a fluorescence
microscope (Nikon, 90i), the results summarized in
Figure 2a suggest that, at the flow rate of 0.5 mL h�1,
optimal cell-capture performance was achieved for all
the three different anti-EpCAM coverages. We then
studied how anti-EpCAM coverages (Figure 2b) and
release flow rates/duration time (Figure 2c) affected
the cell-release behaviors of the system. For these
studies, H1975 cells were first immobilized on the

Figure 2. Optimization of operational parameters for purifying NSCLC CTCs. (a) At 37 �C, variable cell-capture efficiencies
were observed for three anti-EpCAM surface coverages (2.5, 5, and 10%) at different flow rates. The 0.5 mL h�1

flow rate gave
the best cell-capture performance. (b) Cell-capture and release performances were observed for different anti-EpCAM
coverages at 37 and 4 �C, respectively. (c) At 2.5% of anti-EpCAM coverage, differential cell-release performances were
observed for differentflow rates at 4 �C. The 0.5mLh�1

flow rate gave the best cell-release performance. (d) At an optimal cell-
release condition, improved performances were observed with increased heating/cooling cycles. It required at least three
heating/cooling cycles to effectively release the substrate-immobilized cells. (e) Heating/cooling cycles affected the viability
and purity of recovered cells. (f) Performance observed for capturing and releasing EpCAM-positive NSCLC cell lines (i.e.,
H1975, H2228, and A549) and EpCAM-negative cells (i.e., HeLa, Jurkat, and WBCs).
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substrates by flowing (0.5 mL h�1) the artificial CTC
sample into the chips. We note that the majority of
cells were captured in the first four channels of the
anti-EpCAM-modified chips (Figure S8a). The results
shown in Figure 2b suggested that the chips with 2.5%
anti-EpCAM coverage exhibited the best cell-release
performance. For the chips with higher anti-EpCAM
coverages (i.e., 5 and 10%), their cell-release perfor-
mances were less impressive due to the fact that the
cells released from their initially captured locations
were subsequently “recaptured” on a later portion of
the microchannel. We attributed this observation to
the incomplete switches of polymer brushes from their
cellphilic to cellphobic states. Although applying lower
anti-EpCAM coverages (2.5%, Figure 2b) and proper
flow rates (0.5 mL h�1, Figure 2c) enhanced cell-release
performance, further improvement could be achieved
by applying “multiple heating/cooling cycles” (see
Figure 2d,e). Prior to infusing RMPI media (0.5 mL h�1,
4 �C) to collect the released cells, the device tempera-
tures were quickly switched between 37 and 4 �C for
multiple cycles, resulting inmore complete switching to
their cellphobic states. Figure 2d suggests that it re-
quires at least three heating/cooling cycles (between
37 and 4 �C) to effectively release CTCs fromNanoVelcro
substrates at 4 �C. Taking the impact on cell purity and
viability into account (Figure 2e), we determined that
three-round heating/cooling cycles (<3 min) would ef-
fectively release immobilized CTCs. Overall, the improved
operation protocol enables temperature-dependent CTC
purification in a period <1.5 h, with >70% recovery yield,

>35% purity, and >90% cell viability (Figure 2e). This
condition is generally applicable (Figure 2f) to three
EpCAM-expressing NSCLC cells (i.e., H1975, H2228,
and A549) in contrast to non-EpCAM-expressing cells
(i.e., HeLa, Jurkat, and WBCs).
Under the optimized condition determined above,

the Thermoresponsive NanoVelcro system was tested
using the second-type artificial blood samples pre-
pared by spiking 200 H1975 NSCLC cells into 1.0 mL
of healthy donors' blood. The blood samples were
introduced (Figure 3a) into the chips at 37 �C at a flow
rate of 0.5 mL h�1. After three rounds of heating/
cooling cycles, the specifically captured H1975 cells
were released at 4 �C under a flow rate of 0.5mL h�1 for
15 min. After parallel staining of FITC-labeled anti-CK,
TRITC-labeled anti-CD45, and DAPI, the purified cells
were counted in a 96-well plate by a fluorescence
microscope. A scatter plot (Figure 3b) was generated
to summarize one of the experimental outcomes
(n = 3), where 152 ( 4 H1975 NSCLC cells (CKþ/
CD45�/DAPIþ) and 2400�5000 WBCs (CK�/CD45þ/
DAPIþ) were identified in the recovered cell suspen-
sion. In contrast to the CTC purities shown in Figure 2e,
the reduced CTC purities in these studies may be
attributed to more complex background (presence of
both RBCs andWBCs) in the whole blood. By repeating
the CTC purification for a second round (Figure 3a), the
purity of CTCs was further improved to 88�98%
(Figure 3c), and the improved purity allowed for im-
plementation of subsequent cell expansion and muta-
tional analysis. The viability of these double-purified

Figure 3. Two rounds of CTC purification, followed by culture expansion. (a) Workflow summarizes two rounds of CTC
purification using the Thermoresponsive NanoVelcro system. Fluorescentmicrographs showed that the purities of recovered
CTCs (CKþ/CD45�/DAPIþ) gradually improved over the first and second rounds of purification processes. The scatter plots
conclude H1975/WBC cell distribution observed for one of the cell suspensions after the (b) first and (c) second rounds of CTC
purification process. (d) Bright-field micrographs of double-purified H1975 cells cultured over a period of 2 weeks.

A
RTIC

LE



KE ET AL. VOL. 9 ’ NO. 1 ’ 62–70 ’ 2015

www.acsnano.org

66

H1975 cells was around 85% upon examination and
was further demonstrated by culture expansion in
RPMI medium was for over 2 weeks (Figure 3d).
To examine the feasibility of mutational analysis on

the purified CTCs, we first performed mutational anal-
ysis on the EGFR gene (Figure S9) using the second-
type artificial blood sample. We note that the H1975
cells constitute a goodmodel system for this feasibility
study, as they carry both L858R and T790M EGFR point
mutations. The L858R point mutation is the most com-
mon oncogenic driver mutation in NSCLCs. It repre-
sents the tumor's susceptibility to EGFR TKIs and is
used to guide the implementation of EGFR TKI
treatment.34 On the other hand, T790M pointmutation
arises after the patient's initial responses to EGFR TKI
treatment, indicating the development of resistance to
EGFR TKIs35 and the necessity of administering new-
generation EGFR TKIs (e.g., AZD929136 and CO-168637).
Supported by the feasibility study, we collected blood
samples from seven NSCLC patients (stages III�IV; see
Table 1), whose tumors harbored either L858R or
T790M point mutations in the EGFR gene (confirmed
by tissue-based PCR and Sanger sequencing; see
Table S3). For each NSCLC patient, two 1.0 mL blood
samples were subjected to the two-round purification
protocol (Figure 4a) in the Thermoresponsive Nano-
Velcro system to obtain purified CTC samples. One
of the purified CTC samples was subjected to a
CTC enumeration study (Table 1 and Supporting
Information) and the other one to DNA amplification
by whole genome amplification (WGA) kit (REPLI-g,
Qiagen). Subsequently, primers (sequences provided
in Table S1) spanning EGFR exon 20 (covering codon
790) and 21 (covering codon 858) were used to amplify
the resultingWGADNAby PCR. The amplifiedDNAwas
then sent for Sanger sequencing. Either L858R or
T790M mutation was detected in the CTCs that were
purified from the seven NSCLC patients' blood sam-
ples. The mutations identified in the CTCs were

consistent with those found in the matching tumor
tissues (see Table 1 and Table S2).
To further explore the clinical utility and value of

serial CTC-based mutational analyses in NSCLC, we
adopted our approach (Figure 4a) to monitor the
disease evolution of an index NSCLC patient (patient
6 in Table 1), whose EGFR mutations underwent a
significant change before and after the patient's
gefitinib treatment. A blood sample was collected
from the patient for our CTC-based mutational
analysis prior to his gefitinib treatment. At that time,
the patient presented with a heavy tumor burden
(Figure 4b-I). The sequencing results of the CTCs
purified by the Thermoresponsive NanoVelcro sys-
tem (Figure 4c) showed L858R EGFR mutation with
a strong signal-to-noise ratio, which is consistent
with the sequencing results of the tumor tissue
(Table S2). The patient responded to gefitinib for
about 4 months, and shrinkage of the tumor was
noted radiographically (Figure 4b-II). Later, the dis-
ease relapsed (Figure 4b-III). At the time of disease
relapse, CTC-based mutational analysis showed the
evolution of the EGFR mutations (Figure 4d) from
L858R to T790M, which correlated well with the newly
developed resistance to the EGFR TKI treatment. The
result suggests the potential role of our CTC-based
mutational analysis approach for guiding the imple-
mentation of targeted treatments at the crucial timing
of NSCLC progression.

CONCLUSIONS

Based on our extensive research experience on
developing NanoVelcro-embedded CTC assays,16 we
introduced the Thermoresponsive NanoVelcro CTC
purification system capable of purifying CTCs from
NSCLC patients. The performance of this unique CTC
purification system was optimized by systematically
modulating surface chemistry, flow rates, and heating/
cooling cycles. By applying a physiologically endurable

TABLE 1. Detailed Clinical Characteristics of the Seven NSCLC Patients Who Participated in Our Studiesa

patient sex

age

(y)

smoking

status

(y)

tumor

origin

adenocarcinoma

subtype

tumor

grade

clinical

stage

node

status

total CTCsb

(per 1 mL

blood)

L858R

mutation

(tissue)

L858R

mutation

(CTC)

T790M

mutation

(tissue)

T790M

mutation

(CTC)

P1 M 51 12 pleura (MS) acinar and papillary 3 III positive 6 þ þ � �
P2 M 64 0 lung (PT) solid 3 IV negative 7 þ þ � �
P3 F 68 0 lung (PT) mucinous 1 III positive 5 þ þ � �
P4 F 69 3 lung (PT) mucinous 2 III positive 3 þ þ � �
P5 F 41 15 lung (PT) solid 2 III positive 2 þ þ � �
P6 (BT) M 75 47 pleura (MS) mucinous 3 IV positive 9 þ þ � �
P6 (AR) M 75 47 pleura (MS) mucinous 3 IV positive 17 � � þ þ
P7 F 51 0 lung (PT) mucinous 3 III negative 4 � � þ þ
a Abbreviations: CTC, circulating tumor cell; F, female; M, male; MS, metastatic site; PT, primary tumor; y, years; L858R, a single amino acid substitution from leucine to argine at
codon 858; T790M, a single amino acid substitution from threonine to methionine at codon 790; BT, before treatment; AR, at relapse. b Total numbers of CTCs per 1 mL of blood
were obtained by performing 3-color immunocytochemistry on the purified CTCs (in aliquot samples), followed by counting the CTC events (CKþ/CD45�/DAPIþ) under a
fluorescence microscope.
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stimulation (i.e., temperature between 4 and 37 �C),
the mild operational parameters allow minimum dis-
ruption to CTCs' viability and molecular integrity. Con-
sequently, we were able to successfully demonstrate
culture expansion and mutational analysis of the
NSCLC CTCs purified by our thermoresponsive CTC

purification system. Most excitingly, we adopted the
combined use of the Thermoresponsive NanoVelcro
system with downstream mutational analysis to moni-
tor the disease evolution of an index NSCLC patient,
highlighting its translational value in managing NSCLC
with underlying EGFR mutations.

METHODS

Materials. Fabrication of Silicon Nanowire Substrates
(SiNWS). Silicon wafers (p-type, (100)-orientation, resistivity
of ca. 10�20 Ω 3 cm) were acquired from Silicon Quest Int'l.
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.

Polymer Brush Synthesis and Conjugation. Anhydrous
toluene, dichloromethane, N,N-dimethylformamide, triethyla-
mine, 3-aminopropyltriethoxysilane (APTES, 98%), copper(I)
bromide (98%), 2-bromo-2-methylpropionyl bromide (98%),

N-(3-(dimethylamino)propyl)-N0-ethylcarbodiimide hydrochloride
(EDC,g98%), biotin (97%), and 2-aminoethyl methacrylate hydro-
chloridewereobtained fromSigma-Aldrich.N-Isopropylacrylamide
(NIPAM, >98.0%) was purchased from TCI. All chemicals were used
without additional purification.

Cell Studies. The acute T cell leukemia cell line (Jurkat),
cervical cancer cell line (HeLa), and non-small-cell lung cancer
cell lines (H1975, A549, and H2228) were from American Type
Culture Collection. With UCLA IRB's approval (#00000173), we
isolated white blood cells from the healthy donors' blood
samples. DMEM F12, GlutaMAX-I, Hoechst 33342, RPMI-1640
culture medium, Vybrant DiD, and DiO cell-labeling solutions

Figure 4. Monitoring evolution of EGFRmutations in a NSCLC patient. (a) Workflow summarizes CTC-based EGFRmutational
analysis using patients' blood samples, starting from thermoresponsive CTC purification of blood samples, via PCR
amplifications and QC of CTC-derived DNA, to Sanger sequencing targeting L858R and T790M point mutations in EGFR
gene. (b) Three computed tomography (CT) scans of patient 6 taken at the timings of (I) heavy tumor burden before the
patient's gefitinib treatment, (II) tumor shrinkage 3 months post-treatment, and (III) tumor relapse as a result of developing
resistance to gefitinib. (c,d) Sanger sequencing data observed for the same patient before his gefitinib treatment and at the
time of tumor relapse. L858R or T790Mmutationwas detected in the purified CTCs before treatment and at the time of tumor
relapse, respectively.
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were obtained from Invitrogen (Cat# V-22889). Biotinylated
human anti-EpCAM/TROP1 antibody (goat IgG) and streptavi-
din (1 mg mL�1) were from R&D systems. Fetal bovine serum
was obtained from Lonza BioWhittaker. Sodium citrate (10%
w/w, Sigma-Aldrich) was used to avoid coagulation during
blood collection. Acridine orange/ethidium bromide (AO/EB,
Cat# A3568/Cat# E1374) was from Invitrogen and used for dual-
fluorescent cell viability assay. Onemicroliter of acridine orange
stock (5 mg mL�1 in ethanol) and 1 μL of ethidium bromide
stock (3 mg mL�1 in ethanol) were mixed together in 1 mL of
phosphate-buffered saline (PBS) as AO/EB working solution.

Fabrication of PDMS Chaotic Mixer. PDMS chaotic mixers were
fabricated based on a soft lithographic approach.38,39 The
patterned silicon master mold (or silicon replicate) was fabri-
cated by a standard two-step photolithographic procedure. A
negative photoresist (SU8-2100,MicroChemCorp., Newton,MA,
USA) was spin-coated with a 100 μm thickness onto a 3 in.
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 μm, SU8-2025, MicroChem 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 con-
tained ceiling “ridges” that promote chaotic mixing effect in the
fluid channel. The mold was then exposed to trimethylchlor-
osilane 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 A and B in 10 to
1 ratio) was poured into the mold and kept in an oven at 80 �C
for 48 h. The PDMS chaoticmixers 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 Thermoresponsive NanoVelcro Substrates. Photo-
lithography and Wet Etching To Introduce24,25 SiNWS onto a
SiliconWafer. Lithographically patterned SiNWSwere prepared
by a standard photolithography and a chemical wet etching
process.40 Photoresist (AZ 5214) was spin-coated onto a silicon
wafer with 100 μm thickness. After exposure of UV light and
development, the silicon wafer was kept in etching solution
containing deionizedwater, HF (4.6 M), and silver nitrate (0.2M).
Then, the substrate was treatedwith boiling aqua regia (3:1 (v/v)
HCl/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.

Covalently Grafting29 PIPAAm Polymer Brushes onto SiNWS.
The surfaces of the lithographically patterned SiNWS were
modifiedwith APTES (1% (v/v) in toluene) to have amine groups.
The APTES-grafted SiNWS were reacted with 2-bromo-2-methyl-
propionyl bromide (9.1 mL, 72 mmol, atom transfer radical
polymerization (ATRP) initiator) in the solution of dichloro-
methane (200 mL) and triethylamine (10 mL, 72 mmol). Then,
NIPAM and 2-aminoethyl methacrylate hydrochloride were po-
lymerized on the surface of the ATRP initiator conjugated SiNWS
in the presence of Cu(I)Br. PIPAAm containing three different
amine group densities (i.e., 2.5, 5.0, and 10.0%) were obtained by
controlling the mixing ratios of copolymer precursors. Finally,
biotin (0.48 g, 1.9 mmol) was conjugated on PIPAAm-grafted
SiNWS via EDC reaction.

Characterization Methods and Settings. Scattering Electron Micro-
scope (SEM). The biotin-grafted SiNWS were confirmed with
SEM (JSM-6330F, JEOL, 10 keV). The samples were coated with
gold (<3 nm) prior to examination with a FE-SEM.

Contact Angle Measurement System. The contact angle of
the water droplet on biotin-grafted SiNWS was measured at
37 and 4 �C using contact angle measurement system (SImage
mini, Excimer, Inc.) containing a heating/freezing stage (Linkam
Scientific Instrument). The contact angle of 1.5 μL of deionized
water was measured three times at each temperature.

Fluorescent Microscopy, Imaging Processing, and Data Anal-
ysis. The Ad-SiNW chip was mounted onto a Nikon TE2000S
inverted fluorescent microscope with a CCD camera (QImaging,
Retiga 4000R), X-Cite 120 mercury lamp, automatic stage, and

filters for five fluorescent channels (W1, 325�375 nm; W2,
465�495 nm; W3, 570�590 nm; W4, 590�650 nm; and W5,
650�900 nm).

Preparation of an Artificial CTC Sample. The first-type artificial
CTC sample containing EpCAM-positive H1975 NSCLC
cells (200 cells mL�1) and freshly purified human WBCs
(5 � 106 WBCs mL�1) in a RPMI medium was prepared. For
the convenience of cell counting, the H1975 cells were pre-
stained with DiO green fluorescent dye. For the convenience of
cell counting, the H1975 cells were prestained with DiO green
fluorescent dye.

The second-type artificial CTC samples were prepared by
spiking EpCAM-positive H1975 NSCLC cells (approximately
200 cells mL�1) into freshly collected human blood. Using these
artificial samples (H1975 cells in 1.0 mL WBCs), we conducted
CTC purification/viability studies according to an optimal CTC
purification protocol.

Immunofluorescence Staining of Captured CTCs. CTCs captured
with the Thermoresponsive NanoVelcro system 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 in-
cluding FITC-conjugated anticytokeratin (CK), a marker for
epithelial cells, TRITC-conjugated anti-CD45 (CD45, a marker
for white blood cells), and DAPI nuclear staining. Combined
information was utilized to discriminate tumor cells fromWBCs.
Cells that were CKþ/CD45�/DAPIþ and morphologically intact
were identified as CTCs, while cells that exhibited high CD45
and low CK expression levels were WBCs.

Patient Blood Samples. For seven patients with histologically
confirmed non-small cell lung cancer and genetically confirmed
EGFR mutations on tumor specimens, peripheral blood was
obtained during therapeutic treatment with written informed
consent of the patients. Five milliliters of patient peripheral
blood was collected for each time in BD Vacutainer (glass blood
collection tubes with acid citrate dextrose, BD Medical, Fisher
CAT# 02-684-26) without any treatment. Afterward, the blood
sample (1.0 mL for each experiment) was subjected to the
purification procedure through the Thermoresponsive Nano-
Velcro system.

DNA Extraction, Amplification, and Point Mutation PCR. Genomic
DNAs were first extracted from purified CTC in a patient's
peripheral blood after two-round purification in the Thermo-
responsive NanoVelcro system and then amplified according to
the standard procedure recommended by whole genome
amplification kit (REPLI-g, Qiagen). To sequence EGFR exon 20
(covering codon 790) and 21 (covering codon 858) for muta-
tional analysis, the resulting WGA DNA were used to amplify by
PCR with two pairs of primers (see Supporting Information). The
PCR was carried out in PCR buffer containing 100 ng of WGA
DNA, 25 nM primers, and 2x My Taq HS mix (Bioline) using 30
cycles of 95 �C for 30 s, 55 �C for 30 s, and 72 �C for 30 s.
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purity study on purified CTCs, performed mutational analysis
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