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Circulating tumor cells (CTCs)!" are cancer cells shed from
either primary tumors or metastatic sites. The presence and
number of CTCs in peripheral blood can provide clinically
important data on prognosis and therapeutic response
patterns, respectively.”) Thus, as with traditional invasive
tumor biopsies that enable gold-standard pathological anal-
ysis, CTCs can be regarded as “liquid biopsies” of the tumor,
which enable repeated and relatively non-invasive character-
ization of tumor evolution, especially important during
therapeutic interventions. Currently, the FDA-approved
CellSearch assay is costly and inefficient at capturing CTCs,
and the enriched CTCs are typically contaminated with
a large number of white blood cells (WBCs). As a result, the
diagnostic value of CTCs has been underused. Over the past
decade, a diversity of CTC detection methods®**! have been
developed to overcome the challenges encountered by the
immunomagnetic-separation-based CellSearch assay.
Different from the existing CTC diagnostic approach-
es,?*3 we have demonstrated “nanovelcro” chips*! that are
capable of enriching, identifying, and enumerating CTCs in
patient blood samples with superb efficiency. First, we
pioneered a unique concept of nanovelcro substrates,” by
which anti-EpCAM-coated silicon-nanowire (SiNW) sub-
strates were used to immobilize CTCs in a stationary
device. We have recently shown that other types of nano-
structured substrates (e.g., electrochemically deposited con-

jugated-polymer nanofeatures!® and horizontally packed
TiO, nanofibers!”) also exhibit enhanced affinity for captur-
ing CTCs, demonstrating the general applicability of nano-
velcro substrates. Our approach is unique because of the use
of nanostructured substrates; there are enhanced local topo-
graphic interactions®™ between the anti-EpCAM-coated
nanosubstrates and the nanoscaled cellular surface compo-
nents (e.g., microvilli) on a CTC, which are analogous to the
working principle of velcro. Second, by integrating a litho-
graphically patterned nanovelcro substrate with an overlaid
poly(dimethylsiloxane) (PDMS) chaotic mixer!! that enhan-
ces the frequency of contact between the CTCs flowing
through the system and the substrate, we further improved
CTC capture efficiency.” Side-by-side analytical validation
studies using both artificial and patient CTC samples
suggested that the sensitivity of nanovelcro chips outper-
formed!* that of CellSearch. Although nanovelcro chips allow
efficient and reproducible detection of CTCs in patient blood,
challenges remain in 1) broadening its general applicability
for detecting other types of solid-tumor CTCs that exhibit
surface markers other than EpCAM, and 2) enabling the
isolation of single CTCs for subsequent molecular analyses.
To broaden the general applicability of the nanovelcro-based
cell-affinity assay, we explored a melanoma-specific capture
agent! (i.e., anti-CD146) to capture circulating melanoma
cells (CMCs; a subcategory of solid-tumor CTCs). Further, an
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increasing number of studies have shown extensive molecular
heterogeneity!”! in CTCs from the same types of cancer or
even the same patient.'!! Therefore, it is important to develop
single-CTC isolation methods that enable single-cell molec-
ular analyses to better understand the origin and role(s) of
CTCs in cancer progression.

To improve on our previously reported nanovelcro
chips,*! we introduced the next-generation of nanovelcro
chip (i.e., poly(lactic-co-glycolic acid) (PLGA)-nanofiber-
embedded nanovelcro chip, abbreviated PN-nanovelcro chip;
Figure 1a,b) capable of not only capturing CMCs with high
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to specifically identify CMCs among nonspecifically captured
WBCs. After CMC capture and ICC melanoma lineage
validation, an LMD microscope was used to cut out and
harvest single CMCs for subsequent Sanger sequence anal-
ysis. To examine the clinical utility of the optimized PN-
nanovelcro chips, we then performed single-CMC isolation
and genotyping using peripheral blood samples collected
from two stage-IV melanoma patients, whose melanomas
have been previously characterized by conventional PCR-
based techniques (cobas 4800, Roche) to contain a signature
oncogenic mutation (i.e., BRAF""F). Over the past few
years, there has been a drastic change in the
treatment of metastatic melanoma. BRAF inhib-
itors (e.g., vemurafenib) designed to target mela-
nomas that are driven by the BRAF"*’F mutation
have shown unprecedented success, eliciting
responses in more than 80% of patients and
conferring survival benefits.”®! Thus, the test for
the BRAF""E mutation (which is present in 60 %
of melanomas), developed as a companion diag-
nostic to the clinical development of the BRAF
inhibitor vemurafenib, provides an indispensable
biomarker prior to initiating BRAF inhibitor
therapy among melanoma patients.

The PN-nanovelcro chip is composed of two
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Figure 1. a) Photograph of a PN-nanovelcro chip for capture and isolation of single
CMCs. b) A PN-nanovelcro chip is composed of 1) an overlaid PDMS chaotic mixer
and 2) a transparent PN-nanovelcro substrate. c¢) SEM image of electrospun PLGA
nanofibers on a PN-nanovelcro substrate. d) NHS chemistry is used to covalently
anchor streptavidin for conjugation of biotinylated anti-CD146, a melanoma-specific
antibody. e) Scheme of the mechanism of the PN-nanovelcro CMC chip. f) Method

functional components (Figure 1a,b), including an
overlaid PDMS chaotic mixer!* (Figure 1e) and
a transparent PN-nanovelcro substrate, which were
assembled in a plastic chip holder (using four
parallel-oriented screws). A 22 cm-long microchan-
nel with embedded herringbone features® for
increasing cell-substrate contact frequency was
fabricated into the PDMS chaotic mixer (Fig-
ure le). A custom-designed eletrospinning
system”! (see Supporting Information) was
employed to deposit PLGA nanofibers (130.6 +
62.7 nm in diameter, Figure 1c; also see Supporting
Information) onto an LMD slide (Leica; with a pre-
deposited 1.2 um-thick poly(phenylene sulfide),
PPS membrane) to generate transparent PN-nano-
velcro substrates. N-hydroxysuccinimide (NHS)
chemistry was used to activate the carboxylic acid

of LMD-based single-CMC isolation.

efficiency, but also enabling highly specific isolation of single
CMCs immobilized on the nanosubstrate without contami-
nation by WBCs. The goal was to replace the non-transparent
SiNW substrate in the earlier nanovelcro chip with a trans-
parent PN-nanovelcro substrate, prepared by depositing
electrospun PLGA nanofibers!' (Figure 1c) onto a commer-
cial laser microdissection (LMD) slide, followed by strepta-
vidin-mediated conjugation of a melanoma-specific anti-
body™ (i.e., anti-CD146, Figure 1d). The unique combina-
tion of PLGA nanofibers and an LMD slide enables single
CMC isolation using a highly accurate LMD technique. We
first used melanoma cell lines to optimize and validate the
performance of the PN-nanovelcro chips. In parallel, a four-
color immunocytochemistry (ICC) method™ was established
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groups on the surface of the PLGA nanofibers for

covalent conjugation of streptavidin (Figure 1d). A

syringe pump and syringes were used to introduce
cell suspensions or blood samples, ethanol for fixation and
permeabilization, and ICC agents into the PN-nanovelcro
chips with controlled flow rates. Prior to the cell-capture
studies, biotinylated anti-CD146 (8 pgmL™" in 500 uL. PBS
with 1% (w/v) BSA) was freshly grafted onto the PN-
nanovelcro substrates.

To optimize and validate the performance of PN-nano-
velcro chips, we prepared suspensions of the M229 human
melanoma cell line™ (100 cellsmL ™! in DMEM medium) as
a model system. We first examined how different eletrospin-
ning times affected the CMC capture efficiency. Using a flow
rate of 1.0 mLh™',"**? the optimal deposition time of three
hours (Figure 2a, corresponding to a 3 um-thick PLGA-
nanofiber membrane, confirmed by profilometer) led to
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Figure 2. Optimization and validation of PN-nanovelcro chips using M229 melanoma comparison, an artificial sample was prepared

cells (error bars show standard deviations, n>3). a) Capture efficiency obtained as the
function of electrospinning deposition time. b) Based on the optimal electrospinning
time of 3 h, capture efficiencies were measured at different flow rates. c) Spatial
distribution of substrate-immobilized cells along the microchannel. d) Comparison of
cell capture efficiency between anti-CD146-coated PN-nanovelcro chips and four different
control systems. e) Capture efficiency at different cell numbers in both DMEM medium
(A\) and whole blood (Q). f) Capture efficiency using suspensions of melanoma cells
(M229, M229R, and M202), T-lymphocyte (Jurkat), prostate (PC3), and WBCs.

approximately 87 % capture efficiency. By applying 3 pm-
thick PLGA-nanofiber membranes in the devices, we then
found that a slower flow rate of 0.5mLh™' (Figure 2b)
improved the capture of cells. We analyzed the spatial
distribution (Figure 2¢) of substrate-immobilized cells at
different locations along the 22 cm microchannel. At a flow
rate of 0.5 mLh™", 68 % of the cells were captured in the first
8cm of the microchannel, suggesting that the channel is
sufficiently long to capture the cells. Further, four control
studies using 1) PN-nanovelcro chips without anti-CD146,
2) PN-nanovelcro chips without herringbone microfeatures,”’
3) anti-CD146-coated PLGA films (3 um thick, no nano-
features), and 4) anti-CD146-coated SINW substrates!*! were
carried out in parallel with CD146-coated PN-nanovelcro
chips. The results of these controls suggest that the capture
agent, microfluidic chaotic mixer,’) and nanostructures all
play important roles in the superb cell capture observed
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by spiking 50 M229 cells (known to have
a BRAF"""" mutation) into 1.0 mL of blood
from a healthy donor. After flowing blood
samples through PN-nanovelcro chips, a four-
color ICC method for parallel staining of
FITC-labeled anti-Martl, TRITC-labeled
anti-HMW-MAA, DAPI, and Cy5-labeled
anti-CD45 was established to identify CMCs
(DAPI +/Martl +/HMW-MAA +/CD45—

and 40 um > diameter > 10 pm) among non-
specifically captured WBCs (DAPI+/Martl—/HMW-
MAA—/CD45 + and diameter < 10 pm) and cellular debris,
immobilized on PN-nanovelcro substrates. After performing
ICC, the overlaid microfluidic chaotic mixer was removed,
and the transparent PN-nanovelcro substrate with immobi-
lized CMCs were mounted onto a fluorescent microscope
(Nikon Ni) for identification, registration, and enumeration of
CMC:s (see Supporting Information for experimental details).
45, 43, and 36 CMCs were captured and identified from the
1.0 mL artificial control sample, patient 1, and patient 2 blood
samples, respectively. Subsequently, a fluorescent microscope
(Leica LMD7000) equipped with a 355 nm LMD setup was
used to cut the PLGA nanofibers along with the supporting
PPS membrane located underneath the pre-identified CMCs
(Figure 3b), allowing the collection of a single CMC into
a 200 uL PCR tube for whole-genome amplification and
sequence analysis. Among the 45, 43, and 36 captured CMCs,
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Figure 3. a) Typical micrographs of a CMC and WBCs immobilized on a PN-nanovelcro chip. A four-color ICC method for parallel staining with
FITC-labeled anti-Mart1, TRITC-labeled anti-HMW-MAA, DAPI, and Cy5-labeled anti-CD45 was used to identify substrate-immobilized CMCs
(DAPI+ /Mart1 + /HMW-MAA + /CD45— and 40 um > diameter > 10 um) from nonspecifically captured WBCs (DAPI+ /Mart1—/HMW-MAA—/
CD45+ and diameter <10 um) and cellular debris. b) Method of LMD-based single-CMC isolation. c) Micrograph images of the LMD-based
single CMC isolation: 1) identification of a CMC, 2) laser-dissection of the CMC, 3,4) releasing the CMC from the substrate, followed by

harvesting into a 200 uL PCR tube.

30, 24, and 18 CMCs were isolated by LMD for individual
analyses.

A commercial whole-genome amplification kit™! (WGA
kit, Sigma/Aldrich) was used to amplify genomic DNA
(gDNA) from each CMC, and the resulting gDNA was then
subjected to specific PCR amplification in the presence of
BRAF exon 15 (containing the BRAF""E codon)-specific
primers."® The double-amplified gDNA was then subjected
to Sanger sequencing (Figure 4). We were able to detect the
BRAF""E mutation from the M229-based control sample
and CMCs isolated from both patient 1 and patient 2 blood
samples. The BRAF"*°F mutation identified in the CMCs was
consistent with those found in their tumor biopsies. As
a negative control, WBCs isolated from the two melanoma
patients showed no BRAF"*’E mutation. Notably, the Sanger
sequencing data obtained for the BRAF""E mutation in
single CMCs (Figure 4) displayed a strong signal-to-noise
ratio. In contrast, varying levels of sequencing noise and
BRAF""E zygosity are often encountered when traditional
melanoma biopsies are sequenced, as a result of the standard
tissue fixation method and tissue heterogeneity (“contami-
nation” with stromal and immune cell types)."”

In conclusion, the continuing development of a nanovelcro
CTC assay, including the replacement of the original non-
transparent SiNW nanovelcro substrate with a new trans-
parent PN-nanovelcro substrate to enable laser-assisted
microdissection, has allowed for single-tumor-cell isolation,
in addition to outstanding CMC capture. Furthermore, we
were able to extend the applicability of this new PN-nano-
velcro chip beyond epithelial cancers to specifically detect
and isolate CMCs. Our proof-of-concept study validated this
assay for CMC detection, isolation, and single-CMC genotyp-
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Figure 4. Left: Fluorescent micrographs of a) a negative control WBC,
b) an M229 melanoma cell isolated from control blood sample, and
c,d) two CMCs isolated from patients. Scale bar=15 um. Middle:
Results from WGA and PCR amplification using a BRAF-specific
primer. Right: Sanger sequencing of the individually isolated cells.
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ing for a key melanoma drug target, the BRAF"’F mutation.

Most importantly, the BRAF"*"F mutation detected in single
CMCs matched that detected in the tumor biopsies of the
patients, supporting a positive correlation between CMCs and
their tumor origin.
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