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ARTICLE INFO ABSTRACT

Keywords: Circulating cancer stem cells (CCSCs), a rare circulating tumor cell (CTC) type, recently arose as a useful resource
Circulating cancer stem cells for monitoring and characterizing both cancers and their metastatic derivatives. However, due to the scarcity of
Metastasis

CCSCs among hematologic cells in the blood and the complexity of the phenotype confirmation process, CCSC
research can be extremely challenging. Hence, we report a nanoparticle-mediated Raman imaging method for
CCSC characterization which profiles CCSCs based on their surface marker expression phenotypes. We have
developed an integrated combinatorial Raman-Active Nanoprobe (RAN) system combined with a microfluidic
chip to successfully process complete blood samples. CCSCs and CTCs were detected (90% efficiency) and
classified in accordance with their respective surface marker expression via completely distinct Raman signals of
RANS. Selectively isolated CCSCs (93% accuracy) were employed for both in vitro and in vivo tumor phenotyping
to identify the tumorigenicity of the CCSCs. We utilized our new method to predict metastasis by screening blood
samples from xenograft models, showing that upon CCSC detection, all subjects exhibited liver metastasis.
Having highly efficient detection and noninvasive isolation capabilities, we have demonstrated that our RAN-
based Raman imaging method will be valuable for predicting cancer metastasis and relapse via CCSC detection.
Moreover, the exclusion of peak overlapping in CCSC analysis with our Raman imaging method will allow to
expand the RAN families for various cancer types, therefore, increasing therapeutic efficacy by providing de-
tailed molecular features of tumor subtypes.

Circulating tumor cells
Raman-active nanoprobes
Raman imaging

1. Introduction

Cancer stem cells (CSCs) refer to a small subset of tumor cells that
have the unique ability to self-renew and differentiate. Their self-re-
newal process typically drives tumorigenesis and their differentiation
process causes tumor heterogeneity (Jordan et al., 2006; Malanchi
et al., 2012). CSCs can be identified by biomarkers showing stem-like
characteristics, such as CD133 and CD44, which are responsible for
stemness and pleiotropic roles in cell adhesion, migration, and homing
(Mizrak et al., 2008; Zoller, 2011). Even though CSCs account for a
small fraction of tumor cell population (~1%), they are known to have

a critical role in cancer metastasis and relapse owing to their distinctive
abilities including self-renewal, differentiation, and chemoresistance
(Medema, 2013; Melo et al., 2017; Moncharmont et al., 2012; Pathania
et al., 2016; Visvader and Lindeman, 2008). For example, in the me-
tastasis process, metastatic cancer cells, including CSCs, migrate along
vasculature in the lymph nodes to initiate tumor growth at secondary
organ sites by extravasation (Maheswaran and Haber, 2010; Riethdorf
et al., 2008). While it is known that most circulating tumor cells (CTCs)
obtain a migratory cell fate and lose epithelial properties through the
process of epithelial to mesenchymal transition (EMT), the metastatic
process is enormously complex and highly dynamic (Maheswaran and
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Haber, 2010), thereby the detailed mechanisms underlying CTC mi-
gration have not been well studied. Scientists have reported that only a
small subset of CTCs, categorized and termed circulating cancer stem
cells (CCSCs), are involved in successful cancer metastasis, exhibiting
high invasiveness (Cristofanilli et al., 2004; Kennecke et al., 2010;
Malanchi et al.,, 2012). Given these extraordinary characteristics,
combined with the important functions of CCSCs have in cancer me-
tastasis, a highly selective detection and analysis method for the iso-
lation of CCSCs from a heterogeneous CTC population is essential for
advancing cancer therapeutics and will providing new insights into
cancer metastasis and relapse at the single cell levels (Nadal et al.,
2013).

Due to the scarcity of CCSCs and CTCs among heterogeneous blood
cells, as few as one cell per 10° hematologic cells in the blood of pa-
tients, simultaneous detection, isolation, and analysis of CCSCs and
CTCs in a highly selective, sensitive, and non-invasive manner is ex-
tremely challenging (Cristofanilli et al., 2004; Lawson et al., 2015;
Nagrath et al., 2007). The fluorescence-activated cell sorting (FACS)
method has been utilized for CCSC isolation and detection by com-
paring a CSC marker (CD133 or CD44) with white blood cell (WBC)
marker (CD45) expression (Al-Hajj et al., 2003; Ginestier et al., 2007;
Kantara et al., 2015; Lawson et al., 2015; Liu et al., 2014). However, it
is limited in validating primary cancer phenotypic characters con-
sidering that CSC markers are expressed not only on CSCs but also on
normal stem cells (Pattabiraman and Weinberg, 2014). Therefore, it is
necessary to combine the CCSC and CTC detection for improving ac-
curacy in CCSC research. For example, detecting and analyzing breast
CCSCs and CTCs, which have four subtypes including luminal, human
epidermal growth factor receptor 2 (HER2) positive, and two triple-
negative types (Basal-A and Basal-B), requires the use of a combination
of at least five antibodies (four antibodies for subtyping, epithelial cell
adhesion molecule (EpCAM), HER2, human epidermal growth factor
receptor 1 (EGFR), and mucin 1 (MUC1), and one antibody for stemness
confirmation (CD133)) (Carey et al., 2007; Eirew et al., 2008; Kao et al.,
2009; Kennecke et al., 2010; Neve et al., 2006; Perou et al., 2000)
(Table 1). Therefore, simultaneous detection and analysis of various
subtypes of CCSCs and CTCs, showing primary cancer's heterogeneity
via a multi-probe-based platform, requires an innovative method for
efficient multiplex detection of subpopulations of heterogeneous cancer
cells and the analysis of a wide range of complex analytes.

To this end, several CTC detection chips using immune-affinity-
based separation methods with multiple fluorescent probes have de-
monstrated limited success for CCSC detection. (Lee et al., 2013a,
2013b; Yoon et al., 2013). However, given the limitations of the
fluorescent probe systems, it is difficult to analyze CTC subtypes with
high isolation efficiency from blood, particularly for CCSCs with sig-
nificantly different quantities which require an increase in the number
of probes. This is an especially critical challenge in multicolor analysis,
where it is impossible to discriminate between fluorophores that spec-
trally overlap (Lichtman and Conchello, 2005; Zhang et al., 2016).
Therefore, there remains significant room for improvement in achieving
highly sensitive and specific cell detection methods that can display
broad multiplexing capabilities with high reproducibility.

Raman imaging with surface-enhanced Raman spectroscopy (SERS)

Table 1
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has significant advantages when compared to fluorescence imaging,
including spectral information that shows a larger number of char-
acteristic peaks, and crucially, distinct non-overlapping peaks.
(Papadopoulou and Bell, 2011; Sabatte et al., 2008; Ye et al., 2017; Zhai
et al., 2012; Zheng et al., 2012). Particularly, SERS has shown signals
with low background noise in biological samples including those drawn
from blood by avoiding autofluorescent signals (Premasiri et al., 2012;
Wang et al., 2011). These comprehensive advantages render SERS as
highly competitive in meeting the needs of multiplex quantification of
molecules in living cells. However, to the best of our knowledge, a
Raman imaging-based detection and analysis method of CCSC has not
yet been reported. To detect and analyze CCSCs, three requirements
must be satisfied for CTC research: a high detection yield of target cells
in the blood, non-invasive isolation of captured cells, and the simulta-
neous detection of surface markers with different expression levels.

To address the aforementioned challenges for the detection and
downstream analysis of CCSCs and CTCs, we report a novel combina-
torial Raman-Active Nanoprobe (RAN)-based chip platform with the
capability of simultaneous detection, isolation, and further analysis of
CCSCs and various CTC subtypes though Raman imaging (Fig. 1). The
RAN is a multifunctional probe designed with four tunable components
including i) a Raman reporter as a barcoding component, ii) an anti-
body as a cancer cell detecting component, iii) a biotinylated double-
stranded DNA (dsDNA) as a non-invasive isolating component, and iv) a
gold nanoparticle as a Raman signal-enhancing component. In this
demonstration, individually conjugated RANs are employed to detect
both CCSCs and several major breast cancer CTC subtypes using five
different surface markers: CD133, EpCAM, EGFR, HER2, and MUC1
(Fig. 1a). The CCSCs and CTCs are detected and isolated in an effective,
selective, and noninvasive manner on the microfluidic chip via avidin-
biotin reactions followed by restriction enzyme digestion of the dsDNA
linker from the RANs (Fig. 1b). We have shown that selectively isolated
CCSCs and CTCs successfully exhibit tumorigenicity and secondary
tumor subtypes in both in vitro and in vivo model systems.

2. Materials and methods
2.1. Raman-active nanoprobe synthesis and characterization

In this work, we prepared five different combinations of RANs. Each
type of RAN was conjugated with modification of a previously reported
method by Qian et al. (2008). Fig. S1a shows the illustrations of the
step-by-step conjugation process of the AuNP/Raman reporter/PEG/
antibody/DNA conjugate. Briefly, RANs were prepared by adding a
freshly prepared 1-5 uM Raman reporter solution dropwise to a rapidly
mixing gold colloid at a 1:6 reporter solution and 60 nm AuNP colloid
(BBI solutions EM.GC60, Cardiff, UK) volume ratio. Considering that
each Raman reporter shows different signal enhancement effects with
AuNPs, the concentration of reporters was determined from the signal
to noise (S/N) ratio of the representative peak for each RAN. Con-
centrations of different Raman reporters (Thiophenol (TP, Sigma-Al-
drich 240249), Nile Blue A (NBA, Sigma-Aldrich N0766), 1-naphtha-
lenethiol (NPT, Sigma-Aldrich 724742), 4-mercaptopyridine (MPD,
Sigma-Aldrich  148202), 2-quinolinethiol (QNT, Sigma-Aldrich

Classification of breast cancer based on pathological features. Depends on the surface marker expression profiles, the subtype of breast cancer was categorized.

Subtype Surface marker expression profile Reference
CD133 HER2 EGFR EpCAM MUC1
Cancer Stem Cells + (Jordan et al., 2006; Medema, 2013; Visvader and Lindeman, 2008)
Luminal type - + (Carey et al., 2007; Kao et al., 2009; Neve et al., 2006)
HER2 positive type + - (Carey et al., 2007; Kao et al., 2009; Neve et al., 2006)
Basal-A type - + - + (Carey et al., 2007; Kao et al., 2009; Neve et al., 2006)
Basal-B type - - + - - (Carey et al., 2007; Kao et al., 2009; Neve et al., 2006)
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Fig. 1. Selective detection and analysis of cancer stem cell for monitoring tumorigenesis and metastasis. (a) The blood sample was prepared for chip-based analysis system. (a-i) Sampling
the blood sample which contained circulating cancer stem cells (CCSCs) and circulating tumor cells (CTCs). (a-ii) The CCSCs and CTCs in blood sample were labeled with five types of
multifunctional RANS; i) specific Raman reporter for signaling, ii) antibody for specific cell targeting and iii) biotinylated dsDNA for non-invasive isolation from the chip. (b) Blood sample
solutions with RANs labeled CCSCs and CTCs were injected into the CCSC-chip and analyzed with a 3-step process on the chip; (b-i) Detection of RANs labeled CCSCs and CTCs by biotin-
avidin interaction on streptavidin-coated micropillar, (b-ii) In situ subtyping of detected CCSC and CTC by Raman barcoding system, and (b-iii) Selective isolation of detected cells as two
groups (CCSCs and CTCs) from the chip by using restriction enzyme. (b-iv) In vivo analysis to confirm the tumorigenicity, metastatic properties and secondary tumor subtypes of CCSCs.

116270)) were used in the following order, TP: 2 uM, NPT: 0.5 uM,
MPD: 0.5 pM, QNT: 2 uM, and NBA: 4 uM as final concentration. After
10 min, 293 ul of 1 uM hetero-functional linker thiol-PEG-carboxyl
(Sigma-Aldrich 757837) was added dropwise to a 3 ml Raman-encoded
Au colloidal solution in a polypropylene tube under rapid mixing. After
15 min of vigorous mixing, the AuNPs were exposed to a large volume
of PEG-thiol (Sigma-Aldrich 729108, 1.6 ml at 10 mM) to backfill the
nanoparticle surface not covered by the hetero-functionalized PEG,
yielding well-shielded and stable particle surfaces. Before covalent li-
gand conjugation at the carboxylic acid groups, the AuNPs were pur-
ified by three rounds of centrifugation (4000 rpm, 10 min) and re-sus-
pension in PBS. To activate the carboxyl groups on the particle surface
for covalent conjugation, freshly prepared ethyl dimethylaminopropyl
carbodiimide (EDC) solution (5 ml, 40 mg/ml, Sigma-Aldrich E6383)
and N-hydroxysulfosuccinimide sodium salt (sulfo-NHS, 5 ml, 110 mg/
ml, Sigma-Aldrich 56485) were mixed vigorously at 25 °C for 15 min.
Excess EDC and sulfo-NHS were separated from the activated nano-
particles by three rounds of centrifugation (4000 rpm, 10 min) and re-
suspended in PBS. The purified AuNPs with activated carboxyl groups
were then reacted with the mouse monoclonal antibodies (anti-CD133
(EMD Millipore MAB4399), anti-EpCAM (R&D systems MAB9601),
anti-EGFR (R&D systems MAB1095), anti-HER2 (R&D systems
MAB1192), and anti-MUC1 (AbFrontier YF-MA14321), 11.2 nmol) and
H,N-dsDNA-biotin (20 nmol, Bioneer, Daejeon, Korea) at 25 °C for 2 h,
and the reaction mixture was stored at 4 °C for overnight. Excess anti-
body and DNA was removed by three rounds of centrifugation
(4000 rpm, 10 min) and re-suspended in PBS.

Five different multifunctional RANs were prepared with five

different combinations. The fully functionalized RANs were character-
ized by transmission electron microscopy (TEM), UV-vis spectroscopy,
DLS, and SERS. UV-vis spectra were measured using Jasco V-530 UV/
VIS spectrophotometer. The TEM images were acquired by using a
JEOL transmission electron microscope (JEM1010) with an accel-
erating voltage of 80kV at National Instrumentation Center for
Environmental Management (NICEM, Seoul, Korea).

2.2. Design and fabrication of CCSC-chip

The CCSC-chip was designed with the rows of micropillars with
different gap distances (5 and 50 pm) in a microfluidic channel. The cell
containing solution will flow through the 50 um and 5 pm gaps. When
the solution passes the first micropillar row (50 um gap), the micro-
fluidic channel will generate the turbulent flow, which will help dis-
perse the floating cells. The floating cells will then be filtered and
trapped by the second 5 um gap micropillar row by size, allowing the
RBCs to pass (Fig. S2). The height of the microfluidic channel is 50 pum,
with an intended design to minimize the vertical stacking of cells in a
single 5 pm micro-pillar gap.

The CCSC-chip was fabricated by silicon-on-glass technology with a
modified chip design from our previous study (Lee et al., 2013a). After
the fabrication of the CCSC-chip, streptavidin was coated onto the
micro-pillars surface by the following method. Briefly, the chips were
sequentially rinsed with ethanol and deionized (DI) water and dried at
60 °C overnight. The chips were then placed in a plasma chamber
(Convance-MP, Femto Science, Gyeonggi-do, Korea) and exposed to
oxygen plasma (5 min) to activate surface silanols for the subsequent
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reaction. The chips were sequentially immersed in a 10% 3-amino-
propyltriethoxysilane (APTES) solution (Sigma-Aldrich A3648), thor-
oughly washed with DI water, and baked at 110 °C for 1 h. The silanized
chips were exposed to 2% glutaraldehyde solution (Sigma-Aldrich
G5882) in 100 mM phosphate buffer (pH 8.0) for 1 h, washed with PBS,
and dried with nitrogen gas. 10 uM of streptavidin (Sigma-Aldrich
S0677) was allowed to react with immobilized glutaraldehyde at room
temperature (1 h). After washing with PBS, the chips were covered with
1% bovine serum albumin (Sigma-Aldrich A2153) in PBS (1 h) to block
any sites that proteins did not bind to on the glutaraldehyde modified
surface. Finally, the chips were washed with PBS solution and dried
with nitrogen gas.

2.3. Cell culture and preparation of cell suspension solution

Three human breast cancer cell lines (Korea Cell Line Bank (KCLB)
30022), MDA-MB-231 (KCLB 30026) and SK-BR-3 (KCLB 30030)) were
obtained from KCLB (Seoul, Korea). MCF-7, MDA-MB-231, and SK-BR-3
cell lines were grown in Roswell Park Memorial Institute (RPMI) 1640
(ThermoFisher Scientific 11875-093). All media were supplemented
with 10% fetal bovine serum (FBS, Biowest S1520- 500) and 1%
Penicillin-Streptomycin (ThermoFisher Scientific 15140163). Human
breast CSC line and culture media were purchased from Celprogen
(36102-29, Torrance, CA, USA). CSCs were cultured with maintenance
media (Celprogen M36102-29S) to stabilize as an undifferentiated
condition. Every cell line was grown in tissue culture plates (BD
Biosciences, San Jose, CA, USA) in a 37 °C humidified incubator with
5% CO,. At 80% confluence, the breast cancer cells were subcultured at
a density of 1 x 10° cells/ml and the breast CSCs at 1 x 10° cells/ml
on tissue culture plates, and the media were replaced every 3 days for
the three breast cancer cell lines and every 2 days for CSCs.

48 h after sub-culturing, the cells were detached from the tissue
culture plates using trypsin (ThermoFisher Scientific 25300054), after
which it was washed twice with respective media to remove the de-
taching agent, trypsin. The cell pellets were re-suspended in the re-
spective media and the number of cells were counted with a hemo-
cytometer. The concentration of each suspended cell solution was
matched as 1 x 10* cells/ml for next use.

2.4. Handling of healthy human blood

All healthy human blood samples were kindly donated from healthy
donors through the Korea University (Seoul, Korea) with informed
consent under an Institutional Review Board (IRB)-approved research
protocol. The blood samples were collected using BD Vacutainer® CPT™
cell preparation tubes (BD 362753, Franklin Lakes, NJ, USA) containing
sodium heparin and polyester gel. After gentle mixing, 4 ml of fresh
blood was gently diluted twice with PBS. According to the literature,
CCSCs and CTCs were present in the buffy coat layer with WBCs,
therefore, we used a density gradient reagent (Ficoll-Paque plus, GE
Healthcare 17-1440-02, Pittsburgh, PA, USA) to get the WBCs con-
tained buffy coat. In a centrifuge tube, 6 ml of Ficoll-Paque plus was
added followed by carefully adding but not mixing 8 ml of diluted
blood and centrifugation at room temperature for 30 min at 400g. After
centrifugation, the plasma layer was removed carefully from the top,
and the low-density buffy coat cell layer containing lymphocytes and
monocytes was collected while leaving the Ficoll and RBC sediment in
the centrifuge tube. After collection, the cells were transferred to a new
tube, resuspended in 4 ml PBS, and stored at 4 °C for next use.

2.5. CCSCs and CTCs labeled with RNP and injected into CCSC-chip

100 suspended cells of each subtype (CCSC, MCF-7, SK-BR-3, and
MDA-MB-231) were mixed with the WBC suspension solution and then
incubated with 10 pM. RANs with constant and gentle mixing for
30 min at room temperature. Then, the RAN labeled-cells were washed
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three times and resuspended in 400 pl of fresh culture medium. The
RAN labeled-cell suspensions (containing 100 labeled cells) were in-
fused through the microfluidic channel at a flow rate 10 ul/min and
incubated at room temperature for 20 min to immobilize on the chip
surface. Then the chip was washed with fresh culture medium to re-
move the debris or unbound cells (Fig. S2).

2.6. Acquisition of SERS mapping image and data analysis

NTEGRA Spectra (AFM-Raman Spectrometer, NT-MDT, Russia)
equipped with a liquid nitrogen-cooled CCD detector and an inverted
optical microscope (Olympus IX71) was used for SERS mapping the
cells. SERS mapping images were acquired by scanning 1024 points (32
X 32) using a 785 nm NIR laser with 3 mW and 3 s exposure time on
the sample plane. The SERS data was analyzed using Nova software
(NT-MDT). After extracting 8 points of Raman spectra from the detected
CCSC or CTC, a S/N ratio was calculated for each spectrum and aver-
aged. The noise signal was extracted from 8 points in the background
(outside of cell area) of the detected cell's Raman map image.

2.7. DNA cleavage and release of CCSCs/CTCs

To evaluate the cleavage efficiency of DNA linkers, two restriction
enzymes, HindIll (New England BioLabs R0104S) and BamHI (New
England BioLabs R0136S), were subsequently treated on the CCSCs/
CTCs detected in CCSC-chip. Enzyme solutions (500 unit/ml in NE
Buffer2, New England BioLabs B7002S) flowed into the chip at a flow
rate of 30 ul/min for 20 min at 37 °C. Released CTCs and CCSCs were
isolated in a conical tube and transferred to a tissue culture plate for
enrichment and culturing.

2.8. CCSC differentiation

Approximately 10,000 CCSCs were seeded in the 12-well plates.
After 2 days of cultivation to promote CCSC attachment, maintenance
media was changed to human breast cancer stem cell differentiation
media (Celprogen M36102-29DS, Torrance, CA, USA) to start differ-
entiation of CCSC. Media was changed every 3 days during the differ-
entiation.

2.9. In vivo tumorigenesis assay

To examine the tumorigenic and metastatic property of CCSC in
vivo, 6-week-old BALB/c nude mice were purchased from RaonBio
(Yongin-si, Korea) (control, n = 4; xenograft with CCSCs, n = 9; xe-
nograft). All animals were acclimatized to the animal facility for at least
72 h prior to experimentation and maintained according to the Guide
for the Care and Use of Laboratory Animals published by the NIH. Every
animal experiment was conducted under an Institutional Animal Care
and Use Committee (IACUC)-approved research protocol. The animals
were housed in a barrier under high-efficiency particulate air (HEPA)
filtration and provided with sterilized food and water ad libitum. The
animal facility maintained 12 h light/dark cycles at room temperature
21 * 2°C with 30-40% humidity. Approximately 5.0 x 10° cells of
CD133 positive cells and CD133 negative cells were mixed with
354234-matrigel (BD, San Jose, California, USA) and subcutaneously
injected into the left and right side of flanks nearby each leg. Nine
weeks after inoculation, the grafted tumor tissues and livers were dis-
sected and embedded in Tissue-Tek 100% optimal cutting temperature
compound (O.C.T., Sakura Finetek, USA). Then the fresh tissue was
rapidly snap frozen by putting it into liquid nitrogen and stored in a
—80 °C freezer until further analysis. Freshly cryopreserved tissues
were sliced (6 um thick) using a —25 °C ultra-microtome (Leica CM
30508, Wetzlar, Germany). Each section was picked up on an adhesion
microscope glass slide (Paul Mariendeld GmbH & Co. KG, Lauda-
Konigshofen, Germany) followed by the careful washing out of the
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O.C.T compound, with PBS. The sections were incubated with 2 mM
probe 1 for 2h and covered with fluorescent slide cover glass. The
fluorescence microscopy images were taken using a confocal laser
scanning microscope (LSM 5 Exciter, and LSM 710, Carl-Zeiss, Oberko,
Germany). The mice that died before the 9-week mark were not
counted.

2.10. Statistical analysis

Statistical analyses were carried out using GraphPad Prism.
Normality of distribution and homogeneity of variance were validated
and the statistical significance between the means was calculated using
unpaired Student's t-test or Mann-Whitney test when normality tests
failed. All numerical data presented with mean #+ s.e.m. P < 0.05 was
considered statistically significant.

3. Results and discussion

3.1. Selective detection and analysis of CCSCs/CTCs using a combinatorial
RAN-based CCSC-chip

To distinguish five different types of circulating breast cancer cells
including the CCSCs and four subtypes of CTCs, five RAN families were
synthesized (Fig. S1a). To construct our RAN, we first conjugated the
Raman reporter onto the gold nanoparticles’ (AuNPs) surface by pairing
them with each antibody to enable the RANs to have unique spectral-
molecular signatures (Table S1). After a short incubation, the AuNP
surface was coated with a thiol-terminated polyethylene glycol (thiol-
PEG-carboxyl) to improve the stability of the RANs and prevent their
aggregation in complex biological solutions. Antibodies and double-
stranded DNAs (NH,-dsDNA-Biotin) were conjugated to the PEG-con-
jugated AuNPs through EDC-NHS reaction to target and detect CCSCs/
CTCs. Two different sequences of dsDNAs (DNA-A for CTCs and DNA-B
for CCSCs) were specifically designed to select and isolate CCSCs and
CTCs, which would be cleaved with the presence of specific restriction
enzymes (Fig. S3). Through dynamic light scattering (DLS) analysis, the
hydrodynamic size of RANs was determined to be 91.3 = 2.3 nm (n =
10) in diameter (Fig. S1b). This hydrodynamic size was corroborated by
the calculated value (94.2 nm), with a consideration of the length of the
linkers and antibodies. Surface functionalization of AuNP with Raman
reporters did not show any effect on the size distribution and mono-
dispersity of the nanoparticle constructs as supported by TEM imaging
(Fig. S1c).

More specifically, five different organic chemicals were selected as
Raman reporters which have an aromatic ring and a thiol or amine
group in their structure such as 2-quinolinethiol (QNT), 4-mercapto-
pyridine (MPD), 1-naphthalenethiol (NPT), Nile Blue A (NBA), and
thiophenol (TP). Each Raman reporters showed specific Raman spectra
when they were individually self-assembled onto AuNPs surface. From
each RAN, one specific Raman transition with high S/N ratio (S/N > 1)
was selected (e.g, 469 cm™ for NBA-HER2, 985 cm™ for QNT-CD133,
1051 cm™ for NPT-EGFR, 1096 cm™ for MPT-EpCAM, and 1142 cm™
for TP-MUC1) to represent ON and OFF value for each cancer marker at
the corresponding position without any overlap (Fig. 2a and S4a). Al-
though the Raman scattering signal intensity was affected by the con-
centration of Raman reporters (Figs. S4b-g) and the number of RANs in
the unit area (0.04 um?, Figs. S5a-c), S/N ratios were used to represent
ON (S/N > 50) and OFF (S/N < 50) states, which proved to be highly
sensitive (ON, RANs = 8) (Fig. 2b and S5d). The ON/OFF signal
combinations of the five RAN families were utilized as barcodes for the
distinguishing of the specific characters of detected CCSCs/CTCs.

To test the detection efficiency of our CCSC-chip system, RAN
constructs were mixed with four different subtypes of human breast
cancer cells (CCSC, MCF-7 (luminal), MDA-MB-231 (basal-B), and SK-
BR-3 (HER2 positive) (100 cells per each type)) in WBCs containing
buffy coat solution. The total 1 ml of prepared sample was infused into
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the CCSC-chip and washed with respective cell culture media multiple
times by a syringe pump at a flow rate of 10 ul/min (duration
~30 min). During the fluidic process, infused samples were mixed and
filtered by two different gaps (50 and 5 um distances) provided by
micro-pillar lines (Fig. 1b). With the presence of the large gap (50 um),
the sample was dispersed thoroughly via turbulent flow and CTCs were
then selectively detected at the smaller gap (5 pm) by streptavidin-
biotin interactions. It should be noted that the surface of the 5 pm gap
pillars was conjugated with streptavidin to detect biotin-conjugated
RAN labeled cells selectively upon contact with the pillar (Fig. 2c).
Furthermore, the gap was designed to be wide enough for residual red
blood cells (RBCs) (ca. 2.5 pm thickness) to pass through with minimal
nonspecific detection of WBCs (Alvankarian et al., 2013; Schmid-
Schonbein et al., 1980) (Fig. S6). Moreover, CCSCs and CTCs are bigger
than the gap between each pillar (5 pm), thus maximizing the detection
efficiency. To minimize remaining WBCs packed on the chip, we flu-
shed with phosphate buffer saline (PBS, pH 7.4) from the opposing
direction as a washing process. Furthermore, we tested our system with
different pillar gap distances and showed that the detection of CTCs and
CCSCs was not based solely on filtration due to the small gap distance
(Fig. S7). For this purpose, several chips with three different pillar gaps
at 20, 30, and 40 um, wider than every type of CTCs and CCSCs, were
fabricated and tested under the same conditions described above (Lee
et al., 2013a). Regardless of the difference in pillar gap, both RANs
treated CCSCs and CTCs were successfully detected and selectively
isolated by undergoing enzymatic reaction. These results proved that
CCSCs/CTCs are detected through a streptavidin-biotin reaction be-
tween micro-pillars and RANs instead of a non-specific physical ad-
sorption.

After the selective detection of CCSCs/CTCs, an in situ analysis of the
detected cells was conducted through a surface-enhanced Raman scat-
tering (SERS) mapping method to characterize CCSCs and the specific
subtypes of CTCs (Fig. 2b and c). Differently labeled RANs could se-
lectively bind to the cellular membrane depending on the expression
level of the surface markers (CD133, HER2, EGFR, EpCAM, and MUC1),
while the distribution of Raman signal transitions at the corresponding
peak positions (985 cm, 469 cm™, 1051 em™, 1096 cm™ and 1142 cm
! respectively) and intensity differences could be considered as barcode
signals to represent ON and OFF values of each surface markers
(Fig. 2d). Accordingly, the characteristic information of detected
CCSCs/CTCs were clearly distinguished based on observed barcode
signals. For example, the presence of the observed Raman signal at
985 cm™ represented the expression of stem cell marker CD133 on the
cell surface which specifically corresponds to CCSCs. Subsequently,
high expression of HER2 (at 469 cm™), EGFR (at 1051 cm™), and
EpCAM (at 1096 cm™) corresponded to HER2 positive (SK-BR-3), basal-
B (MDA-MB-231), and luminal (MCF-7) breast cancer cells, respectively
(Figs. S8 and S9). By comparing surface marker characteristics, the
detection efficiency for each cell type was 82.8 = 6.2%, 91.8 + 3.2%,
86.7 = 4.1%, and 93.7 * 4.4% for CCSC, MCF-7, MDA-MB-231, and
SK-BR-3, respectively (Fig. 2e). The differences among detection effi-
ciencies could be related to the number of expressed surface marker
proteins which can be targeted with RANs. Particularly interesting, a
substantial increase (16 — 86.7%) in capture efficiency for MDA-MB-231
cells was observed when compared to other EpCAM based CTC detec-
tion platform even though it exhibits only 1700 binding sites (Maetzel
et al., 2009; Nagrath et al., 2007; Park et al., 2017; Prang et al., 2005;
Sieuwerts et al., 2009). These improvements were strongly associated
with the multi-probe platform for the microfluidic chip. Moreover, the
averaged detection efficiency of RAN platform proved to be higher
(90.7% vs 87.5%) when compared to our previous multi-nanoprobe
methods (Lee et al., 2013a, 2013b).
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Fig. 2. Selective detection and analysis of living CCSCs/CTCs by RAN incorporated CCSC-chip. (a) The representative SERS peaks of five different types of RANs as barcoding system. Five
different organic Raman reporters [Nile Blue A (NBA), 2-quinolinethiol (QNT), 1-naphthalenethiol (NPT), 4-mercaptopyridine (MPD), and thiophenol (TP)) are paired with each antibody
to provide unique spectral-molecular signatures. From each RAN, one specific Raman peak with relatively high S/N ratios and little overlap with the other peaks was selected and
assigned (469 em™ for NBA, 985 cm™ for QNT, 1051 cm™ for NPT, 1096 cm™ for MPD, and 1142 cm™ for TP) to represent ON and OFF values at corresponding position. (b) Schematic
illustration of selective encoding of live CCSCs/CTCs by RANs based on expressed surface markers. (¢) Optical microscope images and Raman maps obtained from detected CCSCs/CTCs.
Raman maps were filtered with each RAN's representative peak (peak position + 5 cm™) and pseudo-colored for easy recognition. Scale bar 4 um. (d) The SERS barcoding pattern showed
subtype specific information respectively. CCSC expressed stem cell marker CD133 only, MCF-7 expressed EpCAM only, MDA-MB-231 expressed EGFR only, and SK-BR-3 expressed HER2,
EGFR and EpCAM (***P < 0.001, relative to other markers). Dash line in the graph: threshold line (S/N = 50). (e) Detection efficiency of RAN labeled CCSC/CTCs on CCSC-chip showed
82.8%, 91.8%, 86.7%, and 93.7% for CCSC, MCF-7, MDA-MB-231, and SK-BR-3 respectively (n = 100). Experiments were repeated 3 times (n = 3) with 8 sampling points each. Values

are given as mean * s.e.m.

3.2. Selective and noninvasive isolation of CCSCs/CTCs for prediction of
secondary tumor subtype

After on-chip analysis, detected CCSCs/CTCs were selectively iso-
lated by utilizing two different restriction enzymes: HindIIl and BamHI
(Fig. 3a). Since detected cells were bounded to the pillar by the strep-
tavidin-biotin interaction with specific dsDNA sequences (DNA-A and
DNA-B) serving as specific linkers between the biotin and RANSs,
CCSCs/CTCs were released in a selective and noninvasive manner by
using the corresponding restriction enzymes sequentially (Fig. S3b). For
example, to selectively isolate the CCSCs from CTCs, HindlIII was first
added, which cleaved the sequences of DNA-A that were targeted for
EpCAM, EGFR, HER2, and MUC] positives cells. Afterward, BamHI was
utilized to isolate CCSCs selectively. The optimal condition for the
cleavage of both DNA linkers was identified to be 20 min with 500 unit/
ml of restriction enzyme at 37 °C. This selective cleaving process for
detected CCSCs and CTCs inside the chip was confirmed by the data
shown in Fig. 3a. From this experiment, we demonstrated that the
isolation efficiency for cell detection was 98.7 + 1.2% and with a
93.0 = 4.3% selectivity for CCSCs and 91.6 * 5.8% selectivity for
CTGCs, after 5 times repetition. Surprisingly, the selectivity of the spe-
cific cell type isolation process was significantly improved (92.3% vs
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66.7%) when compared to our previous report (Lee et al., 2013a). This
improvement was associated with the surface marker expression profile
of the CCSC and CTCs. Considering that CD133 is highly expressed on
CCSCs, while other cancerous surface markers are barely expressed,
CCSCs were labeled with one specific type of RAN which was con-
jugated with anti-CD133 antibody (Fig. S8).

More importantly, since the isolation process was done without
comprising cell viability, we cultured the isolated CCSCs and controlled
their differentiation to set up an in vitro model system to predict the
subtype of metastatic derivatives. Without differentiation, cultured
CCSCs demonstrated high expression of CD133-barcode of Raman
spectra as expected and was further confirmed with fluorescence-acti-
vated cell sorting (FACS) (Figs. S10 and S11). As CCSCs were cultured
in breast CSC differentiation media, a distinguishable change in the
Raman spectra barcodes show a high expression of HER2 and EGFR
instead of CD133 (stem cell marker), representing a HER2 positive
breast cancer subtype (Fig. S11). These results indicate that the dif-
ferentiation property of CCSCs was maintained even after a selective
isolation process. Therefore, the isolated CCSCs could be utilized for in
vitro metastatic cancer modeling as an indicator of a secondary tumor
potential subtype (e.g HER2 positive in this case). Note that in vitro
cultured CCSCs were pretreated with RANs before SERS mapping.
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Once in vitro confirmation was completed, the tumorigenic proper-
ties of the isolated CCSCs and stemless CTCs were further investigated
using an in vivo animal model. Selectively isolated and expanded CCSCs
and CTCs (5 x 10° cells each) were transplanted into male nude mice
(n = 9) using subcutaneous injections at the left and right flank regions,
respectively (Fig. 3b). We carefully selected a male nude mouse as a
mouse model to prevent unexpected tumorigenesis caused by female
mouse sex hormones (Caceres et al., 2016; Mohibi et al., 2011). After
nine weeks, the tumor xenograft from the CCSCs injection site grew six
times bigger in volume than the injection site of CTCs (Fig. 3b and c).
The average size of the CCSC tumors was 10 mm in diameter with an
average mass of 0.2 g, while tumors with stemless CTCs grew up to
3 mm with an average mass of 0.01 g (Fig. 3d). To conduct a more
comprehensive study, the composition of the tumor developed by
CCSCs was characterized by immunofluorescence staining of thin tumor
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slices (Fig. 3e). The immunostaining results of CCSC induced-tumor
showed that the tumor cells were heterogeneous with a CSC population
(CD133* and CD44*/CD247"°") as well as different subtype specific
breast cancers, including HER2 positive (HER2 ") and basal-B (EGFR ™,
and MUC1"), which were derived from CCSCs. This result further sup-
ported that transplanted CCSCs could proliferate as well as differentiate
into subtype-specific cancer cells in vivo. Furthermore, since the in vitro
biomarker expression patterns of differentiated CCSCs was quite similar
with the in vivo results, we believe that an in vitro CCSC differentiation
assay with our SERS-based barcode screening method can be utilized as
an innovative tool for predicting secondary tumor compositions (Figs.
S11 and 3e). Taken all together, noninvasively isolated CCSCs have
great potential for advancing personalized medicine via identifying the
heterogeneity of metastatic derivatives using both in vitro and in vivo
cancer models.
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In parallel, since we observed that CTCs could also generate tumors
in an in vivo environment, the tumorigenic property of CTCs was in-
vestigated in detail. Three subtypes of breast cancer cells (MCF-7, MDA-
MB-231, and SK-BR-3) and a normal breast epithelial cell line (human
mammary epithelial cell, HMEC) (5 x 10° cells each) were implanted
in male nude mice (n = 8) at both shoulders (left and right) and flank
regions (left and right) (Fig. S12a). Nine weeks later, the injected MDA-
MB-231 and MCF-7 cells generated a tumor at the injection site. In-
terestingly, SK-BR-3 and HMEC cells vanished two weeks post-injection
and did not generate any tumors (Fig. S12b). However, MDA-MB-231
cells generated tumors larger (13 mm and 0.6 g) than the tumors gen-
erated by CCSCs. We speculated that this result might be due to the
basal type cell line MDA-MB-231 showing a subpopulation of more than
90% CD44*/CD247'°%, which is indicative of prospective CSCs which
have high tumorigenicity (Cheang et al., 2008; Fillmore and
Kuperwasser, 2008; Karnoub et al., 2007). We also studied the meta-
bolic abilities of injected CCSCs and CTCs. For this purpose, each sub-
type of cells was pre-cultured on an ultra-hydrophobic chamber (1 x
10° cells in 6 well-plate) to monitor the formation of spheroid shaped
clusters. The spheroid formation was clearly observed from the CCSCs
and MCF-7 cells, while MDA-MB-231 and SK-BR-3 cells could not
generate spheroids (Fig. S13a). Indeed, “spheroids” or “sphere-forming
cells” are commonly found in various solid tumor samples (ascites) and
postulated as a key participant for in vivo tumorigenesis and metastasis
(Leis et al., 2012; Wang et al., 2013). Moreover, we monitored the
spreading speeds of CCSC and MCF-7 spheroids to confirm malignancy
of the cancer cells for 21 h. The spreading speed of CCSC spheroid was
dramatically faster than that of MCF-7 due to possible metabolic dif-
ferences, which are known to affect the ability of cancer cells to survive,
proliferate, and invade (Wiercinska et al., 2011) (Fig. S13b). Interest-
ingly, the invasiveness of CCSC spheroid was improved in the three-
dimensional environment conditions generated by a Matrigel block
(Fig. S13c). Our results not only proved that CCSCs exhibit metabolic
attributes that promote their ability to survive and generate a tumor in
vivo, but also supports that the stem-like properties of CTCs are more
critically related to secondary tumor formation. Lastly, the xenograft
model of tumorigenesis was obtained from a fixed cell concentration (5
x 10 cells), hence tumorigenesis results could also vary for different
cell concentration conditions.

3.3. Analysis of tumor metastasis risk by identifying CCSCs/CTCs

As a genuine metastatic cancer model system, blood samples
(1.8 ml) were collected by cardiac puncture from xenograft models
subjected to CCSCs and CTCs injections after clear tumor observation
(Fig. 4). After incubating with RANs, 1.0 ml of RAN-labeled blood
plasma was injected into our CCSC-chip with an optimized flow rate of
10 pl/min (Fig. 4a). Approximately 35 circulating epithelial cells were
detected from both samples with a different distribution of Raman
barcode signals observed (Fig. 4b). Both CCSCs and CTCs (HER2 posi-
tive) were detected from the CCSC injected xenograft model. On the
other hand, in the various subtypes of mixed CTC injected xenograft
models, only basal-B subtype CTCs were detected. Since the CCSCs and
CTCs were observed from blood samples from animal disease models,
we postulated that tumor metastasis was possible (Aceto et al., 2014;
Baccelli et al., 2013). To verify the relationship between CCSC/CTC and
tumor metastasis, liver tissues were extracted from the mouse model
after euthanasia and tissue slices were generated as a standard model.
Fluorescence images of thin liver sections (5 pm) showed remarkable
expression of the anti-human CD133 marker (Cy3 labeled) in the liver,
which was considered as direct evidence for the liver metastasis of the
transplanted CCSCs (Fig. 4c). In particular, even though the total
number of detected CCSCs and CTCs from each group were similar
(negative 18, positive 19.25), the observed metastatic property
was significantly different. Notably, when CCSCs were observed
through the chip, a 100% rate of liver metastasis was observed while
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only 50% of liver metastasis was observed in the absence of CCSCs
(Fig. 4d).

4. Conclusion

The advancement of precision medicine for the effective treatment
of individual cancer patients essentially requires the development of an
innovative method to detect CCSCs, as well as multiple CTC subtypes,
with high sensitivity, to isolate their subpopulations selectively, and
analyze their molecular features as well as their metastatic abilities in
an accurate and non-invasive manner. To address the above challenges,
here, we have demonstrated the selective detection and accurate ana-
lysis of the heterogeneous tumorigenic properties of CCSCs and CTCs by
using a novel combinatorial RANs-based chip platform. Regarding the
classification of breast cancer subtypes, basal type is considered as a
triple-negative breast cancer due to a negative estrogen receptor (ER),
progesterone receptor (PR), and HER2. The basal type expressing EGFR
was further categorized into two subgroups; basal-A and basal-B. The
expression of MUC1 was distinguished between basal-A (positive) and B
(negative) (Kao et al., 2009). Accordingly, we chose MUCI as a specific
marker for basal-A and EGFR for basal-B (Kao et al., 2009). In this work,
to cover the whole range of breast cancer subtypes and to confirm the
stemness of CCSCs, we carefully designed five different RANs that can
identify each CTC subtype and CCSC's stemness.

Furthermore, blood samples from either xenograft animal models or
human patients can be mixed with our designed RANs to simulta-
neously detect, characterize, and isolate CCSCs and CTCs without
compromising cell viability. Combinatorial RANs, each labeled with
five Raman reporters, have unique Raman spectra which allow for
distinguishing the five-different biomarker signals with minimum
overlapping. Whole subtypes of breast CCSCs and CTCs were detected
with ca. 90% efficiency and each cell subtype could be further char-
acterized by Raman spectroscopy including luminal, HER2 positive,
basal-A, and basal-B. The subtypes of breast cancers were known to
have different functions and molecular characteristics in metastasis
(Kennecke et al., 2010), population (Carey et al., 2006; Millikan et al.,
2008), survival (Cheang et al., 2009; Cristofanilli et al., 2004; Hu et al.,
2006; Perou et al., 2000; Sorlie et al., 2001), and response to treatment
(Carey et al., 2007; Hugh et al., 2009; Nielsen et al., 2010; Prat et al.,
2010). Furthermore, confirmation of CCSCs population in CTCs can
provide a new insight into understanding a patient's metastatic status in
detail. Although many clinical researchers have been investigating the
prognostic relevance of CTCs in breast cancer and have suggested that
CTCs can serve as valuable prognostic markers in all stages of breast
cancer, the confirmation of CTC stemness, most relevant to the meta-
static tumor type, has not been studied yet (Cristofanilli et al., 2004;
Eroglu et al., 2013; Hayes et al., 2006; Janni et al., 2016; Pierga et al.,
2008; Riethdorf et al., 2007). Therefore, our developed method will
enable scientists to investigate the heterogeneous tumorigenicity of
CTCs, which can then facilitate the study of chemotherapeutic effects
on cancer metastasis, therefore improving the survival rate of cancer
patients. Moreover, the differentiation profile of isolated CCSCs shows
similar tumor subtypes in subcutaneously CCSC transplanted sites of the
mouse model. This result illustrates that the analysis of differentiated
CCSC can provide the subtype of the secondary tumor without con-
ducting a biopsy.

In conclusion, our combinatorial RAN-based CCSC-chip will be va-
luable for a multi-detection system that can provide accurate cancer
diagnosis and prognosis. Since CCSC marker in our method, CD133
(prominin-1), is widely believed to be a CSC marker in various solid
tumor types such as breast (Nadal et al., 2013), colorectal (Lugli et al.,
2010), brain (Singh et al., 2003), prostate (Collins et al., 2005), and
lung cancer (Bertolini et al., 2009), the RAN-based CCSC-chip is able to
apply for CCSC detection for other cancer types. We believe that our
developed method is especially powerful for predicting tumor's meta-
static capabilities through efficient CCSC/CTC detection, therefore, it
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Fig. 4. Relation between CCSCs/CTCs and Metastasis. (a) Schematic illustration of CCSC/CTC collection and confirmation of liver metastasis from a tumor containing mouse. Mouse
blood was collected via cardiac punch after anathema. After labeling with RANs, CCSCs/CTCs in mouse blood sample were detected and analyzed on CCSC-chip. Right after the blood
collection, liver tissue was extracted from the mouse and sliced for further analysis. (b) Detected CTCs and CCSCs from xenograft mouse blood. Scale bar, 50 um. (¢) Immunofluorescence
image of liver tissue obtained from CSCC injected mouse for confirmation of metastasis. (c-i) Phase image of the liver tissue. CD133 was stained with Cy5, and nucleus was stained with
DAPI. (c-ii) Fluorescence image of the liver tissue. (c-iii) Magnified image of (c-ii). The arrows indicate the overlapping fluorescence signal of the human CD133 positive cell and cell
nucleus stained with DAPL. Scale bar, 10 um. (d) Table showing the correlation between SCTC and metastasis. The ‘CD133 positive (CD133 ™) cell injection’ group transplanted CCSC and
CTC at left and right flank, and the ‘CD133 negative (CD133") cell injection’ group transplanted CD133 negative breast cells (MCF-7, MDA-MB-231, SK-BR-3, and HMEC) at both shoulder

and hip joints. The mice died before 9-week mark were not counted. Scale bar: 50 um.

can be tailored for precision medicine involving cancer metastasis
prevention and the development of effective therapeutics against it.
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