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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS)-based biosensors have been used increasingly over the past few
years for cancer detection and diagnosis. SERS-based imaging offers excellent sensitivity and has advantages over other
detection techniques such as fluorescence. In this study, we developed a novel biosensor to detect the cancer biomarker
epithelial cell adhesion molecule (EpCAM) and quantify its expression at the single cell level. EpCAM is one of the most
commonly expressed markers on a variety of cancer cells; importantly it has been suggested that reduction of its expression
levels could be associated with the epithelial to mesenchymal transition (EMT) and thus to the onset of metastasis. Therefore,
monitoring variations in expression levels of this membrane biomarker would improve our ability to monitor cancer progression.
The described substrate-based biosensor was developed employing gold nanostars functionalized with EpCAM aptamer
molecules and was able to quantify subnanomolar concentrations of EpCAM protein in solution. Importantly, we demonstrated
its use to quantify EpCAM expression on the surface of two cancer cells, MCF-7 and PC-3. We also compared the binding
efficiency of two EpCAM DNA aptamers of different lengths and observed a substantial improvement in the sensitivity of
detection by employing the shorter aptamer sequence, probably due to the reduced number of conformations possible at room
temperature with the truncated oligonucleotide. Detailed characterization of the substrates was carried out using both SERS
maps and atomic force microscopy. These substrate-based diagnostic devices promise to be relevant for monitoring phenotype
evolutions in cancer cells, blood, and other bodily fluids, thus improving our ability to follow in real time disease onset and

progression.

Bl INTRODUCTION

Nanotechnology-based approaches have shown great promise
for diagnosis and prognosis of cancer and have led to a
reduction in cancer-related mortality owing in particular to
their ability to improve the design of disease-specific
treatments." A variety of cancer biomarkers such as proteins,
nucleic acids, and small metabolites, as well as tumor cells offer
valuable insight into cancer progression, as their expression
allows for monitoring a response to therapy much earlier than
more established techniques such as MRI or CT, in that they
do not require changes in the tumor mass to become
measurable to determine treatment efficacy.” Among these
biomarkers, the membrane-expressed epithelial cell adhesion
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molecule (EpCAM) is one of the most abundantly used
markers for detecting a broad variety of cancers such as colon,
gastric, prostate, ovarian, lung, and breast.>* Down-regulation
of EpCAM, in addition to overexpression of mesenchymal
markers, has been associated with the onset of metastasis.’
However, the detection of variations in EpCAM expression
with high sensitivity and selectivity remains challenging.
SERS is an ultrasensitive vibrational spectroscopic technique
that has been used for biosensing and diagnostics.” SERS-
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Figure 1. Assessment of nanostar properties and functionalization was carried out with multiple techniques. (A) and (B) show transmission
electron (TEM) micrographs of (A) as synthesized gold nanostars and (B) nanostars functionalized with 4-aminothiophenol and EpCAM aptamer.
Scale bars are 100 nm. (C) shows the UV—visible spectra of as-synthesized gold nanostars, 4-ATP-coated nanostars, and 4-ATP- and EpCAM
aptamer-coated nanostars. (D) shows the relative dynamic light scattering (DLS) data, which provide size distributions in Milli-Q water at room
temperature of as-synthesized nanostars, nanostars functionalized with 4-ATP, and with 4-ATP and EpCAM aptamer.

based imaging offers the advantages of narrow Raman peak
width with no spectral overlap, minimal photobleaching, and
effective multiplexing, and has been shown to outperform
fluorescence.” SERS-based approaches employing tags have
recently demonstrated to be powerful tools for effective
identification of tumor margins in vivo and improved tumor
excision in murine models of glioblastoma and breast cancer.”’
SERS tags are composed of a plasmonic nanoparticle (NP) like
gold, Raman reporter molecules, and targeting moieties such as
antibodies, peptides, and aptamers. The presence of the
reporter near the plasmonic nanoparticle greatly enhances its
Raman signal. The shape of the NP influences its optical
properties and hence the brightness of the tag; in particular,
nanoparticles presenting edges and corners have been shown
to lead to the highest near-field enhancements and thus to the
highest sensitivities.” Gold nanostars, particularly, have shown
excellent enhancement factors with ultrasensitivity that can
enable single molecule detection.'” The highly specific
recognition enabled by SERS tags is provided via the use of
aptamers or antibodies. Aptamers are a new class of targeting
moieties and are single-stranded DNA or RNA molecules
isolated through SELEX (Systematic Evolution of Ligands by
Exponential enrichment).'”'* Their ease of synthesis and
manipulation with different functional groups'® enables
targeting a wide range of biomarkers with high affinity owing
to their ability to fold into secondary and tertiary structures.
They offer advantages of low immunogenicity, long-term

stability both in solution and as a dry powder, and rapid tissue
penetration.'*~"”

In this study, we developed a SERS-based biosensor,
comprising gold nanostars and EpCAM aptamers that enabled
us to detect small changes in the concentration of soluble
EpCAM protein and in the expression of EpCAM in individual
cancer cells with high sensitivity and selectivity. For this
purpose, we initially used a 48 base pair (bp) EpCAM DNA
aptamer, SYL3C, that was developed by Song et al.'® for a
variety of cancer cells expressing EpCAM on their surface. The
biosensor was developed by functionalizing substrates with
gold nanostars and EpCAM aptamer molecules. Varying
concentrations of EpCAM protein were added, and their
SERS response was measured by adding SERS tags comprising
the Raman reporter (4-aminothiophenol, 4-ATP) and the
EpCAM aptamer in a sandwich fashion. Detailed character-
ization of the substrates was carried out using SERS maps,
atomic force microscopy (AFM), and scanning electron
microscopy (SEM). SERS tags were characterized using
dynamic light scattering (DLS), zeta potential, and trans-
mission electron microscopy (TEM). In order to improve the
sensitivity of the assay, the substrates were also tested with a
shorter 17-bp EpCAM aptamer, EpA, developed by Macdonald
et al, which was suggested to provide improved target
recognition and binding.'” The substrates with the shorter
aptamer were characterized in a similar manner. Most of the
aptamers against cancer biomarkers are developed in cells and
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are used to detect membrane-embedded biomarkers. Fur-
thermore, due to the substantially more limited application of
aptamers in bioassays or cell studies, a significantly lower pool
of aptamers is available on the market for the development of
suitable assays for early disease detection. Thus, we were
interested in determining whether these aptamers could be
used to detect both soluble and membrane-embedded
proteins. Membrane-embedded protein markers, because of
their position across the phospholipid bilayer, necessarily
possess an epitope presentation that is different from that of
their soluble counterparts, thus the use of aptamers developed
via cell- SELEX to detect soluble proteins might not necessarily
lead to the sensitive detection of soluble EpCAM (and vice
versa). For these reasons, we wanted to first assess the
effectiveness of this cell-based EpCAM aptamer for the
detection of low concentrations of soluble EpCAM proteins
in solution. Upon verification that changes in epitope
presentation due to steric hindrance and/or interactions with
the surrounding environment do not substantially alter
aptamer-target recognition and binding, we employed the
assay to detect and capture cancer cells with varying EpCAM
expression levels. Because steric hindrance (i.e., protein density
and/or clustering on the cell membrane) appears not to affect
recognition, we hypothesized that the aptamer-EpCAM
binding affinity is not altered among cells with low or high
expression levels hence enabling us to quantify the expression
levels of this biomarker in individual cells regardless of their
EpCAM expression levels. Capturing cells on substrates and
quantifying the biomarker expression has potential implica-
tions for use in enrichment of circulating tumor cells, exosome
analysis, and personalized cancer treatment. Furthermore, it
promises to be effective in the identification of outliers in
populations of cells whose phenotype alterations might not be
detectable with population-level techniques such as flow
cytometry but might be important sentinels for early disease
detection. While targeting cancer cells with aptamers uniquely
selected to recognize membrane-expressed biomarkers is not
an approach unique to us,’”*' and although one previous
report has shown that SERS can detect prostate cancer cells
with high sensitivity using aptamers, our platform can quantify
biomarker density in individual cells after effective capture and
enrichment on the substrate enabled by truncated aptamers. In
particular, by targeting EpCAM and monitoring slight
variations in its expression, our approach could be
implemented to follow quantitatively the evolution of cancer-
ous tissues in real time. In particular, it could be important to
follow their phenotype as they progress into metastatic lesions
via epithelial-to-mesenchymal transition (EMT), in which
EpCAM is down-regulated and markers of mesenchymal
nature are overexpressed.

B MATERIALS AND METHODS

Nanoparticle Synthesis. Gold nanostars were synthesized
according to a modified version of the surfactant-free nanostar
synthesis described by Yuan et al.”* Briefly, 2 mL of HAuCl,
salt solution (0.025 M) and 200 uL of 1 N HCl were added to
48 mL of Milli-Q water. A total of 125 uL of 12 nm citrate-
capped spheres (A = 2.81) was then added to the mixture and
mixed thoroughly by stirring. Then, 1 mL of 100 mM ascorbic
acid and 2 mL of 3 mM AgNO; were simultaneously added to
the above mixture. The reaction was carried out for 7 min
under gentle stirring and then purified by centrifugation at
4000g for 10 min.

Table 1. Zeta Potential Values (mV) of Gold Nanostars
Observed after Functionalization with 4-ATP and EpCAM
Aptamer”

NP zeta potential (mV)
NS in water —-373 + 04
NS-4-ATP in water 51.8 + 0.1
NS-4-ATP in PBS 9.7 +£ 0.3
NS-4-ATP-Aptamer -153 £ 0.1

“Results are shown as mean + standard deviation with n = 3 readings
for each sample.
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Figure 2. SERS spectra of 4-ATP coated nanostars and 4-ATP and
EpCAM aptamer coated nanostars. Despite the introduction of
additional peaks after functionalization with the thiolated aptamer, the
peak at 1076 cm™" is still dominant.

Table 2. SERS Peak Assignments for 4-Aminothiophenol
between 500 and 2000 cm™'*

SERS peaks peak assignment
1614 SNH
1568 vCC
1495 vCC+6CH
1430 vCC+6CH
1387 SCH+ vCC
1298 vCC+6CH
1182 S6CH
1134 S6CH
1076 vCS
1004 yCC+yCCC
914 nCH
713 nCH+7CS+7xCC

“The symbols &, v, and 7 correspond to bending, stretching, and
wagging modes, respectively.

Preparation of SERS Tags. The thiolated EpCAM
aptamer SYL3C (48-bp) developed by Song et al.'® [5'-HS-
(CH,)¢ CAC TAC AGA GGT TGC GTC TGT CCC ACG
TTG TCA TGG GGG GTT GGC CTG-Rhodamine Red-3’,
Integrated DNA Technologies Inc.] was dissolved at 1 uM
concentration in binding buffer (1X PBS, pH 7.4 with 4.5 g/L
glucose and S mM MgCl,) and treated with 50 mM Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP; Sigma-Al-
drich) solution for 30 min at room temperature to eliminate
disulfide bonds. A truncated SYL3C aptamer sequence (17-
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Scheme 1. Schematic Representation of the Sequence of Steps Followed To Carry out the Assay
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“Glass substrates, gold nanostars, EpCAM aptamer, mercaptohexanol, EpCAM protein, and 4-aminothiophenol are not drawn to scale.

Figure 3. Scanning electron micrographs (SEM) of the substrate show uniform distribution of gold nanostars on its surface (A), with retained
nanoparticle morphology (B). Slight reshaping is often induced by the electron beam. Scale bars are 1 ym in (A) and 200 nm in (B).

bp), EpA [$'-HS-(CH,)-ACA GAG GTT GCG TCT GT-6-
FAM-3’, Integrated DNA Technologies Inc.], developed by
Macdonald et al,"” was also tested. For the preparation of
SERS tags, the gold nanostars synthesized above were allowed
to react for an additional 30 min with 1 mL of 50 mM solution
of 4-aminothiophenol (Sigma-Aldrich). The nanoparticles
were washed twice in water and resuspended at a final
concentration of 3 nM in 1X PBS. 500 uL of the 3 nM
nanostars was then allowed to react with 100 uL of 2 mg/mL
sulfo-SMCC (Thermo Fisher) for 30 min. The nanoparticles
were washed thoroughly and resuspended in 500 uL of 1X
PBS. To this, 1 uM final concentration of EpCAM aptamer
was added and allowed to react for 30 min. The SERS tags
were washed twice and resuspended in the binding buffer.

Substrate Preparation. Glass microscope slides (Fisher
Scientific; Plain microscope slides) were cut into approx-
imately 0.5 cm X 1 cm sized substrates. They were rinsed
thoroughly and sonicated for a few minutes in acetone and
Milli-Q water. Following this step, they were immersed in a 2%
solution of 3-aminopropyltriethoxysilane (APTES) for 20 min
at room temperature. Afterward, they were placed in an oven
set to 110 °C for 1 h. The substrates were then immersed in a
0.3% solution of bovine serum albumin (BSA) for 1 h
following which they were washed thoroughly with Milli-Q
water and left to dry overnight.

Surface Functionalization. The APTES functionalized
substrates were incubated with a 3 nM gold nanostar solution
for 1 h under gentle stirring. They were washed three times
with Milli-Q water. Subsequently, the thiolated EpCAM
aptamer at 1 pM concentration was deposited on the
substrates and allowed to bind overnight. The substrates
were then washed three times with Milli-Q water and
incubated in a 1 mM 50% ethanolic solution of 6-

mercaptohexanol (MCH) for 1 h. They were then washed
three times with water and incubated with 40 uL of the desired
concentration (10 pM to 3 uM concentration, prepared in
binding buffer) of EpCAM protein (Thermo Fisher) for 1 h.
They were then washed thoroughly and allowed to react with
SERS tags for 1 h. The substrates were washed thoroughly to
remove any unbound tags and allowed to dry before analyzing
their SERS activity. The same procedure was repeated with
BSA and fibrinogen as control proteins.

Characterization of NPs and SERS Tags. The function-
alized nanoparticles were sonicated and redispersed prior to
taking the measurements. The UV—vis spectra were recorded
on an SI Photonics Model 440 spectrophotometer. The
morphology of nanostars and SERS tags was evaluated using a
Philips CM12 transmission electron microscope, and the size
information was extracted using the Image]J software. DLS and
zeta potential measurements were performed using a Malvern
Zetasizer Nano-ZS instrument. Three sequential measure-
ments were performed for the experiments using water and 1X
PBS diluent parameters with flow cell configuration. The zeta
potential data were fit using Smoluchowski’s theory.

Substrate Characterization. Noncontact mode AFM
measurements were carried out with a Park systems NX10
AFM using a noncontact cantilever (PPP-NCHR, Park
Systems) that had a force constant of 42 N/m (specific
range: 10—130) and a resonant frequency of 330 kHz (specific
range: 204—497). Scanning electron microscopy (SEM)
images were collected using a Zeiss Sigma Field Emission
SEM (Model 8100). All SERS measurements were carried out
using a Renishaw in Via Raman microscope. The spectra were
obtained with a 785 nm diode laser at a laser power of 0.17
mW using a data acquisition time of 10 s, single accumulation
under a 50X objective. For each of the substrates, three maps
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Figure 4. Topography and height profiles of the substrate at various functionalization steps collected via atomic force microscopy (AFM). (a)
Substrate with nanostars only (h = 126 nm), (b) substrate with nanostars functionalized with EpCAM aptamer (h = 134 nm), (c) substrate with
EpCAM-functionalized nanostars after addition of 6-mercaptohexanol (MCH) (h = 168 nm), (d) substrate with EpCAM- and MCH-
functionalized nanostars after addition of EpCAM protein (h = 182 nm), and (e) after addition of SERS tags (h = 208 nm). A clear increase in the
height profile can be observed at each stage. Height increase between steps C and D is a consequence of aptamer folding from its extended
conformation in the self-assembled monolayer after recognition of the target protein.

of § X 5 um” sized areas were chosen at random places of the
sample. The areas were raster-scanned with a 1 ym step size.
The final SERS spectra shown are averages of the three maps
obtained. The intensity of a Si peak at 521 cm™" was used as an
internal reference. The limit of detection (LOD) for the
protein and cell assays was calculated by ensuring that the
SERS intensity peaks at the lowest concentration were three
times higher than the intensities observed with the negative
control samples.

Cell Culture. In this work, prostate cancer cells, PC-3, and
breast cancer cells, MCF-7, were used as the target cell lines.
Cervical cancer cells, HeLa, were used as an EpCAM-negative
cell line. PC-3 cells were cultured in RPMI 1640 Media
(Sigma-Aldrich) that was supplemented with 10% Fetal Bovine
Serum (Gibco, Thermo Fisher Scientific), while MCF-7 cells

and HeLa cells were cultured in Dulbecco’s modified Eagle
medium (Sigma) that was supplemented with 10% (v/v) Fetal
Bovine Serum and 1% (v/v) penicillin-streptomycin (Thermo
Fisher). Cells were grown at 37 °C with 5% CO,. After
reaching 70—80% confluency, the cells were trypsinized and
resuspended in fresh media. For substrate capture experiments,
the appropriate number of cells were counted and resuspended
in S0 puL of 1X PBS and loaded onto the cell-capture
substrates. After incubation at 37 °C for 1 h, the substrates
were washed gently with 1X PBS. The captured cells were then
allowed to react with SERS tags for another 1 h at 37 °C. The
substrates were then washed thoroughly to remove unbound
tags and fixed with 4% paraformaldehyde in PBS for 10 min.
The captured cells on the substrate were then counted
manually and detected by SERS measurements.
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Figure S. SERS spectra collected on the substrates after exposure to increasing concentrations of EpCAM. (A) and (C) show the SERS spectra for
protein capture carried out with the 48-bp and the 17-bp EpCAM aptamers, respectively. (B) and (D) show the intensity variation of the 1076
cm™" peak with respect to the EpCAM protein concentration (log (nM)), for the 48-bp and 17-bp aptamers, respectively. Inset figures show the

linear dynamic range regime.
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Figure 6. Assessment of assay selectivity. SERS spectra collected in
the presence of 500 nM EpCAM and two control proteins, BSA and
fibrinogen, in addition to the control without protein. The peak at ca.
1400 cm ™" is due to the interference of the glass substrate.

Flow Cytometry. After reaching 70—80% confluency, the
three cell lines were dissociated with trypsin, washed, and

resuspended in 1X PBS. They were then stained with anti-
human EpCAM/TROP-1 PE conjugated antibody (R&D
Systems) for 30 min at room temperature in the dark.
Controls for the experiment contained unstained cells and
isotype control cells that were stained with mouse IgG2B PE-
conjugated antibody (R&D Systems). FACS analysis on the
samples was carried out using a Beckman Coulter Gallios Flow
Cytometry instrument, and the results were analyzed using
Kaluza software.

NP and SERS Tags Synthesis. Gold nanostars were
synthesized according to a modified version of the reported
surfactant-free nanostar synthesis method”> and were charac-
terized by a localized surface plasmon resonance (LSPR) band
centered at 745 nm. The morphology and size of all the
particles were verified using TEM, as seen in Figure 1. TEM
micrographs (Figure 1A and 1B) showed that the nanostars
possessed a spherical core with a large number of sharp
protruding spikes. The average tip-to-tip distance was
measured to be 100.4 + 24.4 nm.

The nanostars were then functionalized with 4-amino-
thiophenol (4-ATP) and the thiolated EpCAM aptamer via
coupling reactions mediated by sulfo-SMCC (succinimidyl 4-
[N-maleimidomethyl]cyclohexane-1-carboxylate). Sulfo-
SMCC is a heterobifunctional cross-linker that contains N-
hydroxysuccinimide (NHS-ester) and maleimide groups that

DOI: 10.1021/acs.bioconjchem.8b00397
Bioconjugate Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.bioconjchem.8b00397

Bioconjugate Chemistry

A 80 B 100 c -
[CIMCF-7 Unstained [PC3 Unstained 100 CJHela unstained
MCF-7 Isotype 50 PC3 Isotype Hela Isotype
60- [CIMCF-7 EPCAM [IPc3 EPCAM 80- [JHela EPCAM
= o 607 E 0
c c .
3 40 = 3
S S S
407 40+
20
20 20
0- 0 T Y T 0 T T T
10° 104 10° 106 103 104 10° 106 10° 104 10° 10°
FL2 INT FL2 INT FL2 INT

Figure 7. Flow cytometry results showing that MCF-7 and PC-3 cells are EpCAM positive cells, while HeLa are EpCAM negative cells.
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PC-3, on the SERS substrates.

allow covalent conjugation to amine and sulthydryl-containing
molecules. The NHS-ester reacts with the primary amine of 4-
ATP to form an amide bond, while the maleimide reacts with
the thiol group on the EpCAM aptamer to form a stable
thioether bond. TEM micrographs of the functionalized
nanostars show that the sharp morphology of the particle is
retained, thus ensuring that they will still be viable as SERS
enhancing platforms (Figure 1B).

After surface functionalization, the nanostars showed an
increase in size and a slight red shift in the LSPR position
(Figure 1C). Because the position of the LSPR is dependent
on the dielectric function of the attached ligand,23 a shift
indicates successful surface functionalization. In UV—vis
spectroscopy experiments, the surfactant-free nanostars
showed an LSPR around 745 nm that red-shifted to 773 nm
upon addition of 4-ATP. Addition of the thiolated EpCAM
aptamer caused a further red-shift to 787 nm. Furthermore,
TEM micrographs shown in Figure 1B revealed an increase in
the average size of the nanostars from 1004 + 24.4 nm
(surfactant free stars) to 123.1 & 16.3 nm for 4-ATP-EpCAM
aptamer coated stars. This increase of 22.7 nm is consistent
with the expected size contribution of the added 4-ATP
reporter, SMCC, and the 48 bp EpCAM aptamer with its
hairpin structure. In addition, dynamic light scattering (DLS)
results (Figure 1D) also showed an increase in the hydro-

dynamic diameter of nanostars from 106.3 + 0.4 nm to 119.1
+ 0.6 nm for 4-ATP coated nanostars and 140.6 + 2.1 nm for
nanostars functionalized with both 4-ATP and EpCAM
aptamer. Aggregation of particles was observed after the
synthesis of the SERS tags, as shown in Figure S3. The SERS
tags were sonicated before each measurement to minimize ag-
gregation.

The surface ligand exchange was further confirmed by a shift
of { potential of the colloidal nanoparticles measured by the
Zetasizer. The { potential is a measure of the electrophoretic
mobility or net charge of nanoparticles. The results of the
surface charges of the nanostars have been summarized in
Table 1. We observed a shift in { potential from —37.3 + 0.4
mV to 51.8 + 0.1 mV after addition of 4-ATP to surfactant-free
stars. The nanostars were then resuspended in 1X PBS at pH
7.4, at which point they displayed a surface charge of 9.7 + 0.3
mV that then decreased to —15.3 + 0.1 mV upon successful
binding to the negatively charged thiolated EpCAM aptamer.
The results seen were consistent with the expected charge
contributions of 4-ATP and negatively charged DNA aptamer.

The addition of aptamer to the SERS tags was also
confirmed using SERS. A solution of nanostars with 4-ATP
and nanostars with 4-ATP and SYL3C aptamer was drop-
casted onto a glass slide. The SERS measurements from each
of the samples (average of three S ym X S pm maps) are
shown in Figure 2. The SERS spectra of 4-ATP on nanostars
showed strong peaks at 1076, 1182, 1387, 1430, and 1568
cm™". These peaks were assigned to vCS, 5CH, SCH+vCC,
vCC+6CH, and vCC respectively.24_26 Upon addition of the
aptamer to the 4-ATP functionalized nanostars, the peaks at
1136, 1382, and 1426 cm™" shifted by less than 5 cm™ and
reduced in intensity indicating successful binding of the
aptamer. The intense peak at 1076 cm™, corresponding to the
stretching band of C—S bonds in 4-ATP molecules, was still
prominent after aptamer addition and was therefore chosen for
concentration studies with soluble EpCAM protein. All the
SERS peak assignments for 4-ATP have been summarized in
Table 2.

Substrate Preparation. The overall procedure for the
design of the substrate to capture EpCAM protein is shown in
Scheme 1. The first step after silanization of the glass slides is
the addition of gold nanostars. We chose a concentration of 3
nM which ensured a uniform nanostar distribution without
substantial clustering. The distribution of unmodified nano-
stars on the surface of the substrate was visualized by scanning
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Figure 9. Quantification of MCF-7 (A, B) and PC-3 (C, D) cells using the described assay. By monitoring the intensity of the 1076 cm™" peak (A),
it can be observed how the SERS response increases with the number of MCF-7 cells between the wavenumbers 500 and 2000 cm™ (B). A similar
dependence is observed between the intensity of the 1076 cm™ peak and the number of PC-3 cells (C and D). The data were fit using a 3-

parameter logistic binding, as detailed in Figure S6.
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Figure 10. Assessment of assay selectivity on cells with different
membrane expression of EpCAM (MCF-7 and PC3) or with no
expressed EpCAM. A control spectrum without cells is also shown.

electron microscopy (SEM), as seen in Figure 3. The second
step in the substrate preparation was the in situ functionaliza-
tion with the suitable aptamer. We chose a 48 bp SYL3C
sequence against EpCAM, which is a trihairpin structured
sequence with strong binding affinity and selectivity against
cancer cells expressing EpCAM (Figure S1)."® The aptamer
sequence was designed to possess a thiol group to enable
binding to the surface of the gold nanostars. In order to
optimize aptamer-protein recognition while avoiding non-
specific binding, the substrate was backfilled with 6-
mercaptohexanol (MCH). The presence of MCH prevents
nonspecific adsorption of the aptamer to the gold surface and
improves the binding efficiency of the aptamer to its target.”’
The substrates were later incubated with varying concen-
trations of EpCAM protein that was prepared in the binding
buffer specific for this aptamer-target pair (1X PBS, pH 7.4
with 4.5 g/L glucose and S mM MgCl,) and allowed to
interact. The final step in the substrate preparation was the
addition of SERS tags to identify and localize aptamer-protein
binding events.
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MCE-7 cells, as expected.

AFM Measurements. Atomic force microscopy (AFM)
measurements (S X S um® area) were carried out on the
substrates to analyze surface features emerging and/or
disappearing at each step of the substrate preparation. The
images in Figure 4 provide an overview of distribution and
binding of each reagent on the developed substrates and show
the height profile at each functionalization step. Figure 4A
shows the first step after addition of gold nanostars to a glass
slide. At this stage, the substrates show an average height of
126 nm which is consistent with the size of nanostars measured
via TEM. Thiolated EpCAM aptamers at 1 #M concentration
were then deposited onto the substrate (Figure 4B), which
showed an average height increase of 8 nm. This height could
correspond to the presence of several aptamer strands lying flat
on the surface of nanostars, possibly due to G-rich, ribbon-like
structures that might have formed as a result of the high GC
content (60.4%) in the aptamer sequence, as well as of
nonspecific adsorption of the nucleotide bases to the gold
surface.””*® Therefore, we determined that a spacer such as
MCH was necessary to remove nonspecific binding and evenly
distribute the aptamer across the substrate to improve target
binding and identification. Upon addition of MCH, a
redistribution of the aptamer strands was observed, as seen
in Figure 4C. As expected, the addition of MCH eliminates
nonspecific adsorption of the aptamer on the gold nanoparticle
surface®’ resulting in a height change of 34 nm, which
corresponds to the length of the aptamer (inclusive of the C6
spacer and the rhodamine red dye) in its extended form. The
substrates were then treated with 500 nM EpCAM protein
(Figure 4D), which caused an increase in height to 182 nm.
The observed 14 nm increase in height is likely due to the
capture of two protein molecules on the surface of nanostars.
Finally, SERS tags were added to the substrate (Figure 4E).
The areas where the SERS tags recognized and bonded the
protein showed a height of 208 nm, while the rest of the
substrates did not see a change in height. In the last two steps,
we observed that the binding of the protein to the aptamer on
the substrates was uneven, implying that the recognition of the
target by the aptamer sequence could be different when
occurring on a substrate, as opposed to when both the aptamer
and the target are in suspension.

SERS Measurements. SERS measurements of different
concentrations of EpCAM protein recognized and captured by
the SYL3C aptamer were carried out on the prepared
substrates. From Figure §, it is evident that the SERS intensity
increased as the concentration of the soluble EpCAM protein
increased, as, in turn, more SERS tags were captured by
increasing amounts of protein recognized in the sandwich
assay. Control experiments ensured that the spectra obtained
from the substrates originated from the Raman reporter, 4-
ATP, only and that the EpCAM aptamer and the protein did
not contribute to any SERS peaks (Figure S4). Figure SB
shows the intensity of the characteristic Raman band of 4-ATP
at 1076 cm™' varying with the concentration of EpCAM
protein added to the substrates. Each data point represents the
average of three 5 ym X S pum maps collected randomly on
each substrate. Further analysis showed a linear correlation (R*
= 0.996) between SERS intensity and the log of the EpCAM
protein concentration in nM between the concentrations of
500 nM and 3 M with a calibration curve characterized by the
equation y = 19738.91 + 3092.87x.

In order to test the selectivity of the EpCAM aptamer, we
chose two control proteins, bovine serum albumin (BSA) and
fibrinogen, at a concentration of 500 nM each. The SERS
intensity obtained from the substrates of each of the control
proteins was then compared to the intensity of EpCAM
protein at 500 nM (Figure 6). Both control proteins showed a
much lower intensity at the characteristic peak of 1076 cm™
when compared to the EpCAM protein at the same
concentration. These results indicate that the substrates
developed with the SYL3C EpCAM aptamer have specificity
only for EpCAM protein. The limit of detection for the assay
was found to be at a concentration where the SERS intensity
values at 1076 cm™" were at least three times higher than the
no-protein control group. For our protein assay using the
SYL3C EpCAM aptamer, the detection limit was found to be
between 100 nM and 500 nM. We wondered if the structure of
the hairpin loops formed by the aptamer at the incubation
temperature (room temperature) played a role in its sensitivity.
Using the OligoAnalyzer 3.1 tool (Integrated DNA Tech-
nologies, Inc.), we found that 7 different configurations (Figure
S1) of the three hairpin loops are similarly favored energeti-
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cally at 25 °C, making it likely for them to be rapidly
interconverting. Since the recognition of the protein by the
aptamer depends on both conformational and electrostatic
interactions between oligonucleotide and target, it is likely that
the conformational conversions might impact effective target
recognition and binding, thus affecting assay sensitivity. In
order to reduce the possible configurations at the incubation
temperature, and thus improve the sensitivity of the assay, we
used a truncated aptamer sequence that was developed from
the SYL3C sequence. The shorter 17 bp EpA aptamer has a
single hairpin loop with only 2 possible secondary config-
urations at 25 °C, which reduces the possibility of conforma-
tional changes at room temperature hence increasing
sensitivity. The shorter aptamer was found to lead to higher
assay sensitivity when compared to the longer SYL3C EpCAM
aptamer.” We tested the binding affinity of the shorter EpA
aptamer sequence using different concentrations of EpCAM
protein (500 nM to 10 pM) and determined two dissociation
constants (kp; = 0.02 nM and kp, = 48.78 nM) for the 10
pM—1 nM and 1 nM-500 nM concentration regimes,
respectively, using a 3-parameter logistic binding model (see
Figure S5), recommended to fit data from ELISA assays.”” We
found that at the two highest concentrations, the SERS
intensities obtained with the shorter EpA aptamer (Figure SC)
were found to be 3-fold higher at 1 uM and 5.7 times higher at
500 nM protein concentration when compared to the SYL3C
aptamer in the same conditions. In addition to higher
intensities, the shorter EpA aptamer sequence exposed to 1
UM EpCAM protein showed additional peaks at 1229, 1276,
1633, and 1707 cm ™', which we assigned to the SERS peaks of
6-FAM that is present at the 3’ terminus of the 17 bp aptamer
sequence (Figure S2). At this protein concentration, it could
be possible for the dye to interact differently with the active
metallic surface compared to what was observed at lower
concentrations of protein. Since SERS is a tensorial technique,
the conformation of the reporter molecule and its presentation
with respect to the metallic surface are important. Thus, the
additional peaks suggest that aptamer folding might depend
not only on the concentration and packing of the aptamer on
the metallic surface but also on its interaction with the target
protein. Like the SYL3C aptamer, the shorter aptamer
sequence also showed a linear correlation (R*> = 0.995)
between SERS intensity and the log of the EpCAM protein
concentration in nM (Figure SD) between the concentrations
of 10 pM and 500 nM with a calibration curve that is
represented by the equation y = 705.108 + 234.47x. The
lowest concentration of protein that we could detect with the
EpA-conjugated substrates was 10 pM. This detection limit
was chosen because the SERS intensity of the 1076 cm™" peak
was three times higher than the no-protein control. Because of
the improved sensitivity it enabled, the EpA aptamer was
chosen for further experiments in cancer cells.

For the cell capture experiments, we chose two EpCAM
positive cell lines, a breast cancer cell line, MCF-7 and a
prostate cancer cell line, PC-3. These cells were chosen
because of the different levels of EpCAM biomarker expressed
on their cell surfaces. In addition to these two EpCAM positive
cell lines, an EpCAM negative cell line, HeLa, was chosen as a
negative control. The surface expression of EpCAM on all
three cells was confirmed via flow cytometry. The results from
these experiments (Figure 7) confirmed that MCF-7 cells have
higher expression of EpCAM when compared to PC-3 cells
and that HeLa cells do not express the biomarker. However,

population-averaged results cannot provide the single-cell
insight that is necessary to pinpoint the presence of abnormal
cells, for instance cells that are undergoing epithelial to
mesenchymal transition, which are often encountered in very
low numbers. Thus, leveraging the promising results obtained
with the described nanostar-based assay, we ran a set of
experiments aimed at quantifying, at the single cell level, the
expression of specific cancer cell biomarkers.

Upon confirmation of expression of EpCAM on cell surfaces,
the desired numbers of MCF-7 and PC-3 cells (10 cells to
50,000 cells) were counted and resuspended in SO uL of 1X
PBS and loaded onto the substrates. After incubation at 37 °C
for 1 h, the substrates were washed and fixed. The capture
yields of cells between 10 and 5000 cells were then evaluated
by counting the captured cells under a bright field microscope
(Figure 8). For both cell lines, at low cell counts (10 cells), a
capture efficiency of around 40% was observed. Upon
increasing cell numbers, the capture efficiency increased, as
expected.’”®" Overall, slightly more MCF-7 cells were
captured when compared to PC-3 cells. This could be
attributed to the higher EpCAM expression seen on MCE-7
cells. Above a cell count of 5000 cells, the capture efficiency for
both cell lines was found to be greater than 60%. On the other
hand, a very low capture (0.067%) was seen with the EpCAM
negative cell line, HeLa, when 1000 cells were added to the
substrate.

The captured cells were then labeled with SERS tags for
SERS measurements. Both MCF-7 cells and PC-3 cells showed
an enhancement of the characteristic peak of 4-ATP at 1076
em™" (Figure 9) which increased linearly with increasing cell
numbers between 100 cells and 50,000 cells. The detection
limit with these substrates was found to be 10 cells, which was
calculated the same way as the protein assays. The absolute
SERS intensity values used for determining the limit of
detection of the protein and cell assays have been shown in
Table S1. Higher SERS intensities were observed with MCE-7
cells when compared to PC-3 cells, in agreement with flow
cytometry results. In addition, the substrates showed very low
SERS enhancement (Figure 10) at a concentration of 1000
cells with the EpCAM negative cells, HeLa, when compared to
the two positive cell lines at the same concentration.

In order to estimate the number of EpCAM molecules
present on the cancer cells, we calculated the number of
EpCAM molecules at different concentrations based on the
calibration curve reported in Figure S(D). The number of
molecules at each concentration was calculated using the
following equation:

(Concentration (M) x (6.023%10%*) X Volume of Protein Added (L))
/Surface Area of Substrate (pm?)

A linear correlation (R*> = 0.99677) was then observed
between the log of the number of protein molecules per ym?
area of the cell and the SERS intensity as shown in Figure
11(A). The relation was represented by the equation y = 78.16
+ 235.84x. Using this equation and the SERS intensity of
MCEF-7 and PC-3 cells observed at 1076 cm™, we calculated
the number of EpCAM molecules expressed by the two cell
types at the single cell level. The number density (per gm?) of
EpCAM molecules present on MCF-7 cells was found to be
4.8-fold higher than that of PC-3 cells (Figure 11(B)).
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B CONCLUSION

In conclusion, we developed a SERS-based substrate for the
recognition and quantification of EpCAM protein, both soluble
and cell membrane-embedded. By leveraging the field-
enhancing properties of gold nanostars and the improved
recognition and capture enabled by truncated aptamers
designed for cell-expressed EpCAM, we detected soluble
EpCAM with limits of detection of 10 pM, thus further proving
that aptamers designed using cell-SELEX approaches are
effective also for the recognition of soluble proteins. By
employing the same substrate, we demonstrated that
identification and quantification of biomarker expression can
be achieved at the single cell level, enabling one to discern
among cells with varying phenotype expression levels. This
capability allows one to foresee how our approach could be
relevant for early cancer detection or for monitoring the onset
of metastasis, for which the isolation of individual cells with
altered phenotype from populations of cells with uniform
biomarker expression is challenging, if not impossible, with
techniques such as flow cytometry. Although we have here
reported a study targeting EpCAM, it is easy to envision how
any biomarker of interest could be targeted, both individually
and in multiplex, by simply functionalizing the substrate and
the SERS tags with the appropriate aptamers. Importantly, this
diagnostic approach does not require protein labeling and,
owing to the enhancement capabilities of the nanostar-based
substrate, could be implemented with portable Raman
spectrometers, making its implementation in the clinic or at
bedside more likely to become a reality.
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