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Abstract
We describe an in vitro biomarker sensor based on immuno-silver nanomarbles (iSNMs) and the
nanoscattering spectrum imaging analysis system using localized surface plasmon resonance
(LSPR). In particular, highly monodisperse SNMs with large figures of merit are prepared, and
the sensing substrates are also fabricated using the nanoparticle adsorption method. The high
sensitivity of the LSPR sensor based on an SNM is confirmed using various solvents that have
different refractive indexes. For the sensitive and specific detection of epithelial cell adhesion
molecules (EpCAMs) expressed on cancer cells, the surface of the SNM is conjugated with an
anti-EpCAM aptamer, and molecular sensing for the EpCAM expression level is carried out
using whole cell lysates from various cancer cell lines. Collectively, we have developed a
biomarker-detectable LSPR sensor based on iSNMs, which allows for the sensitive and effective
detection of EpCAMs at both the single-cell and femto-molar level.

S Online supplementary data available from stacks.iop.org/NANO/27/185103/mmedia

Keywords: localized surface plasmon resonance, silver nanomarble, aptamer, cancer, single
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1. Introduction

In recent years, biomarkers have gained immense scientific
clinical value as well as interest in the practice of medicine,
and also emerged as potentially important diagnostic tools for
cancer and other diseases [1]. Because disease or cancer
heterogeneity might be inherent in biomarkers and evaluation
processes, it is important that their identification and quanti-
fication should proceed in various systematic ways [2–6].
Among the diverse methods, localized surface plasmon
resonance (LSPR)-based optical nanobiosensors are con-
sidered one of the most powerful tools in the fields of bio-
sensors and biotechnology [7–13]. LSPR possesses the

specific characteristics of metallic or metalized nanostructured
materials, such as noble metal nanoparticles, which can be
excited by irradiation with incident photons and is resonant
with the collective oscillations of conduction electrons at a
specific wavelength [14–17]. To fabricate a well-behaved
nanobiosensor based on LSPR for sensitive biomarker
detection, the following conditions must be present. First of
all, it is essential that the nanoparticles should be able to
generate LSPR, and also have a large-value figure of merit
(FOM). Moreover, it should be possible to make a substrate
that is composed of nanoparticles easily, and the nanoparticles
should be able to capture the target markers sensitively and
specifically. Finally, it should be possible to effectively
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immobilize the target markers on the surface of the nano-
particles. For the detection of cancer marker-protein, due to
them being a new class of aptamer, biomarker-specific apta-
mers in particular have attracted tremendous attention as
molecular probes. An aptamer is a single-stranded nucleic
acid (RNA or DNA) which has unique characteristics when
binding to its targets such as small molecules, proteins, and
cells with high specificity and selectivity [18–20]. Moreover,
there are other advantages for biomolecular detection using
aptamers, namely: high stability, low toxicity, low molecular
weight, easy and standardized synthesis, and rapid tissue
penetration. Furthermore, because aptamers can easily be
conjugated with other molecules, there are many aptamer
derivatives, such as aptamer dyes, aptamer drugs and aptamer
aptamers [21–23]. These features make aptamers ideal alter-
natives to antibodies for various applications, including
clinical diagnosis, therapy, and prognosis [24–26].

Herein, we have thus developed immuno-nano-
plasmonics composed of systemic aptamer-integrated
nanoprobes to measure and assess the sensing efficiency for
target biomarkers. Immuno-nanoplasmonics consist of uni-
form silver nanomarbles (SNMs) that are sequentially func-
tionalized with caffeic acid and chemisorbed epithelial cell
adhesion molecule (EpCAM)-specific aptamers (figure 1).
EpCAMs, also known as ESAs, are glycosylated, trans-
membrane proteins that are overexpressed in stem-like cancer
cells [27–29], so they are known to be ideal biomarkers for
cancer diagnosis, therapy, and prognosis [30–32]. For this
reason, the detection of EpCAMs is emerging as an important
issue in biomedical fields. SNMs have a larger FOM value
than other metal nanoparticles such as gold or copper
[17, 33], so the LSPR signal of an SNM has a tendency to
display high accuracy and precision as the refractive index
(RI) of the surrounding environment changes. To confirm the
sensing capability of immuno-nanoplasmonics regarding
specificity, selectivity, and stability for the biomarker, the
LSPR signal was measured and verified using whole cell
lysates obtained from various cancer cell lines. The four cell
lines have been selected according to their cellular molecular
characteristics that represent a more biologically relevant
basis for molecular medicine. These cancer cell lines can be
typically used for physiologically relevant cancer in vitro
models based on surface-receptors and protein expressions.
HEK293T cells derived from normal tissue-derived epithelial-
like cells have significant implications for experiments that
are used as control cells to compare with tumor-derived cell
lines (MCF7, MDA-MB-231, and HT1080 cells). Single-
nanoparticle scattering analysis by the nanoscattering spec-
trum imaging analysis (NSSIA) system was used in this
approach. Sensing with single nanoparticles has received
significant attention due to its ability to greatly increase the
sensitivity of analyte sensing, that is to say, the absolute
detection limit (numbers of analyte molecules per nano-
particle) is dramatically reduced [34]. Moreover, since only a
few nanoparticles need to be monitored at a time, the required
sample volume is significantly lower than for ensemble
methods. Using these properties, there have been several

demonstrations of bioimaging and biosensing on the scatter-
ing of a single nanoparticle [34–38].

2. Materials and methods

2.1. Materials

Diethylene glycol, sodium hydrosulfide, aqueous hydro-
chloric acid (37%), poly(vinyl pyrrolidone) (55 000 Da), sil-
ver trifluoroacetate, 3-aminopropyltriethoxysilane, and caffeic
acid were all purchased from Sigma-Aldrich.
N-hydroxysulfosuccinimide and 3-(3-dimethylaminopropyl)-
carbodiimide were obtained from Pierce. The 3′-amine-
modified anti-EpCAM DNA aptamer (5′-AGC GTC GAA
TAC CAC TAC AGA GGT TGC GTC TGT CCC ACG TTG
TCA TGG GGG GTT GGC CTG CTA ATG GAGC TCG
TGG TCA G-NH2-3′) was obtained from Aptamer Science
Inc. [20]. Dulbecco’s phosphate-buffered saline (PBS, 1M,
pH 7.4) was purchased from Welgene. All other chemicals
and reagents were of analytical grade. Ultrapure deionized
water (DW) was used for all synthesis processes. All glass-
ware used in the experiments was cleaned in freshly prepared
aqua regia solution and rinsed thoroughly in distilled water
before use.

2.2. Fabrication of immuno-nanoplasmonics based on silver
nanomarbles

Silver nanomarbles (SNMs), for the manufacturing of the
LSPR sensor substrate, were synthesized by using a polyol
reduction method with some modifications [39]. In detail,
5 ml of diethylene glycol in a 30 ml vial was heated to 150 °C
under gentle stirring. Sodium hydrosulfide (3 mM, 60 μl),
hydrochloride (3 mM, 500 μl), and poly(vinyl pyrrolidone)
(0.36 nM, 1.25 ml) were sequentially dropped into pre-heated
diethylene glycol. After further mixing for 2 min, a precursor
silver trifluoroacetate solution (282 mM, 0.4 ml) was added
and the vial was blocked for 30 min. To cease the inhomo-
geneous growth of the SNMs, the reaction solution was
quickly chilled. The synthesized SNMs were gathered and
purified by repeated centrifugation (15 000 rpm, 30 min). The
washed SNMs were dispersed in 5 ml of DW. The shape and
size of the synthesized SNMs were analyzed using trans-
mission electron microscopy (TEM, JSM1011, JEOL Ltd). In
addition, their absorbance spectrum was determined by a
UV–vis spectrophotometer (Lamda 25, Perkin Elmer).

The LSPR sensor substrate was fabricated using the
protocol of a previously published report [38]. A glass slide
(12 mm) was cleaned in piranha solution (3:1 H2SO4/30%
H2O2), thoroughly rinsed with DW three times and dried. To
prepare the immuno-nanoplasmonics, the neat slide was then
immersed in 5 ml of DW containing 100 μl of
3-aminopropyltriethoxysilane solution for 4 h. After the
reaction, the slide was rinsed with an excess of DW and
ethanol and dried. Subsequently, the aminated slide was
immersed in 100 μl of SNM solution (4.98 mg of Ag ml-1).
After 24 h, the SNM-coated slide was repeatedly rinsed with
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DW and was then immersed into a solution that contained
100 μl of 2 μM caffeic acid. To fabricate the anti-EpCAM
aptamer-conjugated SNM as an immuno-nanoplasmonic,
EDC (2.3 μmol), sulfo-NHS (2.4 μmol), and anti-EpCAM
DNA aptamer (1 μM, 100 μl) were reacted for 12 h and then
washed with PBS (1M, pH 7.4).

2.3. Nanoscattering spectrum imaging analysis (NSSIA)
system

All scattering spectroscopic measurements and imaging for
the optical nanoparticles were performed using a nanoscat-
tering spectrum imaging analysis (NSSIA) system based on
an inverted microscope (Axio Observer A1, Carl Zeiss)

equipped with an imaging spectrograph (Acton SP2500,
Princeton Instruments) and charge-coupled device (CCD)
detector (PIXIS400B, Princeton Instruments). A color CCD
camera (Thorlabs, DCU224C) was also attached to the front
port of the microscope to facilitate the identification and
alignment of the SNM. A dark field condenser
(NA=1.2–1.4) was used to illuminate the SNM and a
variable aperture 40× objective (NA=0.6–1.5) was used to
collect the light scattered by them. The method for the mea-
surement of the Rayleigh scattering spectra of a single SNM
has been described in previous studies [34, 40]. Briefly, the
spectrograph grating was placed in zero order and the
spectrograph entrance slit was opened to its maximum setting
in order to project a wide-field image onto the CCD detector.

Figure 1. Schematics for precise analysis of cancer biomarker based on immuno-nanoplasmonics (anti-EpCAM aptamer-conjugated silver
nanomarble) and the nanoscattering spectrum imaging analysis (NSSIA) system. (i) The extracted cancer proteins containing epithelial cell
adhesion molecules (EpCAMs) from target cancer cells are treated with immuno-SNMs (iSNMs) for LSPR-based protein sensing. (ii) Energy
grading of represented specific color from the LSPR signal by using NSSIA for the analysis of biomarker expressions.
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Next, one SNM was placed in the center of the field and the
entrance slit was closed to 20 μm. Then, the
spectrograph grating was rotated to disperse first-order dif-
fracted light onto the CCD detector. To ensure that only the
scattered light from a single nanoparticle was analyzed, the
region of interest was selected using CCD control software.
An adjacent empty region of the CCD detector with the same
dimensions was also collected in order to perform a back-
ground subtraction. Integration times varied depending on the
lamp intensity and the scattering strength of the SNM, but a
typical acquisition comprised of the accumulation of five
exposures, each 5 s in duration. Finally, the raw scattering
spectrum was normalized to correct for the lamp spectral
profile, spectrograph throughput, and efficiency of the CCD
detector. This was accomplished by dividing the raw spec-
trum by the lamp spectrum, which was obtained by increasing
the numerical aperture of the objective above 1.4.

2.4. Cell culture and EpCAM expression level analysis

All target cancer cell lines used in this study were obtained
from the American Type Culture Collection. The human
breast cancer cell line, MDA-MB-231 cells, were maintained
in RPMI1640 with 5% FBS, and the MCF7 cells were
maintained in DMEM with 10% FBS. HT1080 cells, the
human fibrosarcoma cell line, were cultured in MEM with
10% FBS, and the HEK293T cells, the human embryonic
kidney cell line, were cultured in DMEM with 10% FBS. For
the preparation of the whole cell lysates, the cells were rinsed
with PBS to remove residual media. 1×106 cells were
collected by centrifugation at 1100 rpm at room temperature
for 3 min. The pellets were washed with PBS and again
collected by centrifugation with the addition of 1 ml of 1×
radioimmunoprecipitation assay (RIPA) buffer immediately
after washing. The EpCAM expression level was analyzed
using flow cytometry (fluorescence-activated cell sorting,
FACS) and enzyme-linked immunosorbent assay (ELISA)
according to the standard procedures. In detail, the cells in the
experiments were dissociated using TrypLE Express
(GIBCO), washed with PBS and incubated in blocking
solution (1X PBS, 0.1% bovine serum albumin, 0.001%
sodium azide). The cells were then incubated with 1 μl
fluorescein isothiocyanate-conjugated anti-EpCAM anti-
bodies (ESA214, GeneTex) for 30 min at 4 °C according to
the manufacturer’s protocols prior to the FACS analyses.
Following incubation, the unattached antibodies were
removed by washing with a blocking solution and the cell
samples were fixed with 300 μl of 4% paraformaldehyde
(Biosesang). Flow cytometry was performed using BD
FACSCalibur (BD Bioscience) and the flow cytometric data
was gated and displayed using WinMDI 3.9. For the quan-
titative measurement of human EpCAMs in cell culture
supernatant, a commercial ELISA kit (ab155442, Abcam)
was used as instructed. 96–well ELISA plates were coated
with human EpCAMs (TROP1) with 50 ng standards and
samples/well for 2.5 h at room temperature by gentle shak-
ing. The wells were washed and biotinylated anti-human
EpCAM (TROP1) antibodies were added and incubated for

1 h at room temperature with gentle shaking. After washing
the unbound biotinylated antibodies, HRP-conjugated strep-
tavidins were added to the wells and incubated for 45 min at
room temperature with gentle shaking. The plate was re-
washed and incubated with a TMB substrate solution for
30 min at room temperature in the dark with gentle shaking
for the color to develop in proportion to the amount of
EpCAM bound. Finally, the stop solution changed color from
blue to yellow and was measured at 450 nm by a microplate
spectrophotometer (Epoch, BioTek, USA).

3. Results and discussion

To prepare the LSPR sensing substrate for the sensitive
detection of EpCAMs, the SNM was preferentially synthe-
sized using the polyol reduction method with some mod-
ifications [39, 41, 42]. The size and morphology of the SNM
was investigated using transmission electron microscopic
imaging (figure 2(a)). The absorbance spectrum was recorded
from an aqueous suspension of the SNMs (figure S1(a)), and
the color of the suspension was yellow. The spectrum had a
peak at 3.10 eV and the full width at half maximum (FWHM)
was 0.23 eV. The FWHM value of the SNM is exceedingly
low compared with nanoparticles composed of other materi-
als, such as gold (6.2–20.7 eV) and copper (3.8–10.3 eV)
[43, 44]. Because the small FWHM value correlates with the
high value of the FOM of the LSPR sensor, the obtained
0.23 eV of the FWHM value represents the precise sensing
potential for the NSSIA system. Subsequently, the SNM was
immobilized on an amine-modified glass slide, and the
attached SNM was observed via light scattering microscopic
images. As can be seen in figure 2(b), the immobilized SNM
on the aminated glass was observed as blue dots in the air due
to its optical properties—especially in absorbance and scat-
tering. In the absorbance spectrum of the SNM in figure S1(a)
there is a peak at about 3.10 eV, so the SNM-immobilized
glass substrate strongly absorbed light corresponding to
3.10 eV. Because the SNM absorbed light at 3.10 eV strongly,
it scattered light that had almost the same energy. Subse-
quently, the LSPR sensitivity of the local RI for the bare
SNM-attached glass substrate was investigated by the mea-
surement of the spectra for single-nanoparticles using various
dielectric media having a different RI, i.e. air: 1.00, water:
1.33, ethanol: 1.36, 1-propanol: 1.39, dimethylformaimde:
1.43 and chloroform: 1.49 (figure 2(c)). As the RI of the
surrounding dielectric media was increased, the peak energy
(Emax) of the scattering spectra was red-shifted. Moreover, the
sensitivity of the sensing substrate which contained the
attached SNMs also calculated the changes in the RI of the
surrounding dielectric media; the sensitivity of the sensing
substrate yielded 0.97 eV RI unit-1 (RIU) (figure 2(d)). We
also imaged the single SNM using light scattering micro-
scopic imaging, and the single SNM with a bluish-green color
in the microscopic image has a λmax at 2.48 eV (figure 2(e)).
After the sequential functionalization of the SNM with caffeic
acid and the aminated anti-EpCAM aptamer (as iSNM), the
peak of the scattering signal was red-shifted towards 2.38 eV

4

Nanotechnology 27 (2016) 185103 Y Hong et al



and the corresponding light scattering microscopic image
showed a bright green color. As a control experiment, the
scattering spectra were measured for iSNMs in deionized
water and in the cell lysis RIPA buffer, respectively
(figure 2(f); see also figures S1(b) and S1(c)). For both cases,
the scattering signals scarcely shifted, and the changes in
signals were negligible.

To investigate the sensing capability of iSNMs as
immuno-nanoplasmonics for the detection of the EpCAM
protein extracted from various live cancer cell lines (breast
cancer cell lines; MCF7 and MDA-MB-231, fibrosarcoma
cell line; HT1080 cells) and human embryonic kidney cell
line (HEK293T cells), the light scattering microscopic images
for the iSNMs treated with each whole cell lysate were
obtained using light scattering images. As mentioned earlier,
the four cell lines were selected according to their cellular

molecular characteristics. The bright green dots of non-treated
iSNMs in light scattering microscopic images turned yellow
for the treatment of the lysate from MCF7 cells. For a detailed
confirmation of the EpCAM detection capability of iSNMs,
high-magnification single-nanoparticle light scattering
microscopic images were investigated (figure 3(a)). Subse-
quently, the single-nanoparticle light scattering signals of the
iSNMs using the NSSIA system for the single iSNM
(n=100) were analyzed after the treatment of each cell
lysate (figures 3(b) and S2). The reference position for
figure 3(b) was derived from the original position of the
maximum peak of the iSNM treated with the RIPA buffer.
The following shift values of the LSPR signal for each cell
lysate were calculated from the original position of the iSNM
treated with the RIPA buffer. The MCF7 cells exhibited the
most significant LSPR signal shift (171.0±1.1 meV), fol-
lowed by the MDA-MB-231 (63.3±0.9 meV), HT1080
(15.2±2.4 meV), and HEK293T (0.5±0.4 nm) cells. The
heat map was depicted by using the obtained LSPR signals
(figure 3(c)). These results indicate that iSNMs are capable of
the detection of EpCAM protein without critical variations.
Finally, flow cytometry analysis was also carried out for
comparison with the measured LSPR signals (figures 3(d) and
S3). The expression levels of the EpCAMs from each cancer
cell line coincided with the results obtained by the LSPR
sensor based on the iSNMs. The correlation graph shown in
figure 3(d) can be divided into two subgroups, HEK293T to

Figure 2. (a) Transmission electron microscopic image of SNMs; the
scale bar is 100 nm. (b) Single-nanoparticle light scattering
microscopic image of SNMs attached to a glass slide; the scale bar is
10 μm. (c) Scattering spectra of a single SNM in various media. (d)
A plot describing the LSPR sensitivity of the single SNM and
revealing the linear relationship between the media refractive index
and the LSPR maximum energy, Emax (red circle) and FWHM plot
for single SNM under each medium (dark blue diamond). (e) Single-
nanoparticle light scattering spectra for single bare SNM (black) and
anti-EpCAM aptamer-conjugated SNM (iSNM, red). The insets
correspond to the single-nanoparticle light scattering microscopic
images of bare SNMs (upper) and iSNMs (lower). (f) Single-
nanoparticle light scattering spectra for iSNMs in DW (black) and in
RIPA buffer (dark blue), respectively.

Figure 3. (a) Single-nanoparticle light scattering microscopic images
of iSNMs treated with whole cancer cell lysates obtained from target
cancer cells (MCF7, MDA-MB-231, HT1080, and HEK293T,
respectively). (b) A histogram and (c) heat map for the shift of the
LSPR maximum energy, ΔEmax, which is derived from the original
peak position of the iSNMs in the RIPA buffer, for all of the cancer
cell lines (n=100). (d) Correlation graph between the LSPR energy
peak shift (ΔEmax) and EpCAM-expression cell fractions (%)
obtained by flow cytometry.
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MDA-MB-231 being the first part, and from MDA-MB-231
to MCF7 being the second part for the linear fitting lines.
Here, the ΔEmax obtained from the LSPR sensor of the single
iSNM was clearly distinguished at each EpCAM expression
level after the lysis of each cancer cell. However, flow
cytometry analysis basically detects the marker-expressing
cells using fluorescent targeting moiety binding with the cell
surface marker. These results suggest that our iSNM sensor
system can detect the expression level of a specific biomarker
that exists in a whole cell lysate.

In addition, iSNMs have considerable selectivity and
sensitivity for the EpCAM protein extracted from each cancer
cell. Furthermore, the limit-of- detection (LOD) of the iSNM
sensor system was studied for large LSPR signal cancer cell
lines (MCF7 cells). LOD tests for MCF7 cells demonstrate
that the combination of iSNMs and the NSSIA system can
detect target biomarkers, EpCAMs, at a single-cell level. The
ΔEmax value at a concentration of one cell per microliter (μl)
was 6.4 meV. Even so, the centesimal cellular concentration
(10−2 cell# μl−1) was remarkably differentiable based on the
measured LSPR spectrum of the iSNMs (figure 4(a)). For the
determination of the detection limit for EpCAM molecules
via iSNMs and the NSSIA system, the conventional quanti-
tative analysis of EpCAM amounts was preferentially pro-
cessed via enzyme-linked immunosorbent assay (ELISA).
The EpCAM amount in one MCF7 cell was measured with
0.23 pg and a molar amount of EpCAM (34 932 Da) was
calculated with 6.7 atto moles per one cell. As shown in
figure 4(b), in particular, in the case of the 10−2 cell # μl−1

condition, detection corresponds to 67 fM of the EpCAM
proteins, respectively. From the measured values from the
ELISA and NSSIA system, the latter can detect the expression
levels of specific proteins, such as EpCAMs, at the femto-
molar level for single-cell levels.

4. Conclusions

In conclusion, we have developed a systemic LSPR sensor
composed of SNMs modified with an EpCAM-specific
aptamer, and the NSSIA system for sensitive biomarker

detection. The SNMs synthesized using the polyol method
have a large FOM value, so the changes in the LSPR signal
by the variation of RI can be well measured and modified
with biomarker-capturing aptamers using a simple bioconju-
gation chemistry as ‘immuno-nanoplasmonics’. In particular,
the NSSIA system for single-nanoparticle spectrum analysis
has successfully been used as a method for maximizing LSPR
sensitivity for target cancer biomolecular detection in a single
cell, that is to say, at femto-molar levels for EpCAM proteins.
Using this integrative LSPR sensor system, we have classified
the various cancer cell lines against the expression level of
EpCAM proteins. Collectively, we have verified the sensing
capability for the specific and sensitive detection of bio-
markers—the EpCAM protein that exists within stem-like
cancer cells—using an iSNM-based LSPR sensor system on
whole lysates obtained from cancer cells.
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