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Abstract The detection and identification of epidermal
growth factor receptor 2 (HER2)-positive breast cancer
cells is crucial for the clinic therapy of breast cancer. For
the aim of the detection, a novel surface-enhanced
Raman scattering (SERS) probe for distinguishing breast
cancers at different HER2 statuses is reported in this
paper. In such a probe, anti-HER2 antibody-conjugated
silver nanoparticles have been synthesized for specific
targeting of HER2-positive breast cancer cells. More
importantly, different from the previously reported SERS
probe for targeting cancer cells, p-mercaptobenzoic acid
is utilized as both the Raman reporter and the conjugation
agent for attaching antibody molecules, which leads to a
much simplified structure. For investigating the ability of
such a probe to distinguish breast cancer cells, SKBR3
and MCF7 cells were chosen as two model systems, which
are HER2-positive- and HER2-negative-expressing cells,
respectively. The experimental results reveal that
SKBR3 cells exhibit much stronger SERS signals than
MCF7 cells, indicating that the probe could be utilized
to distinguish breast cancer cells at different HER2
statuses. This kind of SERS probe holds a potential for
a direct detection of living breast cancer cells with the
advantages of easy fabrication, high SERS sensitivity,
and biocompatibility.
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Introduction

Overexpression of human epidermal growth factor
receptor 2 (HER2), also known as a tyrosine kinase
transmembrane receptor, has been found in various
cancers including breast, ovarian, and lung cancers [1].
In the case of breast cancer, patients with a HER2-positive
status are generally associated with a worse prognosis and
a higher rate of disease recurrence compared with patients
with a HER2-negative status [2]. HER2 is an important
biomarker whose status plays a pivotal role in therapeutic
decision making for breast cancer patients and in deter-
mining their clinical outcomes [3]. For example, Hercep-
tin, an anti-breast cancer drug cleared by the US Food and
Drug Administration, inhibits the growth of HER2-
overproducing tumor cells and is well tolerated for
HER2-positive breast cancer patients. However, Herceptin
may cause cardiotoxicity for HER2-negative breast cancer
patients [4]. Thus, identifying the HER2 status of breast
cancer cells is of great clinical significance for breast
cancer therapies. Currently, the most commonly used
methods for assessing HER2 status are immunohisto-
chemistry and fluorescence in situ hybridization [5]. These
two methods suffer from several drawbacks such as being
relatively time-consuming and not suitable for the direct
detection of living cells or tissues.

Recently, surface-enhanced Raman scattering (SERS)
has attracted considerable interest as a promising tool in
bioanalysis due to its unique advantages such as resistance
to photobleaching, narrow spectral bands, and low detec-
tion concentrations [6–9]. Up to this date, several SERS
probes have been successfully demonstrated for targeting
cancer cells [10–16], including HER2-positive cancer cells
[10, 17–20]. For preparing SERS probes, Raman reporters
are usually being introduced onto gold or silver nano-
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particles, and the outer surfaces of the probes are
functionalized with the specific targeting biomolecules.
Among the previously reported SERS probes for targeting
cancer cells, the core/shell structure has been widely
employed. For example, Jun et al. [14] successfully
developed a multifunctional SERS probe for cancer cell
targeting and separation in which a silica shell was utilized
to coat the silver-embedded magnetic nanoparticles as well
as to conjugate the antibody molecules. Wang et al. [16]
demonstrated a SERS probe for detecting circulating tumor
cells using thiolated polyethylene glycol to improve the
stability of the probe.

Here, we develop a novel structure of SERS probe for
distinguishing breast cancer cells at different HER2
statuses. In such a structure, p-mercaptobenzoic acid
(pMBA) molecules are used as both the Raman reporter
for generating SERS signals and the conjugation agent for
attaching antibody molecules to silver nanoparticles. Spe-
cifically, pMBA grasps the silver nanoparticles through
thiol groups and conjugates with antibodies by forming the
stable amide bonds with the carboxyl groups. Thus, the
fabrication process of such a SERS probe is straightforward
because no shell is needed. For investigating the applica-
tions of the probe in targeting cancer cells, it was utilized to
distinguish breast cancer cells at two different HER2
statuses: the HER2-positive SKBR3 cells and the HER2-
negative MCF7 cells. The experimental results show that
SKBR3 cells exhibit much stronger SERS signals than
MCF7 cells, indicating that the SERS probe holds the

potential for distinguishing the HER2 status of different
kinds of breast cancer cells.

Experimental

Materials

Mouse anti-HER2 monoclonal antibody was purchased
from Fuzhou Maxim Biotech, Inc. Silver nitrate (AgNO3)
was obtained from Shanghai Shenbo Chemical Co., Ltd.
Trisodium citrate dehydrate was purchased from Shanghai
Heiwei Co., Ltd. pMBA was purchased from Sinopharm
Chemical Reagent Co., Ltd. 1-Ethyl-3-[3-dimethy-lamino-
propyl]carbodiimide hydrochloride (EDC) and N-hydrox-
ysuccinimide (NHS) were purchased from Shanghai
Jingchun Chemical reagent Co., Ltd. Water used in the
experiments was ultrapure deionized water (resistance,
18 MΩ cm−1).

Silver nanoparticle preparation

The Ag nanoparticles were prepared as described by Lee
and Meisel [21]. Briefly, AgNO3 solution (50 mL, 10 mM)
in 500 mL deionized water was boiled under continuous
stirring. Then, 10 mL of 1% sodium citrate was added. The
mixture was boiled with stirring for about 1 h. The final
prepared Ag nanoparticles were greenish yellow in color;
the nanoparticles were stored in the dark and aged for a

Scheme 1 Schematic illustration of antibody-conjugated SERS probe synthesis
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month. In this study, the Ag nanoparticles are from a single
batch of colloid.

Antibody-conjugated silver nanoprobe

A 10-mL solution of Ag nanoparticles was mixed with
pMBA solution (100 μL, 1 mM in ethanol) and then stirred
for 3 h. Afterwards, the solutions of EDC (50 μL, 10 mM)
and NHS (12.5 μL, 100 mM) were added into the pMBA-
coated silver nanoparticles. The carboxylic groups on the
particle surfaces were activated to form reactive NHS ester
intermediates. After 30 min of stirring, 10 μL of anti-HER2
monoclonal antibody was added into the carboxylic group-

activated silver nanoparticles and then stirred for another
4 h. The amine groups on the antibody molecules reacted
with the active ester groups on the silver nanoparticle
surfaces to form stable amide bonds. The antibody-
conjugated silver nanoparticles were further purified by
centrifugation at 6,000 rpm for 8 min. The supernatant
solution was removed and the precipitated particles redis-
persed in 10 mL deionized water.

Cell culture

SKBR3 breast cancer cells were purchased from the Cell
Bank of Type Culture Collection of the Chinese Academy

Fig. 1 Transmission electron microscope image (A), extinction spectra (B), and SERS spectrum (C) of the SERS probe. D Illustration of cell
targeting and SERS measurements
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of Sciences. MCF7 breast cancer cells were purchased from
Nanjing KeyGen Biotech. Co., Ltd. The SKBR3 and MCF7
cell lines were cultured in Dulbecco’s modified Eagle’s
media and 1640 media, respectively, under a humidified
atmosphere (5% CO2 plus 95% air) at 37 °C. Media were
supplemented with 10% fetal bovine serum (Biochrom) and
1% penicillin–streptomycin (Nanjing KeyGen Biotech. Co.,
Ltd.). In the proof-of-principle experiments, SKBR3 cells
were seeded into tissue culture dishes (Corning) and
incubated for 24 h; the culture medium was then replaced
by a culture medium containing pMBA and antibody-
conjugated SERS probe dispersion (3:1, v/v) and incubated
under different conditions. One is that SKBR3 cells were

incubated with the probe for 4 h at 4 °C and another is that
the SKBR3 cells were preblocked with free anti-HER2
monoclonal antibody molecules (10 μL) for 2h, and then,
the above HER2 receptor-preblocked SKBR3 cells were
incubated with the nanoprobe solution for 4 h at 37 °C. The
other is that the SKBR3 cells were incubated with the probe
for 4 h at 37 °C. To distinguish different breast cancer cells,
SKBR3 cells and MCF7 cells were seeded into tissue
culture dishes (Corning) and incubated for 24 h; the culture
medium was then replaced by a culture medium containing
pMBA and antibody-conjugated SERS probe dispersion
(3:1, v/v) and incubated for 5 h at 37 °C. For each
condition, one spectrum was collected in each cell, and the

Fig. 2 Left SERS spectra of the probe in living SKBR3 cells under
different conditions: incubated with nanoprobe for 4 h at 37 °C
(black); incubated with the probe at 4 °C for 4 h (blue); and
preblocked with free anti-HER2 antibody molecules for 2 h at 37 °C

and then incubated with the nanoprobe for 4 h at 37 °C (red). Right
SERS intensities of the bands at 1,077 cm−1 correspond to the left
figure

Fig. 3 Left SERS spectra of the probe in SKBR3 cells and in MCF7 cells. Right SERS intensities of the bands at 1,077 cm−1 correspond to the
left figure
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measured SERS spectra of 20 cells were used to obtain an
average SERS spectrum. For fluorescent imaging, 20 μL of
1 mM Rhodamine 123 solution was added into SKBR3
cells and MCF7 cells pre-cultured with probe (1 mL probe
solution to 3 mL culture medium) and without probe (3 mL
culture medium), respectively, and incubated for 10 min at
37 °C. For Raman imaging, SKBR3 cells and MCF7 cells
were cultured in the medium containing pMBA and
antibody-conjugated SERS probe dispersion (3:1, v/v) for
5 h at 37 °C. Before SERS and fluorescent imaging
experiments, the culture dishes were washed with PBS
three times.

Instruments and measurement

Extinction spectra were collected using a Shimadzu model
3600 UV–vis NIR scanning spectrophotometer over the
range from 300 to 700 nm. All the samples were loaded
into a 1-cm quartz cell for measurements. Transmission
electron microscopy (TEM) images characterizing the
morphology of the SERS probe were obtained using a
transmission electron microscope (Tecnai G2, Holland).

Fluorescent images were recorded by confocal microscopy
with a ×10 microscope objective. The SERS spectra were
measured at 632.8 nm excitation (2.3 mW at the sample),
and Rayleigh scattering light was removed by a holographic
notch filter. The Raman scattering light was recorded with a
×10 microscope objective and directed to an Andor
shamrock spectrograph equipped with CCD. All SERS
spectra reported here were the results of a single 30-s
accumulation.

Results and discussion

As illustrated in Scheme 1, unlike previous SERS probes
based on core/shell structures, our SERS probe uses pMBA
molecules as a bridge to link silver nanoparticles and
antibody molecules, resulting in a much simplified struc-
ture. In the previous reports, pMBA has been widely used
as a SERS reporter [22–25] due to its strong affinity to the
surfaces of silver nanoparticles and strong SERS signals. In
our presented SERS probes, pMBA molecules play a dual
role as the Raman reporter and the conjugation agent, with

Fig. 4 Raman and bright light
images of a single SKBR3 cell
(A, B) and a single MCF7 cell
(C, D)
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their thiol groups linking to the surfaces of silver nano-
particles and the carboxyl groups interacting with the amino
groups of the antibody molecules. The carboxyl groups of
the pMBA molecules can form stable amide bonds with the
antibody molecules under the participation of EDC and
NHS. Since it is not necessary to use the core/shell structure
to separate the layer of Raman reporters from that of the
targeting molecules, the fabrication protocol is simplified
and straightforward, which is very important for improving
the stability and reproducibility of a probe.

To prepare the SERS probe, silver nanoparticles with an
average diameter of about 50 nm were synthesized as the
Raman enhancement substrate, as shown in the TEM image
(Fig. 1A). These silver nanoparticles were then functional-
ized with pMBA molecules to introduce carboxyl groups
for conjugating with antibodies through amide reactions.
The successful conjugation of antibody molecules to the
surfaces of silver nanoparticles was confirmed by the thin
film (a few nanometers) formed on the surfaces of silver
nanoparticles. The extinction spectra of the pure silver
nanoparticles and the antibody-conjugated SERS probe
were shown in Fig. 1B. The spectrum of the pure silver
nanoparticles showed a maximum absorption at 416 nm
due to plasmon resonance. The antibody-conjugated SERS
probe showed a slight decrease of the maximum absorption
peak and a red shift of ~4 nm. By disturbing the citrate
layers of the silver nanoparticles, the antibody conjugation
process may lead to a slight aggregation, which is
responsible for the decrease and red shift of the surface

plasmon resonance band [26]. As reported previously, the
slight aggregation provides “hot spots” between silver
nanoparticles, which can increase the Raman signals of
the molecules adsorbed on the surfaces of silver or gold
nanoparticles [27, 28]. Moreover, our experimental results
show that the sight aggregates of silver nanoparticles can be
successfully internalized by living cells.

Figure 1C shows the SERS spectrum of the antibody-
conjugated SERS probe. The assignments of the Raman
modes for pMBA have been studied previously [23, 29].
The most prominent Raman modes of pMBA are the modes
at 1,077 and 1,586 cm−1, assigned to the ring breathing and
axial deformation modes of pMBA, respectively. The
prepared antibody-conjugated SERS probe was further
applied to in vitro studies.

In order to investigate how the antibody-conjugated
SERS probe can be internalized within HER2-
overexpressing cells, a competitive inhibition assay and a
low-temperature assay were performed. In these assays, the
breast cancer cell line SKBR3, expressing high levels of
HER2 receptors on the cell membranes, was used as model
cells. SKBR3 cells were incubated with the probe under
three different conditions: (1) incubated with the probe for
4 h at 37 °C; (2) preblocked with free anti-HER2 antibody
for 2 h and then incubated with the probe for 4 h at 37 °C,
as a competitive inhibition assay; and (3) incubated with the
probe for 4 h at 4 °C as a low-temperature assay. The
experimental results are shown in Fig. 2. It can be observed
that a stronger SERS signal was detected in the cells

Fig. 5 Fluorescent and bright light images of the SKBR3 (A, B) and MCF7 (E, F) cells after being incubated with the probe for 48 h and then
stained with Rhodamine 123. SKBR3 (C, D) and MCF7 (G, H) cells without the probe were stained with Rhodamine 123 as controls
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incubated with the probe at 37 °C than in the cells
incubated with the probe at 4 °C and those preblocked
with free anti-HER2 antibody. The results indicate that
more probe nanoparticles were internalized into SKBR3
cells under condition (1) than under conditions (2) and (3).

Receptor-mediated endocytosis is a process of specific
identification in which the cells internalize nanoparticles
through the inward budding of plasma membrane vesicles
containing proteins with receptor sites specific to the
molecules being internalized, as shown in Fig. 1D. In our
experiments, the distinct suppression effect observed in the
cells preblocked with the free anti-HER2 antibody indicates
that the uptake of the SERS probe is a HER2 receptor-
specific process. In addition, the receptor-mediated endo-
cytosis is energy- and temperature-dependent. A low
temperature might slow down the ligand–receptor binding
rate and lead to a decrease of the internalization of
nanoparticles. The decreased internalization amount of the
probe at 4 °C compared with that at 37 °C demonstrates
that the uptake of the probe by SKBR3 cells is an energy-
and temperature-dependent process. All of the above results
indicate that the SERS probe enters the SKBR3 cells
through a receptor-mediated endocytosis mechanism.

Finally, to validate the applicability of the SERS probe in
distinguishing breast cancer cells at different HER2
statuses, two breast cancer cells—SKBR3 cells and MCF7
cells—were chosen as model systems for the specific
targeting of surface receptors. SKBR3 cells have abundant
HER2 receptors on their surfaces, whereas MCF7 cells
express HER2 only on a moderate level [30, 31]. The two
cells were incubated with the SERS probe under the same
condition. Figure 3 shows the SERS spectra of the probe
after being incubated in SKBR3 cells and MCF7 cells for
5 h. The antibody-conjugated SERS probe showed a strong
targeting effect. The SERS intensities of SKBR3 cells were
about three to fourfold more than that of MCF7 cells.
Raman images of single SKBR3 cell and MCF7 cell, as
shown in Fig. 4, exhibit more SERS probe targets to
SKBR3 cell than that of MCF7 cell. The results indicate
that the antibody-conjugated SERS probe can sensitively
target the SKBR3 cells, which can be utilized to test the
HER2 status of breast cancer cells as well as to distinguish
breast cancer cells.

To verify the biocompatibility of the SERS probe, cell
proliferation was investigated using long-term fluorescence
image. In brief, the two breast cancer cells—SKBR3 cells
and MCF7 cells—were incubated with the SERS probe for
48 h at a high concentration as 1 mL probe solution to 3 mL
culture medium. Then, the cells were stained with Rhoda-
mine 123, a cell-permeant laser dye especially sequestered
by active mitochondria [32, 33]. The Rhodamine 123-
stained SKBR3 cells and MCF7 cells showed good
morphology after a long incubation time with the probe,

as shown in Fig. 5. Interestingly, both cell lines continued
to grow and divide after they took up a large number of the
probe nanoparticles. The results indicate that the SERS
probe does not show acute cytotoxicity at a rather high
concentration with an incubation time as long as 48 h.

Conclusions

A novel method based on SERS was developed for
targeting HER2-positive breast cancer cells using a SERS
probe with a simple structure. Such a method has the
advantages of easy fabrication, rapid measurement, and
high sensitivity for targeting HER2-overexpressed breast
cancer cells. Experimental results show that the SERS
probe is internalized into SKBR3 cells by a specific
receptor-mediated endocytosis. SKBR3 cells exhibited
much stronger SERS signals than MCF7 cells after being
incubated with the SERS probe under the same condition.
The obvious difference of SERS intensity detected from the
two kinds of cells can be utilized to distinguish the different
HER2 statuses of breast cancer cells. Long time incubation
of the SERS probe with cells indicates that this SERS probe
has good biocompatibility. Besides, by being conjugated
with other proper biomolecular targeting ligands instead of
an anti-HER2 antibody, this structure of SERS probe could
be applied to target other kinds of cancer cells with high
specificity and affinity.
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