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A B S T R A C T   

The invasion and metastasis of breast cancer are closely related to various biomarkers expressed on the surface of 
tumor cells and the tumor microenvironment. The deficiency of sensitive phenotypic diagnosis and therapeutic 
evaluation toward breast cancers represents a significant challenge in cancer diagnosis and therapy. Herein, we 
report a crucial example of surface-enhanced Raman scattering (SERS)-based imaging utilizing highly sensitive 
SERS probes to serve as a robust platform for the detection of breast cancer phenotypic biomarkers expressed on 
the cell surfaces and therapeutic evaluation after chemical therapy and surgery. The SERS probes feature gold- 
silver (Au@Ag) core–shell nanoparticles with double-layer Raman reporters embedding on the surfaces of the 
gold core and silver shell, respectively, which further conjugate with specific antibodies. The highly enhanced 
SERS signals permit the sensitive detection of specific phenotypic biomarkers expressed on the cell surface. In the 
present work, the epidermal growth factor receptors (EGFR and ErbB2) and insulin-like growth factor 1 (IGF1) 
were selected as the target biomarkers and assessed the expression in MCF-10A human normal breast cell line 
and MDA-MB-468, SK-BR-3, KPL-4 human breast cancer cell lines through the SERS-based imaging technique. In 
the xenotransplanted breast tumor model, systematic delivery of SERS probes enabled precise therapeutic 
evaluation after anticancer drug tamoxifen therapy and surgery treatment through SERS imaging. Consequently, 
SERS imaging was consistent with H&E and Masson staining. These results suggest the proposed SERS-based 
imaging technique has a strong potential to be a powerful tool for precise diagnosis and therapeutic efficacy 
of breast cancers.   

1. Introduction 

Breast cancer becomes the most common cause of cancer deaths in 
women worldwide. More than 570,000 people die of the disease only in 
China and USA in 2021 [1]. The breast cancer is highly heterogeneous, 
and its biological behavior with the same pathological grade is also 
different [2,3]. Simultaneously, its invasion and metastasis are closely 
related to the various biomarkers expressed on tumor cells and the 
tumor microenvironment. Even breast cancers with the same type, grade 
and stage show completely different treatment responses and prognosis 
due to differences in their molecular phenotypes [4,5]. Nowadays, the 

breast cancer classification based on the dominance principle has certain 
limitations in reflecting tumor histological characteristics, biological 
behavior and prognosis, and cannot meet the requirement of precise 
tumor diagnosis and refinement in personalized treatment [6]. There
fore, it is an urgent need to develop a new type of tumor typing and 
diagnosis technology for the detection of tumor molecular phenotype. 

At present, the pathological tissue section test is the “gold standard” 
for diagnosing breast cancer [7]. Unfortunately, due to the differences in 
the morphology of tumor sections under the microscope and the influ
ence of pathologists’ subjective judgments, certain errors are inevitably 
caused. Moreover, the acquisition of pathological sections needs to 
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penetrate deep into the lesion tissue, which is likely to cause certain 
trauma. Therefore, the development of non-invasive breast cancer im
aging technology has gained increasing attention for the early and ac
curate diagnosis of breast cancer. Recently, commonly clinical imaging 
techniques, including X-ray mammography, ultrasound, computed to
mography (CT) and magnetic resonance imaging (MRI), are used to 
observe lesions based on changes in tumor anatomy [8,9]. However, the 
traditional imaging techniques have obvious limitations in the accurate 
diagnosis and detection of micrometastases (tumor lesions > 1 cm). 
Optical imaging as a powerful alternative to the above imaging tech
nologies has attracted more and more attentions, which is based on 
targeted optical probes and can detect tumor cell abnormalities at an 
early stage, even at the molecular level [10–12]. Accurate diagnosis and 
individualized treatment of breast cancer are the keys to improving 
patient survival. Now, the main treatment methods for breast cancer are 
surgery, radiotherapy, and chemotherapy. Accurately assessing the 
treatment efficacy is of great significance for improving patient survival. 

Surface-enhanced Raman scattering (SERS) technique for biomedical 
imaging is gaining sustained interest due to its ultrahigh sensitivity, 
negligible auto fluorescence, multiplexed detection capability, and 
resistance to photobleaching compared to other imaging techniques 
(fluorescence, MRI, and ultrasound) [13–15]. The SERS imaging can 
specially make a distinction between SERS probe-contained tumors and 
surrounding normal tissues through the fingerprint signals of Raman 
reporter molecules [16]. The Raman signals of reporter molecules can be 
significantly enhanced by active SERS substrates, which is beneficial to 
sensitive tumor diagnosis with ultralow limits of detection [17–19]. 
Previous research works on SERS imaging often focus on solid tumor 
detection, while very few investigations illustrate its applications in 
simultaneous phenotypic biomarker detection and therapeutic evalua
tion [20–25]. To over the obstacle, SERS probes are desired to meet the 
following criteria: (i) ultrahigh sensitivity for tumor detection, even few 
microtumor cells; (ii) high specificity for different phenotypic bio
markers in different cell types; (iii) excellent chemical- and photo- 
stability to avoid the biological degradation and maintain the SERS 
signals in the complex tumor microenvironment even after the long-time 
systematic circulation. To the best of our knowledge, there are still 
challenges to meet all the criteria. 

Herein, we explore SERS probes capable of achieving precise diag
nosis and accurate therapeutic evaluation of breast cancer through the 
detection of growth factor reporters on tumor cell membranes. The SERS 
probes are made of Au@Ag core–shell nanoparticles, decorated with 
Raman reporter double-layer on the surface of Au core and Ag shell with 
functional polyethylene glycol (HS-PEG-NHS) layer for the antibody 
conjugation [26,27]. The design of a double-layer Raman reporters 
creates significantly enhanced Raman signals for ultrahigh sensitivity, 
thus contributing to mapping tumor cells with high contrast. Further
more, after equipping the specific antibodies for growth factor reporters, 
the SERS probes can actively target the tumor cells for precise detection 
of phenotypic biomarkers and therapeutic evaluation. With all these 
features, we prepare xenotransplanted breast tumor models and delin
eate systematic delivery of SERS probes for therapeutic evaluation after 
tamoxifen treatment and removing the bulk solid tumors through sur
gery. We expect this study would broaden the application of SERS im
aging toward precise diagnosis and non-invasive evaluation of breast 
cancer. 

2. Experimental section 

2.1. Materials and instruments 

Gold (III) chloride trihydrate (HAuCl4⋅3H2O) and mercapto- 
polyethylene glycol-succinimidyl ester (HS-PEG-NHS, MW = 3000) 
were purchased from Sigma-Aldrich (St Louis, MO, USA). Malachite 
green isothiocyanate (MGITC), rhodamine B 5-isothiocyanate (RBITC) 
and 3, 3′-diethyithiatri carbocyanine iodide (DTDC) were purchased 

from Invitrogen (Carlsbad, CA, USA). Rabbit anti-EGFR monoclonal 
antibody (ab52894), rabbit anti-IGF1 monoclonal antibody (ab182408) 
and rabbit anti-ErbB2 monoclonal antibody were purchased from 
Abcam (Shanghai, China). The ultrapure water (18 MΩ⋅cm− 1) used in 
this study was prepared by a Milli-Q water purification system (Billerica, 
MA, USA). All the other reagents were from commercial sources with 
analytical reagent grade and used without any further purification. 

The UV–vis absorption spectra were obtained using an FL-QM 
spectrophotometer (Horiba, Japan). Dynamic light scattering (DLS) 
data were collected from an SZ-100Z2 particle size analyzer (Horiba, 
Japan). Transmission electron microscopy (TEM) images were gained 
through an HT7800 (Hitachi, Japan) instrument at an accelerating 
voltage of 120 kV. Raman measurements were obtained using Renishaw 
inVia Qontor Raman microscope system (Renishaw, UK). 

2.2. Synthesis of gold nanoparticles 

Gold nanoparticles (AuNPs) were prepared based on the previously 
reported seed growth method [28]. All glassware was washed in aqua 
regia, then rinsed with ultrapure water and dried before use. 75 mL of 
2.2 mM sodium citrate solution was stirred and heated to boiling, then, 
0.5 mL of 25 mM HAuCl4 solution was added to prepare the seed 
nanoparticles. When the temperature of the gold seed solution was 
cooled to 90 ◦C, 0.5 mL of 60 mM sodium citrate solution and 0.5 mL of 
25 mM HAuCl4 solution were added, and the addition was repeated 
twelve times at two-minute intervals. The temperature was kept at 
90 ◦C, and the color of the solution changed from bright red to wine red 
as the number of additions of sodium citrate and HAuCl4 solution 
increased. After stirring at 90 ◦C for 30 min, the solution was cooled to 
room temperature to obtain AuNPs. The shape and size distribution of 
AuNPs were characterized by DLS and TEM. 

2.3. Synthesis of Au@Ag core–shell NPs 

Au@Ag core–shell NPs were synthesized via the reduction of silver 
nitrate (AgNO3) by ascorbic acid (AA). Under vigorous stirring, 10 mM 
ascorbic acid was firstly added to 5 mL of AuNPs, and 10 mM silver 
nitrate was dropped into the above mixture. After reacting for 1 h, the 
Au@Ag core–shell NPs could be obtained. The silver thickness could be 
adjusted by changing the volumes of silver nitrate and ascorbic acid. The 
properties of Au@Ag core–shell NPs were studied through UV–vis, DLS, 
TEM and SERS. 

2.4. Synthesis of SERS probes 

The SERS probes were prepared according to our previous research 
with minor modification. 0.5 μL of MGITC solution (10− 2 M) was added 
to 1 mL of AuNPs. After shaking for 30 min, 10 mM ascorbic acid so
lution and 10 mM silver nitrate solution were added. After stirring for 1 
h, 0.5 μL of MGITC solution (10− 2 M) was added and reacted for another 
30 min to modify the second MGITC layer on the surface of the Ag shell. 

To activate the –COOH group of the antibodies for conjugation with 
HS-PEG-NHS, EDC solution in ice water was introduced into HS-PEG- 
NHS with the same molar mass. After shaking for 30 min at 4 ◦C, the 
antibodies with the same molar mass were added and shaken overnight 
at 4 ◦C. To conjugate the HS-PEG-antibody onto the surface of nano
particles, the Au@Ag core–shell NPs were redispersed in Na2CO3 
aqueous solution (1.04 μM, pH 8–9). Then, HS-PEG-antibody was added 
to the Au@Ag core–shell NPs and reacted for 2 h, then 10 % BSA was 
added. After 1 h, excess BSA was removed through centrifugation (7000 
rpm, 30 min) and resuspended in PBS (50 mM, pH 7.4). 

2.5. Cell culture 

Human normal mammary epithelial cell line (MCF-10A) and human 
breast cancer cell lines (KPL-4, SK-BR-3, and MDA-MB-468) were from 
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Procell in Wuhan, China. MCF-10A, KPL-4, SK-BR-3, and MDA-MB-468 
cells were incubated in MCF-10A special medium, L-15 medium, 
McCoy’s5A medium and high glucose DMEM medium supplemented 
with 10 % FBS and 1 % antibiotics (penicillin/streptomycin, 100 U/mL), 
respectively. All the cells were cultured at 37 ◦C in a 95 % humidified 
atmosphere with 5 % CO2. 

2.6. Cytotoxicity of SERS probes 

The cytotoxicity of the SERS probes was tested by the CCK-8 assay. 
The cells (5 × 103 cells/cell in 96-well plate) were incubated for 24 h at 
37 ◦C under 5 % CO2, then different concentrations of SERS probes (0, 1, 
2, 5, 10 nM) were added. After incubation for 24 h under the same 
conditions, the cells were washed twice with PBS and CCK-8 solution 
was added to the wells for further incubation. Then the optical density 
(OD) was measured at 450 nm using a microplate reader (BioTek, USA). 
When the amount of the probe added was 0 nM, the cell viability value 
was set to 100 %. The cell viability was calculated by the use of the 
equations shown below. 

Cell viability(%) = (Mean OD of sample

× 100)/(Mean OD of the control group).

2.7. Cell imaging 

The cells were seeded on confocal cell culture dishes for 24 h and 
then incubated with 10 nM of 10 μL SERS probes. Subsequently, cells 
were washed with PBS three times and fixed using 4 % para
formaldehyde for 15 min. The fixed cells were washed twice using 
deionized water and air-dried. SERS imaging of cells was performed 
with a 633 nm laser and 1 s exposure time (1 μm step size, 100 ×
objective, 20–25 min imaging time). 

2.8. In vitro detection limit of SERS probes 

The agarose phantoms containing SERS probes were utilized to test 
the detection limit of SERS probes. Briefly, the warm liquid agarose was 
mixed with different concentrations of SERS probes at 0, 1, 2, 5 and 10 
nM to form SERS probes-agarose solutions. Subsequently, the above 
solution was separately transferred into the wells of the 96-well plate 
(100 μL for each well). After the solidification, SERS imaging of each 
agarose phantom was performed with a 633 nm laser and 1 s exposure 
time (100 μm step size, 5 × objective, about 20 min imaging time). 

2.9. In vitro detection of the penetration depth of SERS probe 

The penetration depth of the SERS probe was tested on the agarose 
phantoms. SERS probe (0.5 μL, 10 nM) was injected into the agarose 
phantoms using a microliter syringe at the depths of 0.5, 1.0, 1.5 and 2.0 
mm. After the solidification, SERS imaging of each agarose phantom was 
performed with a 633 nm laser and 1 s exposure time (100 μm step size, 
5 × objective, about 20 min imaging time). 

2.10. Establishment of xenotransplanted breast tumor model 

All animal experiments were carried out in the animal experiment 
center of Hainan Medical University following the experimental proto
col approved by the Animal Protection Committee. 

Female Balb/c nude mice (18–20 g, 6–8 weeks) were used to 
establish the xenotransplanted breast tumor model. In brief, the Balb/c 
mice were anesthetized through isoflurane under pathogen-free condi
tions. Then, the SK-BR-3 breast cancer cells (106 cells/mouse, in 50 μL 
PBS) were injected into the right axilla of the mice. Tumor growth 
continued for 21 days. 

2.11. Therapeutic evaluation 

Breast tumor-bearing mice were intravenously injected with SERS 
probe solution (100 μL, 10 nM). After 12 h of circulation, the SERS 
imaging of in vivo breast tumor was obtained. In contrast, healthy mice 
were selected as the control group and injected with SERS probe (100 
μL, 10 nM) intravenously. Then, the right axilla was exposed for SERS 
imaging at 12 h post-injection. The anticancer drug (tamoxifen, 25 μg/ 
kg, 100 μL) was injected into the breast tumor-bearing mice by intra
venous injection for 14 days, and the treatment was repeated at two-day 
intervals. Afterward, the SERS probe was intravenously injected for 
imaging breast tumors and important organs. In the surgery group, the 
macroscopic subcutaneous tumor tissue was completely resected, then, 
the SERS probe was intravenously injected for imaging to confirm the 
surgical removal efficiency. SERS imaging was performed using an inVia 
Qontor Raman microscope (Renishaw) equipped with a 633 nm laser. 
StreamLine high-speed acquisition mode (5 × objective) and an expo
sure time of 1 s was selected to obtain the SERS images. The SERS probe 
feature at 1646 cm− 1 was selected for pixel image processing. The total 
time of Raman mapping is about 30 to 45 min. 

3. Results and discussion 

3.1. Protocols of SERS application 

As illustrated by previous research, the development and metastasis 
of the breast cancers are closely related to the specific biomarkers 
expressed on the surface of tumor cells and tumor microenvironment. In 
addition, the molecular phenotype affects the treatment responses and 
prognosis, which mainly depends on the specific biomarkers. Therefore, 
the detection of specific biomarkers has the great potential to be a useful 
method to simultaneously detect the molecular phenotype and evaluate 
the treatment efficacy. Numerous research focus on the single biomarker 
detection, however, the single biomarker cannot fully meet the 
requirement of clinical diagnosis and often causes false results due to 
lack of specificity (Table S1). Thus, the simultaneous detection of mul
tiple biomarkers becomes the powerful tool to overcome the obstacle. In 
addition, the therapeutic efficacy after treatment plays an important role 
to improve the prognosis. Scheme 1 illustrates the fabrication of three 
different SERS probes and the application of SERS imaging to detect 
specific biomarkers expressed in breast cancer and normal cells and the 
therapeutic efficacy evaluation after chemotherapy and surgery treat
ment. In this study, three biomarkers including epidermal growth factor 
receptors (EGFR and ErbB2) and insulin-like growth factor 1 (IGF1) 
receptor were selected as the detection targets, which exhibited over
expression in MDA-MB-468, KPL-4 and SK-BR-3 human breast cancer 
cell lines, respectively. Simultaneously, these three proteins dispayed 
ultralow expression in MCF-10A normal human breast cell line. Three 
types of SERS probes functionalized the Raman reporter molecules 
MGITC, RBITC and DTDC, respectively, were prepared as illustrated in 
Scheme 1A. To improve the conjugation efficiency and prevent aggre
gation of SERS probes, the antibodies were first mixed with HS-PEG- 
NHS at 1:1 M ratio. After incubating overnight at 4 ◦C, the complexes 
of functional PEG and antibodies were then immobilized on the silver 
shell surface of Raman reporter embedded Au@Ag nanoparticles. 
Scheme 1B illustrates the phenotypic biomarker detection using the 
specific SERS probes toward the cancer cell lines and normal breast cell 
line. Here, EGFR, ErbB2 and IGF1 biomarkers on the cell surface could 
be detected through SERS imaging. Then, the expression of each protein 
could be quantified according to the average SERS intensity from the 
SERS imaging. 

Benefited from the excellent performance of SERS probes, the SERS 
probes were expanded to the therapeutic efficacy using the breast tumor 
xenotransplantated nude mice models that constructed using KPL-4 
cells. After antitumor drug tamoxifen treatment and surgery removing 
the solid tumor, the solution of SERS probe was intravenously injected to 

C. Qiu et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 459 (2023) 141502

4

Scheme 1. (A) Schematic illustrations (i) for the fabrication of three different Raman reporter-adsorbed Au-Ag core–shell nanoparticles and the conjugation of 
PEGylated antibodies on the surface of the above Au-Ag core–shell nanoparticles. (B) Detection of phenotypic biomarkers on cell surface membranes via SERS 
imaging. (C) The evaluation of after antitumor drug and surgery treatment through SERS imaging. The illustrations (B and C) were created with the help of BioR 
ender.com. 
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image the tumor change before and after treatment via SERS imaging. 
The therapeutic efficacy was further confirmed by H&E and Masson 
staining. 

3.2. Optimization of SERS-active Au@Ag core–shell nanoparticles 

In this work, Au@Ag core–shell nanoparticles were selected as SERS 
active substrate and MGITC, RBITC and DTDC molecules as Raman re
porters were adsorbed on the surface of SERS substrate. Here, MGITC 
was used as the selected Raman reporter to test the performance of SERS 
substrate. MGITC molecules were attached on the surface of 40 nm gold 
nanoparticles. Subsequently, the silver shell coating AuNPs was fabri
cated through the reduction of silver nitrate by ascorbic acid. In addi
tion, the second layer of MGITC was functionalized on the surface of the 
silver shell to further enhance the SERS signal intensity. The SERS signal 
is closely related to the silver shell thickness, which can be controlled by 
changing the volume of AgNO3 and AA. As the silver shell increasing, the 
red color gradually changed to light yellow (Fig. 1B). With the increased 
volume of AgNO3 and AA from 20 μL to 80 μL, the characterized 
absorbance peaks exhibited blue shift with the increased addition of 
silver-staining solution, corresponding to the shell thickness from 2 nm 
to 5 nm (Fig. 1C). It was found that the SERS signal intensity at 1616 
cm− 1 gradually increased with the addition of silver-staining solution, 
up to 60 μL, but decreased when the volume reached to 80 μL (Fig. 1D). 
High-angle annular dark field-scanning/transmission electron micro
scopy (HAADF-STEM) was used to further confirm the formation of the 
silver shell, which showed clear core–shell nanostructure. Furthermore, 
energy dispersive spectra (EDS) were procured for elemental analysis of 
Au@Ag core–shell nanoparticles. 

To select the optimized core–shell nanoparticle types for fabrication 
of SERS probes, SERS signals for AuNPs-MGITC, AuNPs-MGITC@Ag, 
AuNPs@Ag-MGITC and AuNPs- MGITC@Ag -MGITC were compared in 
Fig. 2A. As expected, AuNPs-MGITC@Ag-MGITC exhibited much 
stronger SERS signal intensity at 1616 cm− 1 than other types of nano
particles under the same test conditions, which was attributed to the 
more Raman reporter immobilization on the surface of Au core and Ag 
shell. Therefore, the AuNPs-MGITC@Ag-MGITC type of nanoparticles 

was used for further bioconjugation with specific antibodies on the 
surface of the silver shell. UV–vis spectra displayed a slight red shift from 
502 nm to 518 nm as shown in Fig. 2B. After antibodies conjugation, DLS 
data indicated a slight increase of the probe size compared to Au@Ag 
core–shell nanoparticles (Fig. 2C). From SERS spectra, no significant 
changes were observed before and after antibodies conjugation 
(Fig. 2D), demonstrating the conjugation could not significantly affect 
the SERS signals. An important factor in the SERS probes is to maintain 
their stability in the biological environment, SERS signal intensity at 
1616 cm− 1 was investigated within 120 min in fetal bovine serum (FBS). 
No significant changes could be found, indicating the good stability in 
the biological milieu (Fig. 2E). Fig. 2F exhibited TEM image of SERS 
probes, from which diameters of the probes were estimated to be 75 nm. 
In addition, the properties of different types of SERS probes using RBITC 
and DTDC were tested under the same conditions, respectively (Figs. S1 
and S2). 

3.3. Western blot analysis 

To confirm the overexpression of EGFR, ErbB2 and IGF1 proteins on 
the surface of MDA-MB-468, KPL-4, SK-BR-3 breast cancer cells and 
MCF-10A normal breast cells, respectively, a western blot analysis was 
performed as illustrated in Fig. 3A. As expected, MDA-MB-468 cells 
expressed a high level of EGFR than other cells, and KPL-4 overexpressed 
levels of ErbB2, and SK-BR-3 showed the highest level of IGF1, while 
MCF-10A cells expressed ultralow levels of three biomarkers. Fig. 3B 
compares western blot data for the four cell lines. 

3.4. Cytotoxicity test and optimization of incubation time of cancer cells 
and SERS probes 

CCK-8 assay was performed to assess the cytotoxicity of SERS probes 
to the living cells. The three SERS probes were incubated with four cell 
lines, respectively, and no significant cytotoxicity could be detected 
even at SERS probes concentrations as high as 10 nM, demonstrating the 
low cytotoxicity of three SERS probes (Fig. S3). 

During the experiments, interestingly, we found that the SERS 

Fig. 1. Preparation and characterization of Au@Ag core–shell nanoparticles. (A) The preparation process of Raman reporter-labeled Au@Ag nanoparticles. (B) 
Photography for various Ag shell thicknesses. (C) UV–vis spectra of Au@Ag core–shell nanoparticles. (D) SERS signal intensity at 1616 cm− 1 for different volumes of 
silver nitrate and ascorbic acid solution. (E) TEM image of Au@Ag nanoparticles for the volume of silver staining solution at 60 μL. (F-J) HAADF-STEM and EDS 
elemental maps of Au@Ag nanoparticles display clear core–shell geometry. 
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imaging quality was closely related to the incubation time between 
cancer cells and SERS probes. To optimize the incubation time, three 
breast cancer cells were incubated with the corresponding SERS probes 
for 0, 1, 2, 5 h, then SERS imaging was obtained under the same con
ditions. The expression levels of EGFR, ErbB2 and IGF1 were indicated 
as red, green and blue colors, respectively, which corresponded to the 
typical peaks of SERS probes at 1616 cm− 1 (MGITC), 1646 cm− 1 (RBITC) 
and 1133 cm− 1 (DTDC), respectively (Fig. S4). According to the SERS 
signal intensity after incubation for 2 h, the SERS signal intensity could 
reach an excellent level. Therefore, 2 h was selected as the optimized 

incubation time for further cell imaging. To confirm the application of 
single-cell diagnosis in this research, MDA-MB-468, KPL-4 and SK-BR-3 
cells were selected to test the heterogeneity, respectively. Three random 
cells in the same visual field were imaged and the mean SERS signal 
intensity for each cell was analyzed. The coefficient of variation foe each 
cell line was calculated to be less than 10 %, which could meet the 
standard for single-cell diagnosis (Fig. S5). 

Fig. 2. (A) Selection of different types of SERS probes. Characterization of SERS probes: (B) UV–vis spectra, insert: photographs of SERS probes in FBS, PBS and H2O 
(C) DLS distributions, (D) SERS spectra of nanoparticles before (red) and after (black) antibody conjugation, (E) Stability test of SERS signal intensity of SERS probes 
during incubation in 100 % FBS for 2 h, (F) TEM image of SERS probe. The scale bar is 100 nm. 

Fig. 3. (A) Western blot analysis for EGFR, ErbB2 and IGF1 biomarkers expressed in MD-MDA-468, KPL-4 and SK-BR-3 breast cancer cells and MCF-10A normal 
breast cells, respectively, GAPDH used as the internal standard. (B) Densitometric analysis of A, the optical density of biomarkers normalized against GAPDH (n = 3, 
mean ± S. E. M., ****P < 0.0001). Statistical analysis was performed using a one-way ANOVA test. 
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3.5. Phenotypic types of breast cancer cells 

The detection of phenotypic types depends on the specific recogni
tion of SERS probes toward the biomarkers overexpressed on the surface 
of cancer cells. The SERS signals of typical peak of Raman reporter 
molecules were selected as signatures of specific biomarkers, and SERS 
imaging could be obtained for the analysis of three biomarkers as 
illustrated in Fig. 4. 

The expressions of three biomarkers in one normal breast cell line 
MCF-10A and three breast cancer cell lines MDA-MB-468, KPL-4 and SK- 
BR-3 were tested by SERS imaging, which was performed after 2 h of 
incubation with corresponding antibody-conjugated SERS probes. Fig. 4 
exhibited the SERS-mapping images of EGFR (MGITC), ErbB2 (RBITC) 
and IGF-1 (DTDC), displayed in red, green and blue colors for the above 
four cell lines. Only MDA-MB-468, KPL-4 and SK-BR-3 cells demon
strated high expression levels of EGFR, ErbB2 and IGF-1, respectively. 
Simultaneously, MCF-10A showed an ultralow expression level for the 
three biomarker proteins. These results were consistent with the western 
blot data in Fig. 3. The overlay images described overlays of represen
tative colors for the distribution of the three biomarkers of KPL-4 cell 
(left) and MCF-10A cell (right). As illustrated in these figures, detailed 
local distribution of multiple biomarkers expressed on specific cancer 
cells and normal cells could be easily identified using the SERS-imaging 
technique, which has the potential to be used as a non-invasive method 
for the precise diagnosis of breast cancer in the molecular level. 

3.6. Therapeutic efficacy evaluation 

The performance of the SERS probe can greatly affect the detection 
limit and penetration depth of in vivo application. Before performing the 
in vivo test, the agarose phantom was used as soft tissue mimics to 
measure the signals of SERS probes with concentration range of 0–10 

nM. As a result, the Raman detection threshold based on SERS imaging 
could be estimated as 1 nM at 1 s exposure time and 5 × objective 
(Fig. S6A). Subsequently, the penetration depth was tested through 
SERS imaging of agarose phantom at increasing depths, which could 
reach about 2.0 mm (Fig. S6B). These results are sufficient for the 
detection of xenotransplanted breast tumors after chemotherapy with 
the anticancer drug tamoxifen and surgery, which is normally in the 
range of 1–2 mm depth. 

Hereafter, the evaluation of therapeutic efficacy was assessed by 
using SERS imaging before and after treatment. The healthy mouse was 
selected as the negative control group (Group A) and mice bearing 
xenotransplanted breast tumors were divided into three groups without 
and with various treatments (Group B: tumor group without any treat
ment; Group C: tumor with anticancer drug tamoxifen treatment; Group 
D: tumor resection with standard surgery) as illustrated in Fig. 5. After 
intravenous injection with SERS probes targeting IGF1 for 12 h, the in 
vivo SERS imaging of tumor location was obtained, exhibiting low SERS 
signal intensity. Then, the mouse was sacrificed and major organs were 
excised and imaged in vitro, whereas only the liver and kidney displayed 
relatively high SERS signals. These results might be contributed to the 
metabolism of SERS probes in the liver and spleen. In contrast, the 
xenotransplanted tumor showed very high SERS signal intensities while 
major organs remained low signal intensities, indicating the active- 
targeting capability of SERS probes (Fig. 5B). After anticancer drug 
tamoxifen treatment for 15 days, the SERS signal-positive areas 
decreased compared to the tumor group, demonstrating its inhibition 
effect towards the breast tumor (Fig. 5C). As shown in Fig. 5D, mouse 
treated with standard surgery displayed almost no significant SERS 
signals, indicating the complete tumor elimination. 

To further access the toxicity of SERS probes and therapeutic effi
cacy, the tumor (the skin tissue in healthy mice) and main organs (heart, 
liver, spleen, lung and kidney) of the mice in four groups were collected 

Fig. 4. SERS mapping images of triple biomarkers (EGFR, ErbB2 and IGF1) in MCF-10A, MDA-MB-468, KPL-4 and SK-BR-3 cancer cells after incubation with SERS 
probes for 2 h. Overlay of representative colors for the distribution of triple biomarkers in KPL-4 cell line (left) and MCF-10A cell line (right). Bright-field images of 
KPL-4 cell and MCF-10A cell are presented on the right side of SERS mapping images, respectively. The scale bar is 10 μm. 
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for H&E and Masson staining (Fig. S7). In the control group, no obvious 
toxicity of harvest organs was illustrated after intravenous injection of 
SERS probes, suggesting the biosafety of the SERS imaging technique. In 
the tumor group, the main organs exhibited increased infiltration of 
inflammatory cells, cell edema and muscle fibrosis. The liver displayed 
cell necrosis and more mononucleosis in the portal vein area. The spleen 
showed neutrophils in the red pulp with focal necrosis. Renal interstitial 
inflammatory cells were infiltrated, and tubular epithelial cells were 
irregularly arranged. Compared with the tumor group, the pathological 
tissue sections exhibited a lower degree of tissue damage in each organ 
in the anticancer drug treatment and surgery groups. 

4. Conclusion 

In summary, we explored a SERS imaging technique using highly 
sensitive SERS probes for precisely phenotypic diagnosis at the single 
cell level and therapeutic evaluation after chemotherapy and surgical 
treatment. The Au@Ag core–shell nanoparticles embedding double- 
layer Raman reporters were conjugated with specific antibodies on the 
surface of the Ag shell to fabricate the SERS probes for the highly sen
sitive multiplex detection of three phenotypic biomarkers expressed on 
the surface of breast cancer cell lines. The results demonstrated that the 
expression level of three biomarkers as well as cancer cell phenotypes 
could be distinguished specially based on SERS imaging. Furthermore, 
the therapeutic efficacy after chemotherapy and surgical treatment was 
evaluated through SERS imaging. We believe that the precisely pheno
typic diagnosis and therapeutic evaluation of breast cancers would 
broaden SERS-based imaging toward a wide range of in vivo biomedical 
applications. 
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