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ABSTRACT: Breast cancer appears to be one of the leading
causes of cancer-related morbidity and mortality for women
worldwide. The accurate and rapid diagnosis of breast cancer is
hence critical for the treatment and prognosis of patients. With the
vibrational fingerprint information and high detection sensitivity,
surface-enhanced Raman spectroscopy (SERS) has been exten-
sively applied in biomedicine. Here, an optimized bimetallic
nanosphere (Au@Ag NS) 3D substrate was fabricated for the aim
of the diagnosis of breast cancer based on the SERS analysis of the
extracellular metabolites. The unique stacking mode of 3D Au@Ag
NSs provided multiple plasmonic hot spots according to the
theoretical calculations of the electromagnetic field distribution.
The low relative standard deviation (RSD = 2.7%) and high
enhancement factor (EF = 1.42 × 105) proved the uniformity and high sensitivity. More importantly, the normal breast cells and
breast cancer cells could be readily distinguished from the corresponding SERS spectra based on the extracellular metabolites.
Furthermore, the clear clusters of SERS spectra from MCF-7 and MDA-MB-231 extracellular metabolites in the orthogonal partial
least-squares discriminant analysis plot indicate the distinct metabolic fingerprint between breast cancer cells, which imply their
potential clinical application in the diagnosis of breast cancer.

1. INTRODUCTION
Breast cancer remains an invisible killer for women around the
world, and its risk increases with aging.1,2 The diagnosis and
treatment have significantly improved the survival rates and
tremendously reduced the probability of transforming into
malignant tumors. Therefore, the accurate diagnosis of breast
cancer is the most crucial step for the prognosis of patients.3

The biopsy is currently the gold standard for breast cancer
diagnosis and provides accurate tumor histological informa-
tion.4,5 However, sample extraction is time-consuming, which
brings much pain and risk to patients.6,7 The imaging
information of breast cancer can be obtained by magnetic
resonance imaging (MRI), which can sensitively identify
multiple centers and lesions.8,9 Nevertheless, it is difficult for
MRI to distinguish the states of tumors when the benign
tumors transform into malignant ones. Thus, further
confirmation is required which delays the optimal period for
the treatment.10,11 The most effective and economical method
for breast cancer screening is mammography, but the
sensitivity is often limited.12 Therefore, there is a pressing
need to develop noninvasive, rapid, and highly sensitive
diagnosis methods for breast cancer.
Screening of breast cancer biomarkers from metabolites is a

promising method toward this direction. The cell metabolites
which are closely related to the phenotype and the functional
execution of the organism play a key role in the cell

function.13,14 In recent years, the markers screened from
metabolites via noninvasive ways have shown great prospects
in the diagnosis of breast cancer.14 However, it remains
challenging to detect the cell metabolites with the trace
amount. To this end, surface-enhanced Raman spectroscopy
(SERS) seems to be a potent technique. With the Raman
fingerprint information, the ultrahigh sensitivity down to the
single molecule has been achieved by SERS, which makes it a
powerful tool in the analysis of biomolecules.15−17 SERS has
also been widely explored for the diagnosis and treatment of
cancers, such as nasopharyngeal, pancreatic, prostate, and oral
cancer.18−22 For the practical application, the SERS sensitivity
is determined by the SERS substrate. Therefore, the fabrication
of substrates with high SERS enhancement is pivotal.23,24 In
addition, the SERS signal from the gaps between the
nanostructure (which term as hot spots) contributes to the
majority of the overall SERS intensity.23 Consequently, the 3D
substrates seem to be an appealing platform.25−27 Notably, in
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addition to the intralayer gaps within the nanostructure layers,
there are extra interlayer gaps between the different layers in
the 3D SERS substrate, leading to the effective adsorption and
enrichment of target molecules.25,26 Furthermore, noble metals
such as Au and Ag are the most active SERS materials.28 Ag
exhibits superior SERS performance, while Au has advantages
in terms of chemical stability.29 The merits of Au and Ag can
be combined in the bimetallic nanospheres (Au@Ag NSs) with
novel optical properties.29 Consequently, the Au@Ag NSs
were selected as the building block to fabricate the 3D
substrate in this study.
Herein, we reported an Au@Ag NS 3D SERS substrate with

high uniformity and sensitivity for the analysis of metabolites
toward the diagnosis of breast cancer. The optimized Au@Ag
NS 3D SERS substrate realized the quantitative detection of
melamine with a low detection limit (LOD) of 82 nM.
Moreover, the Au@Ag NS 3D substrate was used to analyze
the extracellular metabolites of normal breast cells (MCF-10A)
and breast cancer cells (MCF-7 and MDA-MB-231). The
statistical analysis methods were further used to help
differentiate MCF-10A, MCF-7, and MDA-MB-231 extrac-
ellular metabolites based on the SERS spectra. Particularly, the
breast cancer cells were clearly distinct from the normal breast
cell and different breast cancer cells could also be identified. In
addition, the SERS-based detection of extracellular metabolites
of breast cancer cells has potential to determine the biomarkers
of different breast cancer. These results provide new methods
for the clinical diagnosis of breast cancer.

2. EXPERIMENTAL SECTION
2.1. Reagents. Hexadecyl trimethyl ammonium bromide

(CTAB, 99%), gold chloride trihydrate (HAuCl4·3H2O, 99%),
4-mercaptobenzoic acid (4-MBA, 99%), sodium borohydride
(NaBH4, 99%), poly(vinylpyrrolidone) (PVP ≈ 55,000), and
hexadecyl trimethyl ammonium chloride (CTAC, 99%) were
purchased from Sigma-Aldrich. Ascorbic acid (AA, 99.99%),
ethanol (99%), and silver nitrate (AgNO3, 99%) were
purchased from Xilong Scientific. Melamine was obtained
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Cyclohexane (99%), dichloromethane (99%), octane (99%),
and methanol were purchased from Sinopharm Group
Chemical Reagent Co., Ltd., Shanghai. The experimental
solutions were prepared with ultra-pure Milli-Q water (18.2
MΩ) or ethanol. The glassware was soaked in freshly prepared
aqua regia and then rinsed with plenty of ultra-pure Milli-Q
water.
2.2. Preparation of AuNSs. AuNSs were synthesized

following the guidance of the previous reports with some
modifications.30 First, 0.25 mL of 0.01 M HAuCl4·3H2O
aqueous solution and 9.75 mL of 0.1 M CTAB solution were
mixed. Then 0.60 mL of 0.01 M fresh ice-cold NaBH4 solution
was quickly injected under vigorous stirring. The mixture was
gently stirred for 3 h at 28 °C to obtain seed solution. For the
growth of AuNSs, 0.12 mL of the seed solution was added into
190 mL of H2O containing 9.75 mL of 0.1 M CTAB followed
by the addition of 4 mL of 0.01 M HAuCl4·3H2O and 15 mL
of 0.1 M ascorbic acid. The growth solution was left
undisturbed in water bath at 28 °C overnight. The final
solution was centrifuged at 10,000 rpm for 10 min and
redispersed in ultrapure water for the further use. In this step,
AuNSs with a diameter of 27.6 ± 1.0 nm are obtained. To
obtain AuNSs with a larger diameter, the AuNSs (27.6 ± 1.0
nm) prepared in the previous step were used as seeds. 1 mL of

as-prepared AuNSs, 0.75 mL of 0.1 M AA, and 1.5 mL of 0.01
M HAuCl4·3H2O were injected into 30 mL of 0.025 M CTAC
sequentially. The mixed solution was then placed in a water
bath at 45 °C for 3 h. The formed Au nanoparticles was
centrifuged at 5000 rpm for 10 min and redispersed in 30 mL
of 0.02 M CTAB. Finally, 0.2 mL of 0.01 M HAuCl4·3H2O was
added. The prepared solution was placed in water bath at 45
°C for 2 h. The formed AuNSs were centrifuged and
redispersed in ultrapure water.

2.3. Preparation of Au@Ag NSs. In order to acquire
Au@Ag NSs, 1 mL of the as-prepared AuNSs was added into 9
mL of ultrapure water. Then, 10 mL of 80 mM CTAC solution
was injected. After stabilizing for a few minutes in water bath at
60 °C, 120 μL of 10 mM AgNO3 and 150 μL of 0.1 M AA
were added dropwise. The reaction solution was left
undisturbed at 60 °C for 3 h, then centrifuged, and redispersed
in ultrapure water. The thickness of silver shell can be
regulated by controlling the amount of AgNO3 and AA.

2.4. Gas−Liquid Interface-Mediated Au@Ag NSs Self-
Assembly. 1% PVP ethanol solution was added to the Au@
Ag NSs solution. After ultrasonication for 3 h, the mixture was
centrifuged and redispersed in ethanol. Then 200 μL of
dichloromethane, 200 μL of cyclohexane, and 30 μL of octane
were added into 200 μL of Au@Ag NSs and mixed gently. The
mixture was dropped on the water surface. Soon after, a single
layer of Au@Ag NSs formed. After the evaporation of organic
solvent, the Au@Ag NSs monolayer was transferred onto the
silicon wafer. By repeating this procedure, different layers of
Au@Ag NS substrates were fabricated to generate 3D
structures.

2.5. SERS Intensity Comparison of Monolayer AuNS
and Au@Ag NS Substrate. AuNSs and Au@Ag NSs were
assembled on silicon wafer through the gas−liquid interface-
mediated self-assembly in the form of a single layer. Prepared
substrates were immersed in 1 mL of 0.1 mM solution of 4-
MBA for 2 h. Then substrates were washed 3 times and dried
at room temperature. The Raman signals were recorded with
LabRAM Aramis Confocal Raman Microscopy (Horiba Jobin
Yvon S.A.S.) with a 10 × (NA = 0.25) objective and 1s
exposure time. To guarantee the accuracy, SERS mapping was
performed with an area of 25 × 25 μm2. The laser power was
1.76 mW.

2.6. Characterization of Nanoparticles and Sub-
strates. The SERS activities were examined with the
excitation wavelengths of 633 nm using 4-MBA as the probe.
Au@Ag NS substrates were immersed in 1 mM 0.1 mM 4-
MBA ethanol solutions for 2 h at room temperature. The
substrates were then washed with ethanol and dried at room
temperature. The Raman signal was recorded with LabRAM
Aramis Confocal Raman Microscopy (Horiba Jobin Yvon
S.A.S.) with a 10 × (NA = 0.25) objective and 1s exposure
time. To guarantee the accuracy, SERS mapping was
performed with an area of 25 × 25 μm2. The laser power
was 1.76 mW. Transmission electron microscopy (TEM)
images, scanning electron microscopy (SEM) images, ex-
tinction spectra, and scanning TEM-energy dispersive X-ray
spectroscopy element mapping were obtained by the HITACH
H-7650 microscope, HITACH S-4800, and Agilent 5000 UV/
Vis/NIR spectrophotometer, and Tecnai F30 (FEI, U.S.A),
respectively.

2.7. Quantitative Analysis of Melamine. The Au@Ag
NS 3D substrates were immersed in 1 mL aqueous solution of
melamine with different concentrations (10−2 M to 10−7 M)
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for 2 h. Then, the substrate was washed three times and dried
at room temperature. The experimental conditions are
consistent with the detection of 4-MBA.
2.8. Analysis of Cell Metabolites. Cell culture media of

three cell strains (MCF-10, MCF-7, and MDA-MB-231) were
collected. To remove proteins and quench enzymatic reactions,
4 mL of media was mixed with 8 mL of methanol and then
stored at −20 °C for 1 h. Subsequently, the mixture was
centrifuged at 13,000 rpm for 30 min at 4 °C. Supernatants
were lyophilized and resuspended in deionized water at the
same concentration. Then, the samples were dissolved in water
with the concentration of 0.07 g/mL for the following
treatment of SERS substrate. Afterward, the optimal Au@Ag
NS 3D substrates were immersed in the samples for 2 h. The
substrates were washed and dried at room temperature. The
Raman signal was recorded with LabRAM Aramis Confocal
Raman Microscopy (Horiba Jobin Yvon S.A.S.) with a 10 ×

(NA = 0.25) objective and 1 s exposure time. For accuracy,

SERS mapping was performed with an area of 25 × 25 μm2.

The laser power was 1.76 mW.
2.9. Data Processing. Baseline correction was processed

with NGSLabSpec software. To identify changes of extrac-

ellular metabolites spectra, multivariate statistical analyses were

performed using MetaboAnalyst (5.0), including principal

component analysis (PCA) and orthogonal partial least-

squares discriminant analysis (OPLS-DA). Differences among

extracellular metabolites were assessed by t-test. The Raman

shift regions with significant differences (P ≤ 0.0001) in t-test

were used in receiver operating characteristic curve (ROC)

curves analysis to determine the performance of the

classification mode.

Scheme 1. Scheme of the Synthesis of Nanoparticles, Assembly of Au@Ag NS Substrate, Detection of Extracellular
Metabolites, and Statistical Analysis of SERS Spectra

Figure 1. (A−C) TEM images of 27.6 ± 1.0 nm AuNSs, 56.3 ± 2.4 nm AuNSs, and 58.7 ± 2.7 nm Au@Ag NSs, respectively. The scale bar is 50
nm for TEM images. The inset in (C) presents the EDS elemental mapping of Au@Ag NSs. (D) Distribution of diameter of 27.6 ± 1.0 nm AuNSs,
56.3 ± 2.4 nm AuNSs, and 58.7 ± 2.7 nm Au@Ag NSs. (E) UV−vis−NIR absorption spectra.
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3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Nanoparticles.
The overall experimental procedure including synthesis of
nanoparticles, assembly of Au@Ag NS substrate, detection of
extracellular metabolites, and statistical analysis of SERS
spectra are shown in Scheme 1. A three-step procedure was
adopted to fabricate the Au@Ag NS, that is, 27.6 ± 1.0 nm Au
NS, 56.3 ± 2.4 nm Au NS, and 58.7 ± 2.7 nm Au@Ag NS in
sequence as indicated by the TEM images (Figure 1A−D).
The final Au@Ag NSs (Figure 1C) exhibit good uniformity
and monodispersity. From the UV−vis−NIR spectra, it can be
observed that the surface plasmon resonance of the AuNSs is
red-shifted from 521 to 529 nm as the diameter increased from
27.6 ± 1.0 to 56.3 ± 2.4 nm (Figure 1E). In order to optimize
the silver shell thickness, the influence of silver shell thickness
was studied (Figure S1A−L). With the increment of the
amount of AgNO3 added into the reaction solution, the
thickness of the silver shell gradually became thicker. In the
meantime, the spherical structures changed when the silver
shell thickness exceeded 3 nm, and a growing number of
hybrid particles generated because of the self-nucleation of
excess silver ions. Therefore, the uniform Au@Ag NSs with a 3
nm silver shell were selected for further use. In addition,
compared to monolayer AuNSs, monolayer Au@Ag substrate
exhibits much stronger SERS intensity, when using 4-MBA as a
probe (Figure S2).
3.2. Characterization of Au@Ag NS Substrates. A gas−

liquid interface-mediated self-assembly method was used to
construct the large-area and uniform Au@Ag NS substrates

from 1 to 11 layers. The characteristics of surface and cross-
section morphologies are shown in Figures 2A−E and S3A−F,
respectively. The Au@Ag NS substrates of different layers
manifest the compact arrangement and the hierarchical
structures revealing uniform SERS enhancement (Table S1,
RSD ≤10%). The thickness of substrate increases uniformly
with the number of layers (NL), with a good linear relationship
indicating excellent uniformity of Au@Ag NS substrates
(Figure 2F). Based on the fitted equation, the average
thickness of each layer is 52.4 nm, which is slightly smaller
than the diameter of Au@Ag NSs from TEM image. This is
because there are overlaps between two layers as a result of the
assembly of spheres. Due to the uniform spherical contact and
the gaps between spheres, the assembled Au@Ag NS
substrates can generate massive uniform hot spots between
and within layers as will be discussed in the following section.

3.3. Optimization of the Au@Ag NS Substrate. For the
purpose of acquiring the Au@Ag NS substrate with optimum
thickness, the SERS performance of the Au@Ag NS 2D
(monolayer) and 3D (multilayer) SERS substrates were
evaluated using a 633 nm laser with 4-MBA as the probe. As
shown in Figure 3A−B, the SERS intensity of substrates from 1
to 6 layers increases sharply with the accumulation of layers,
while the SERS intensity of substrates from 6 to 11 layers
remains a plateau due to limited penetration depth of the 633
nm laser.25 Therefore, the six-layer Au@Ag NS substrate was
selected as the optimal substrate.
In addition, we carried out the theoretical calculations of the

electromagnetic field distribution of six-layer 3D Au@Ag

Figure 2. SEM images of Au@Ag NS 3D substrates with different layers. (A) 2, (B) 3, (C) 6, (D) 7, and (E) 9. Inset: the cross-section images of
Au@Ag NS 3D substrates. The scale bar is 500 nm for both the SEM of surface and cross-section images. (F) Relationship between the thickness of
Au@Ag NS 3D substrates and the NL.

Figure 3. (A) SERS spectra of the Au@Ag NS 3D substrate with NL from 1 to 11. (B) Normalized SERS intensities of Au@Ag NS 3D substrates
with NL from 1 to 11. SERS intensities at 1080 cm−1 of MBA were used to compare the performance. (C) Mapping image of SERS intensities on
the surface of the six-layer Au@Ag NS 3D substrate. The mapping area is 25 × 25 μm2, and the step size is 5 μm. The acquisition time of each
spectrum is 1 s.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01453
ACS Omega 2022, 7, 15223−15230

15226

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01453/suppl_file/ao2c01453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01453/suppl_file/ao2c01453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01453/suppl_file/ao2c01453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01453/suppl_file/ao2c01453_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01453?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01453?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01453?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01453?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nanosphere on the Si substrate (Figure S4A−C) using the 633
nm laser illuminating from the top. Both the inter- and
intralayer gaps present the hot spots, where both their
intensities attenuate with the rising layer number. It should
be noted that because the polarization of light is parallel to the
surface, the intensity of the intralayer hot spot is stronger than
that of interlayer ones. Nevertheless, for a practical optical
path, it deviates from such a perfect scheme. Thus, both the
inter- and intralayer hot spots play the role and contribute to
the overall SERS signal intensity.
The EF of the optimal Au@Ag NS 3D substrate is calculated

as 1.42 × 105 (Table S1 and Figure S5A), which is much
stronger than the 3D Au nanooctahedra (AuNO) substrate
reported by our group.26 In addition, compared with the 3D
AgNR substrate (RSD = 7%)25 and 3D AuNO substrate (RSD
= 6%)26 reported from our group, the intensity RSD of the
optimal Au@Ag NS 3D substrate is smaller than 3%, which
proves that the optimal Au@Ag NS 3D substrates can generate
more uniform hot spots (Figure 3C and Table S1). Moreover,
the SERS intensity measured for 3 consecutive weeks shows no
significant difference, indicating the stability in ambient
conditions (Figure S5B). In short, the six-layer Au@Ag NS
substrate was determined to be optimal and utilized for the
following analysis.
In order to obtain the detection sensitivity of the optimal

Au@Ag NS 3D substrate for biomolecules, melamine was
selected for quantitative analysis, with the concentrations of
10−2 M to 10−7 M (Figure S6A,B). The 686 cm−1 peak in
SERS spectra of melamine corresponds to the cyclic breathing
pattern of melamine (Figure S6A). The LOD of melamine
using optimal Au@Ag NS 3D substrate is 82 nM, which is
lower than the LOD 118 nM of high-performance liquid

chromatography,31 indicating the optimal Au@Ag NS 3D
substrate has quantitative detection ability for biomolecules.

3.4. SERS Analysis of Extracellular Metabolites. A
normal breast cell (MCF-10A) and breast cancer cells (MCF-7
and MDA-MB-231) were cultured for experimental detection.
Each cell culture medium came from an independent culture
environment. In total, four culture media were collected for
each strain. The metabolites contained in each sample were
secreted by a plate of cells that completely covered the dish.
From average SERS spectra of the three extracellular
metabolites emerge obvious Raman peaks at 655, 743, 1290,
1380, 1450, and 1603 cm−1 (Figure 4A). Compared with
MCF-10A, the average SERS spectra of MCF-7 and MDA-MB-
231 extracellular metabolites have unique Raman shift regions
at 800, 908, and 1003 cm−1, while the average SERS spectrum
of MCF-10A extracellular metabolites has a special peak at
1650 cm−1. Toward these Raman shifts, the band at 655 cm−1

is attributed to the C−S stretching mode of cysteine.26,32 The
peak at 743 cm−1 is assigned to the ring vibration of thymine,33

which is related to exosome secretion.34 The peak at 800 cm−1

is attributed to tyrosine.35 According to the report, the peak at
908 cm−1 is related to valine and proline.32 The Raman shift of
1003 cm−1 has been designated as the aromatic ring breathing
vibration of phenylalanine.33,36 1265−1300 cm−1 vibration is
attributed to the amide bond.35 The Raman shift of 1380 cm−1

belongs to proline, valine, or adenine.36 The Raman shift of
1450 cm−1 is attributed to lipid.38 The band at 1603 cm−1 is
derived from CC in-plane bending mode in tyrosine and
phenylalanine.37 The band at 1650 cm−1 belongs to CC
stretch of lipid.37 According to previous reports, there are
significant differences in the content of lipids and proteins
between normal breast tissue and breast cancer tissue.37 On

Figure 4. (A) Average SERS spectra of MDA-MB-231, MCF-7, and MCF-10A extracellular metabolites. (B) PCA plot of DMEM, MCF-7, and
MDA-MB-231 extracellular metabolites. (C) PCA plot of MCF-10A culture medium and MCF-10A extracellular metabolites. (D) OPLS-DA plot
of MCF-10A and MDA-MB-231 extracellular metabolites. (E) OPLS-DA plot of MCF-7 and MDA-MB-231 extracellular metabolites. (F) OPLS-
DA plot of MCF-10A and MCF-7 extracellular metabolites. Each average SERS spectrum in (A) is from 40 sets of spectra and each set of spectra
contains 25 individuals. Each point in (B,C) represents an average SERS spectrum of 25 individuals.
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the basis of our results, average SERS spectra of breast cancer
cells extracellular metabolites show significantly higher SERS
intensities than normal breast cells extracellular metabolites at
800, 908, 1003, 1290, 1380, and 1603 cm−1, which belong to
amino acids or amide and lower SERS intensities at 1450 and
1650 cm−1 classified as lipids (Figure 4A). This is because
breast cancer cells demand various amino acids to produce
proteins for uncontrolled cell proliferation, cell division, and
migration.39 In addition, the lipid reduction in breast cancer
cells extracellular secretion is due to lipid peroxidation which is
a characteristic of cancer cells.40 Based on the specified Raman
shift of average SERS spectra, normal breast cells and breast
cancer cells can be distinguished visually.
The average SERS spectra of two culture media (DMEM

and MCF-10A culture medium) and three cell strains
extracellular metabolites (MCF-10A, MCF-7, and MDA-MB-
231) in Figure S7A,B show distinct characteristics. In order to
assess metabolic differences between each other, PCA was
performed. Multidimensional data space can be converted into
a low-dimensional model plane by PCA which expresses
majority of the variance within dataset using a smaller number
of factors.13 The average SERS spectra of DMEM and breast
cancer cells (MCF-7 and MDA-MB-231) extracellular
metabolites can be obviously distinguished by PCA (Figure
4B). Meanwhile, clear clusters of average SERS spectra of
MCF-10A culture medium and MCF-10A extracellular
metabolites are also revealed in PCA plot (Figure 4C).
These results evidently elucidate there are different metabolites
in the media of cultured cells compared with the media of
uncultured cells.
When determining differences in SERS spectra of extrac-

ellular metabolites from three cell strains (MCF-10A, MCF-7,
and MDA-MB-231), OPLS-DA was implemented for com-
parative analysis. OPLS-DA filters out the data variations in the
independent variable X that are irrelevant to the categorical
variable Y. Thus, the categorical information is mainly
concentrated in a principal component, which makes the
model more explanatory.13 Figure 4D−F shows PC score plots
without overlapped scatters among three kinds of cells (MCF-
10A, MCF-7, and MDA-MB-231) extracellular metabolites. In
the three models, the correlation coefficients Q2 representing
the predictive ability of the models are up to 0.997, 0.997, and
0.942, respectively (P < 0.01), which indicates excellent
predictive capabilities of models (Figure S8A−C). Moreover,
the correlation coefficients R2Y, which represent the inter-
pretation rate of the X and Y matrices, are 0.997, 0.998, and
0.985, respectively (P < 0.01), implying that models can
explain data perfectly. OPLS-DA results show that different
extracellular metabolites secreted by different cell strains could
be detected by SERS using Au@Ag NS 3D substrates.
Furthermore, with the aid of OPLS-DA, different breast cancer
cells can be discriminated quickly and sensitively, indicating
that this technique has the potential to screen markers from
serum metabolites in a nondestructive manner for the
diagnosis of breast cancer. The bands at 655, 743, 800, 908,
1003, 1290, 1380, 1450, 1603, and 1650 cm−1 were employed
as comparison standards to obtain the most notable diversities
discriminating MCF-10A, MCF-7, and MDA-MB-231 extrac-
ellular metabolites by t-test. Afterward, Raman shifts with
significant differences in the t-test (P ≤ 0.0001) are applied in
ROC analysis to evaluate classification performance. The t-test
analysis in Figures S9−S11 further confirmed wide discrep-
ancies existing in extracellular metabolites of normal breast cell

and breast cancer cells. From the average SERS spectra of
MDA-MB-231 and MCF-7 extracellular metabolites, no
obvious difference is shown (Figure 4A), but t-test
demonstrated significant difference at 655, 743, 800, 1380,
1603, and 1650 cm−1 (Figure S11). All the regions with the
optimum distinguished features confirmed in t-test correspond
to the functional group of metabolites. Therefore, extracellular
metabolic differences are the basis of classification. Obviously,
based on this method, quick and sensitive diagnosis of breast
cancer using serum by nondestructive and less harmful sample
collection can be implemented. The area under the curve
(AUC) of the ROC curves shown in Figure S12 at 655, 743,
800, 908, 1003, 1290, 1380, 1450, 1603, and 1650 cm−1, that
shown in Figure S13 at 655, 743, 800, 908, 1003, 1290, 1380,
1450, and 1650 cm−1, and that shown in Figure S14 at 655,
743, 800, 1380, 1603, and 1650 cm−1 (Figures S12−S14) are
identified over 0.75, validating the excellent performance of
this classification method.

4. CONCLUSIONS

In summary, we have successfully synthesized Au@Ag NSs
with excellent monodispersity, uniformity, and stability. In
order to obtain the Au@Ag NS substrate with the optimum
thickness, 2D and 3D Au@Ag NS SERS substrates were
fabricated on the silicon wafer from 1 to 11 layers through a
special self-assembly method. The unique stacking mode of 3D
Au@Ag NSs provided multiple plasmonic hot spots according
to the theoretical calculations of the electromagnetic field
distribution. The low relative standard deviation (RSD = 2.7%)
and high enhancement factor (EF = 1.42 × 105) proved the
uniformity and high sensitivity. For the detection of cells
extracellular metabolites (MCF-10A, MCF-7, and MDA-MB-
231), distinct peaks in average SERS spectra were demon-
strated. With the aid of multivariate analysis (OPLS-DA),
visual aggregations were shown suggesting differences in
metabolic fingerprints, and high correlation coefficients were
obtained indicating the suitability of the models. The results of
t-test further confirm the significant differences of the
metabolite in three cell strains and demonstrate that the
developed SERS analysis method is able to classify not only
normal breast cells and breast cancer cells, but also different
breast cancer cells. Furthermore, SERS spectra based on the
Au@Ag NS 3D substrate has potential application value in
diagnosis of breast cancer in a nondestructive manner.
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