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Abstract

Breast cancer has always been a research hotspot in the medical field due to its highest incidence and
mortality rates among women worldwide. However, the significant molecular heterogeneity of breast
cancer presents major challenges for its diagnosis and treatment. Surface-enhanced Raman
spectroscopy (SERS) has gained considerable attention for its capability in trace detection and
molecular analysis. To accurately identify different breast cancer cell subtypes, constructing reliable
SERS bioprobes is essential. Therefore, a specific highly expressed receptor, human epidermal growth
factor receptor 2 (HER-2), was employed to explore SERS bioprobes in this study. Two bioprobes
capable of targeting breast cancer cells, Au NPs@4-MBA@PDA@aHER-2 and Au NPs@4-
MPY @PDA@aHER-2, were synthesized. SERS performance testing indicated that the Au NPs were
able to detect and trace molecules at concentrations as low as 2 x 10° mol/L. Additionally, the two
bioprobes exhibited good spectral stability with a relative standard deviation (RSD) of 9.58%.
Moreover, by constructing a “symphonic SERS spectra” of the two bioprobes with prominent
component analysis-linear discriminant analysis (PCA-LDA), the classification accuracy of
distinguishing white blood cells (WBCs) and two breast cancer cell subtypes (SK-BR-3 and MDA-
MB-231) reached up to 97.33%. The integration of machine learning with SERS detection provides a
novel technological pathway for the early diagnosis and personalized treatment of breast cancer.

Keywords: surface-enhanced Raman spectroscopy (SERS); human epidermal growth factor receptor
2 (HER-2); breast cancer; machine learning; gold nanoparticles (Au NPs); bioprobes

human health and are one of the leading causes of
death worldwide. In China, they have become the
primary cause of death in both urban and rural
Malignant tumors pose a significant threat to global  populations, accounting for approximately 20% of all
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mortality [1]. Among them, breast cancer remains the
most prevalent cancer in women globally and is the
leading cause of cancer-related deaths among
females. In addition, the incidence of breast cancer
continues to rise in most countries and regions [2].
Early diagnosis and treatment are crucial for
improving the quality of life, reducing mortality rates,
and enhancing the prognosis of cancer patients [3].
Currently, breast cancer screening primarily relies on
imaging techniques

mammography, as well as pathological tissue biopsy

such as ultrasound and
that requires invasive methods like surgery or needle
tissue [4].
uncertainties  associated  with imaging
diagnoses and the invasiveness of pathological
biopsies limit early detection to some extent [S]. As a

biopsy to obtain tumor However,

tumor

result, early diagnosis of breast cancer remains an
urgent challenge. Moreover, breast cancer also shows
significant molecular heterogeneity [6]. Based on

expression levels of various cellular receptors
including estrogen  receptor-positive (ER"),
progesterone  receptor-positive  (PR"),  human

epidermal growth factor receptor 2-positive (HER-
2%), and triple-negative breast cancer (TNBC), it can
be primarily classified into several subtypes [7].
Consequently,
identical tumors may respond differently to the same

even patients with histologically
in variations in
therapeutic This
variability further highlights the need for more
precise
approaches in clinical management [6—8]. The HER-2

treatment regimen, resulting

sensitivity and prognosis [8].
diagnostic  strategies and therapeutic
protein is overexpressed in breast cancer, which is
higher
recurrence rates, and poorer survival outcomes [9,
10]. HER-2 expression has been shown to be not only

associated with increased invasiveness,

a significant prognostic factor, but also a vital target
for HER-2-directed
personalized treatment strategies for patients [11].
Currently, the main diagnostic methods for detecting
HER-2 tumor cells rely on conventional techniques

therapies, enabling more

such as immunohistochemistry (IHC) and flow
cytometry [12-14]. However, these methods are
limited by issues related to sensitivity and specificity.
To address these limitations, the construction of HER-
2 targeted bioprobes and the development of highly
sensitive detection methods have shown great
promise for precise tumor detection [15]. Advancing
the development of sensitive and specific diagnostic

tools for early breast cancer detection is thus of

significant clinical importance, particularly for
improving early diagnosis and treatment efficacy [13,

16, 17].

Surface-enhanced Raman spectroscopy (SERS) is
an ultra-sensitive analytical technique with broad
applications and a promising future [18]. It has been
fields, including
environmental monitoring, food safety, and analytical

widely used in  various
chemistry [19-24]. It shows the enhancement of
Raman signal caused by the interaction of analyte
[25].

Electromagnetic mechanism (EM) and chemical

molecules with nanostructured substrates
mechanism (CM) are attributed to explain most
Raman SERS effects. The EM suggests that SERS
arises primarily from the localized electromagnetic
field
nanostructures, which significantly amplifies Raman
scattering [26]. In contrast, the CM
emphasizes the chemical interactions between analyte
molecules and the substrate surface, such as promoted
charge transfer (CT) and changes in molecular
both of which contribute to the
enhancement effect [27, 28]. The effectiveness of
SERS is highly dependent on the choice of substrate
materials. The unique surface plasmon resonance

enhancement on the surface of metal

signals

polarization,

(SPR) effect of noble metal nanoparticles and the
photoinduced charge transfer (PICT) phenomenon of
semiconductor materials make them promising SERS
substrates [29-31]. It is worth noting that noble metals
such as gold nanoparticles (Au NPs) have become the
mainstream materials for SERS detection due to their
superior ~ SERS
controllable morphology, as well as the simplicity
and economy of their synthesis methods [32-35].

sensitivity,  biocompatibility,

In recent years, SERS technology has begun to
shine in the field of biomedicine. SERS-based cell
detection technology has garnered widespread
attention, particularly showing great potential in
precise tumor detection [36—41]. SERS technology is
capable not only of rapidly and efficiently detecting
tumor cells but also of non-invasively revealing their
fingerprint spectra [42—44]. The detection methods
are primarily divided into two categories: label-free
SERS detection and labeled SERS detection [45, 46].
The approach
interaction of SERS bioprobes with analytes, offering

label-free involves the direct
good applicability due to its low cost and ease of
preparation [47]. However, non-specific binding and

significant  background noise present major
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challenges in precise tumor detection [48, 49]. In
contrast, the labeled detection approach employs
SERS bioprobes composed of Raman signal
molecules and tumor-targeting antibodies, enabling
specific binding to the surface of tumor cells [50, 51].
By collecting Raman signals from these bioprobes,
tumor cells can be identified, allowing for further
accurate localization and imaging of tumor tissues
[38, 52]. Therefore, the construction of appropriate
SERS bioprobes for labeled detection can effectively,
quickly and accurately present information about
breast cancer cells and tumor markers, thereby
providing valuable guidance for the formulation of
treatment plan and prognosis [51, 53].

Since the slight differences in tumor markers
expressed by different breast cancer cell types,
distinguishing them solely using SERS technology is
a huge challenge due to the vast amount of data and
high cost in time [54]. Machine learning is an
artificial intelligence technique that enables computer
systems to automatically learn and improve their
performance from experience without explicit
programming [55-57]. With its rapid development,
machine learning has become indispensable in the
field of medical diagnosis due to its efficient ability to
data processing, group classification, and predictive
[58-62].

is one of the most widely used data

analysis
(PCA)
dimensionality reduction algorithms, which removes

Principal Component Analysis

noise and unimportant features, thereby enhancing
data processing speed [63]. Linear Discriminant
Analysis (LDA) is another powerful tool to classify
the boundaries between different categories, as well
as to make predictions on given datasets [64]. By
employing these algorithms, it is possible to analyze
complex spectral data, enabling accurate diagnosis,
typing, and prognostic prediction in a rapid, reliable
and economic way [65, 66]. Thus, with the aid of
machine learning, the accuracy and efficiency of
SERS technology in detecting tumor cells will be
significantly enhanced.

Based on the aforementioned research, this article
demonstrates the preparation of two bioprobes, gold
nanoparticles Au NPs@4-MBA@PDA@aHER-2 and
Au NPs@4-MPY @PDA@aHER-2, for the detection
and molecular typing of breast cancer cells with the
assistance of machine learning. The Au NPs were
synthesized via a one-step method and can detect

trace 4-mercaptophenylacetic (4-MBA) and 4-

mercaptopyridine ~ (4-MPY)  molecules  with
concentrations as low as 2 x 10° M (1 M = 1 mol/L).
In addition, the constructed bioprobes exhibited good
spectral stability with a relative standard deviation
(RSD) of 9.58%. To avoid false positive and improve
detection accuracy, two bioprobes and machine
learning based data analysis were introduced to
distinguish breast cancer cells from white blood cells
(WBCs) and to further perform breast cancer cell
typing. By building a “symphonic SERS spectra” of
the two bioprobes with the PCA-LDA algorithm, the
classification accuracy of distinguishing SK-BR-3
cells, MDA-MB-231 cells, and WBCs reached up to
97.33%. These potential
applications and significant advantages of integrating
SERS technology with machine learning classifiers in

results reveal the

breast cancer detection and molecular typing.

Experimental Methods

Materials

Chloroauric acid (HAuCl,-4H,0) was purchased from
Sinapharm  Chemical Reagent Co. Ltd. 4-
mercaptophenylacetic acid (4-MBA) and 4-
mercaptopyridine (4-MPY) were purchased from
Sigma-Aldrich Chemicals Co. Ltd. Sodium citrate
(C¢HsNa;0,), paraformaldehyde (PFA, 4%),
ammonium hydroxide (NH;-H,O, 28%), dopamine
(DA), and tris-HCI buffer solution (pH = 8.5) were
purchased from Aladdin Industrial Corporation in
Shanghai, China. Alexa Fluor® 647 Anti-ErbB-
2/HER-2 antibody and Anti-ErbB-2 / HER-2 antibody
were purchased from Signalway Antibody CCL.
Hoechst33342 staining solution was purchased from
Beijing Solarbio Biotechnology Co. Ltd.

Preparation of Au NPs

Au NPs were prepared by the citrate reduction
method as previously reported in the literature [67,
68]. This method involves adding HAuCl,-4H,0
(5 mL, 5 mmol/L) and sodium citrate solution (5 mL,
1%) to 40 mL of pure water and heating to boiling
while stirring. After 10 min, the solution turned
purple, and the resulting AuNPs were cooled to room
temperature and stored at 4 °C for subsequent
experiments.

Synthesis of Au NPs @4-MBA and Au NPs
@4-MPY

1 mL of different concentrations of 4-MBA (10°*—
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107 mol/L) and 1 mL of different concentrations of
4-MPY (10®*-107° mol/L) were added to 5 mL of
aforementioned Au NPs solution, respectively, and
stirred at 300 r/min for 40 min. The resulting Au
NPs@4-MBA and Au NPs@4-MPY were centrifuged
at 12 000 r/min for 30 min, dispersed in 5 mL of
water, and stored at 4 °C. The SERS intensity was
then measured, and samples with the same SERS
intensity were selected for further experiments.

Synthesis of Au NPs@4-MBA@PDA@aHER-2
and Au NPs@4-MPY@PDA@aHER-2

I mL of a 5 mg/mL PDA solution was added to
10 mL of both Au NPs@4-MBA and Au NPs@4-
MPY with 4 mL of ethanol. Then, 300 puL of 28%
NH;-H,0 was added to maintain a pH = 8-10, and the
reaction was allowed to proceed for 2 h. Finally, Au
NPs@4-MBA@PDA and Au NPs@4-MPY@PDA
were centrifuged (12 000 r/min, 30 min) and washed
three times, then dispersed in 5 mL of water and stored at
4 °C for subsequent experiments.

HER-2 antibody conjugation: 5 mL of both Au
NPs@4-MBA@PDA and Au NPs@4-MPY@PDA
were mixed with 5 mL of Tris-HCI buffer (pH = 8.5,
10 mmol/L), centrifuged with tris-HCl buffer
(12 000 r/min, 30 min) twice, and then dispersed in
5 mL of tris-HCI buffer. Subsequently, 5 pL. of aHER-
2 was added to 5 mL of the treated Au NPs@4-
MBA@PDA and Au@4-MPY@PDA, and the
mixture was oscillated at 200 r/min in the dark for
24 h. Additionally, the final SERS bioprobes were
centrifuged three times at 12 000 r/min and dispersed
in phosphate buffer (PBS). Similarly, Alexa Fluor
647 (AF 647)-labeled aHER-2 was connected to Au
NPs@4-MBA@PDA and Au NPs@4-MPY @PDA to
prepare Au NPs@4-MBA@PDA@aHER-2-AF 647
and Au@4-MPY @PDA@aHER-2-AF 647 bioprobes
to verify the successful modification of aHER-2 on
Au NPs@4-MBA@PDA and Au NPs @4-MPY@
PDA. The prepared bioprobes were stored at 4 °C for
subsequent experiments.

Characterization techniques

The morphology and elemental mapping were
characterized wusing high-resolution transmission
electron microscopy (HRTEM, Talos F200x, Thermo
Fisher Scientific). X-ray diffraction (XRD) analysis
was performed using a BRUKER D8 ADVANCE
DAVINCI diffractometer equipped with Cu-K,

radiation (A = 1.540 56 A). Size distribution and zeta

potential measurements were completed by dynamic
light (DLS,
Ultraviolet—visible (UV—Vis) absorption spectra were
tested on a Lambda T10 CS spectrophotometer
(PerkinElmer). The
nanoprobes was determined by inductively coupled

scattering Malvern,  Zetasizer).

concentration of gold in
plasma optical emission spectroscopy (ICP-OES,
Spectro Arcos, Spectro). Fluorescence spectra were
recorded by a confocal laser scanning microscope
(CLSM, TCS SP8, Leica). SERS spectra and images
were observed using a confocal Raman microscope
(LabRAM Odyssey, Horiba).

Cell culture

Triple-negative breast cancer cell line (MDA-MB-
231 cells), human breast normal epithelial cell line
(MCF-10A cells), and breast cancer cell line (SK-BR-
3 cells) were purchased from Procell Co. Ltd. Cells
were cultured under standard conditions (5% CO,,
37 °C).

In vitro biocompatibility of SERS bioprobes

100 pL of human mammary normal epithelial cell
line (MCF-10A cells) (10° cells/mL) was added to a
96-well plate and incubated for 24 h. Then, 100 pL of
different concentrations (0—80 pg/mL) of Au NPs@4-
MBA@PDA@aHER-2 and Au NPs@4-MPY@
PDA@aHER-2 bioprobes were added, after removing
the culture medium. The cells were further incubated
for 24 h, and cell viability was determined using a
CCK-8 assay kit. Each well was added with 10 pL of
CCK-8 reagent. After 2 h, the optical density (OD)
value at 450 nm was measured using a microplate
reader, and cell viability was calculated based on this.

SERS bioprobes cellular uptake assessment

MDA-MB-231 cells and SK-BR-3 cells (10° cells/mL,
1 mL) were added to a confocal dish and cultured for
24 h. Then, 1 mL of two bioprobes (10 pg/mL) was
added, and the cells were incubated in a CO,
incubator for 15, 30, and 60 min. After fixation with
paraformaldehyde for 15 min, the cells were washed
with PBS three times. Subsequently, the cell nuclei
were stained with Hoechst33342 (blue), and the cell
samples in the confocal dish were detected using
CLSM (TCS SP8, Leica) and confocal Raman
microscopy.

Isolation of white blood cells from rabbit
blood

Rabbit blood was purchased from Nanjing SenBeilia

https://www.sciopen.com/journal/2150-5578
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Biological Technology Co., Ltd. 2 mL of rabbit blood
was mixed with 2 mL of PBS in a centrifuge tube,
and peripheral blood lymphocyte separation culture
slowly added. After
centrifugation at 400x g for 25 min, the opalescent
cell layer (i.e., WBCs) was collected and washed with
PBS three times, then dispersed in 1 mL of PBS.

medium (2 mL) was

SERS signal detection of cells

MDA-MB-231 cells, SK-BR-3 cells, and WBCs
(each 10° cells/mL) were resuspended and incubated
with 1 mL of 10 pg/mL Au NPs@4-MBA@PDA®@
aHER-2 and 1 mL of 20 pg/mL Au NPs@4-MPY @
PDA@aHER-2, respectively, in a 5%CO, incubator
at 37 °C for 30 min. The cells were centrifuged and
washed three times, then dispersed in 20 uL. of PBS
solution. The final cells were placed on a glass slide
and analyzed using confocal Raman microscopy.
Each type of cell was fixed on a silicon wafer, and 50
cells of each type were randomly selected.

Raman spectra data and

statistical analysis

processing

A total of fifty SERS spectra from each cell line were
analyzed, covering the spectral range from 800 to
1800 cm'. The Raman spectral data underwent a
series of preprocessing steps, including baseline
correction, signal smoothing, and normalization. The
Whittaker algorithm was signal
smoothing, while the arPLS algorithm was employed

utilized for

for baseline correction. The preprocessing of the data
was performed using Python version 3.7 in
conjunction with the RamPy package. The dataset,
comprising 50 spectra, underwent analysis through
principal component analysis (PCA) and linear
discriminant analysis (LDA) algorithms. PCA, which
is an unsupervised technique, was applied to facilitate
dimensionality reduction of the data, whereas LDA
was employed for the classification of the processed
data. To mitigate the risk of overfitting, K-fold cross-
validation was utilized. Furthermore, the receiver
operating characteristic (ROC) curve was constructed
to evaluate model’s performance.

Results and Discussion

Preparation and characterization of SERS
substrates and bioprobes

Au NPs are one of the preferred SERS materials for

analysis, as they can significantly enhance the Raman
scattering signal of analytes [67, 69, 70]. The
of SERS bioprobes is
Scheme 1. As shown in Fig. 1(a), the synthesized Au
NPs
average diameter of approximately 20 nm. The high-

synthesis illustrated in

exhibited near-circular structures with an

resolution  transmission  electron  microscopy
(HRTEM) was utilized to perform lattice fringes and
selected area electron diffraction (SAED) of Au NPs
as depicted in Figs. 1(b) and 1(c). Clear lattice planes
were observed, with the measured lattice fringe
spacing being 0.235 5 nm, demonstrating a (1, 1, 1)
lattice orientation [71, 72]. The SAED patterns also
confirmed the stable crystal structure of Au NPs with
stable crystal structure. The elemental distribution
was analyzed
spectroscopy (EDS) mapping, as shown in Figs.
1(d)-1(f), which further validated the successful
synthesis of Au NPs. Moreover, the crystallographic
property of Au NPs was characterized using X-ray
powder diffraction (XRD, Fig. 1(g)). To build reliable
SERS bioprobes, polydopamine (PDA) was used for
enhancing the stability and providing
conjugation site for aHER-2 [51]. As shown in
Fig. 1(h), the PDA layer was coated on the outer layer
of the Au NPs. The conjugation of aHER-2 on the Au
NPs@PDA surface was confirmed by the appearance
of N-H stretching vibrations at 1 510-1 570 cm™, as
well as the characteristic CO-NH vibrations at
1200-1350 cm™ in the infrared spectra. Additionally,
as shown in Fig. S1 in the Electronic Supplementary
Material (ESM), the sizes of Au NPs, Au NPs@4-
MBA@PDA, and Au NPs@4-MPY@PDA were
analyzed by dynamic light scattering (DLS), with the
hydrodynamic diameter of the nanoparticles being
roughly consistent with their HRTEM results. Due to
the modification with PDA and aHER-2, the
hydrodynamic size of the Au NPs@4-MBA (4-
mercaptobenzoic acid) and Au NPs@4-MPY (4-
mercaptopyridine)
changes observed in the surface potentials of the
nanoparticles, as shown in Fig. S2 in the ESM.
Furthermore, Fig. S3 in ESM presents the UV-Vis

through energy-dispersive X-ray

soluble

increased, with corresponding

4-MBA PDA aHER-2 | " =
L — — —

4-MPY W‘ RS

Scheme 1 The synthesis of SERS bioprobes.
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spectra of the nanoparticles during the synthesis
process, with changes in the absorption peaks after
modification with PDA and aHER-2. The above
results demonstrate the successful fabrication of Au
NPs and the construction of bioprobes.

The characterization of the
performance of the bioprobes

SERS

In order to evaluate the SERS performance of Au
NPs, the SERS spectra of Au NPs@4-MBA, and Au
NPs@4-MPY under 633 nm excitation were obtained.
As shown in Figs. 2(a) and 2(b), multiple
characteristic Raman peaks of 4-MBA and 4-MPY
molecules were observed. When the concentrations of
these signal molecules were reduced to 2 x 10~ mol/L,
the vibrational peaks remained resolvable, indicating
that the limit of detection (LOD) for 4-MBA and 4-

(a) (b)

—
=

——Au NPs

Intensity (a.u.)
E

14
200
| zlzo 311222
30 40 50 60 70 80 90
260 (°)

MPY molecules on Au NPs can be achieved at 2 x
10° mol/L. Figs. S4 and S5 in the ESM illustrate the
heatmap and spectral repeatability of Au NPs@4-
MBA. The RSD values at the peak positions of
1 080 and 1 588 cm™ were 7.68% and 6.47%,
respectively. Similarly, Figs. S6 and S7 in the ESM
depict the spectral repeatability of Au NPs@4-MPY,
with the RSD values of 8.90% and 17.99% at the
1 094 and 1 610 cm™, respectively. These results
indicated that both Au NPs@4-MBA and Au NPs@4-
MPY exhibited good spectral stability. During the
probe construction process, concentrations of 2 X
10° mol/L for 4-MBA and 4-MPY molecules were
selected for subsequent experiments due to their
similar signal intensities. Following encapsulation
with PDA, a significant reduction in the SERS signal
was observed, which can be attributed to the shielding

s (©)

/o’.z,%snm?-.
: o Ay

Sy

p—
—
S

H )

= [ — AuNPs
& | — AuNPs@PDA

o | — AuNPs@PDA@aHER-2
3]
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S [CO-NH NH

£

2 |—em———
=
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Fig. 1 Morphology characterization of bioprobes. (a) TEM image, (b) lattice fringe, (¢) SAED image, (d—f) HRTEM mapping and
(g) XRD spectrum of Au NPs, (h) HRTEM image of Au NPs@PDA, (i) Infrared spectra of Au NPs, Au NPs@PDA, and Au

NPs@PDA@aHER-2.
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Fig. 2 SERS performance of two bioprobes. (a) SERS spectra of Au NPs@4-MBA (LOD =2 x 10 mol/L), (b) SERS spectra of
Au NPs@4-MPY(LOD = 2 x 10° mol/L), and (¢) SERS spectra of AuNPs, Au NPs@4-MBA@PDA(4-MBA: 2 x 10° mol/L,
PDA: 5 mg/mL), Au NPs@4-MBA@PDA@aHER-2, Au NPs@4-MPY@PDA(4-MPY: 2x10° mol/L, PDA: 5 mg/mL), Au

NPs@4-MPY @PDA@aHER-2.

effect of the macromolecular layer. Nevertheless, the
signal intensity exhibited only a slight decrease after
the conjugation with aHER2 antibodies, highlighting
the detection potential of the SERS bioprobes

(Fig. 2(c)).

To assess the SERS stability of Au NPs@4-MBA@
PDA@aHER-2, Fig. 3(a) and 3(b) demonstrate the
intensity heatmap and 10 points of SERS spectra of

(a) AuNPs@4-MBA@PDA@aHER-2
Pl —

1 L ]
850 1020 1190 1360 1530 1700

Raman shift (cm™)

SERS intensity (a.u

—_
0
~

RSD=9.84% [ 11080 cm™

SERS intensity (a.u.)

123456788910
Points

(b)

SERS intensity (a.u

SERS intensity (a.u.)g

Au NPs@4-MBA@PDA@aHER-2. Figs. 3(c) and
3(d) show that the RSD values at the 1 080 and
1 588 cm" peak positions for Au NPs@4-MBA@
PDA@ aHER-2 9.84% and 10.68%,
respectively. These findings suggested that Au
NPs@4-MBA@PDA@ aHER-2 bioprobe possessed
good stability.

were

To appraise the SERS stability of Au NPs@4-

1080 cm™

N

1588 cm™
N\

800 1000 1200 1400 1600 1800
Raman shift (cm™)

e

RSD=10.68% [ 1 1588 cm™

123456789 10
Points

Fig. 3 SERS spectral repeatability of Au NPs@4-MBA@PDA@aHER-2 (4-MBA: 2 x 10° mol/L, PDA: 5 mg/mL). (a) Intensity
heatmap and (b) 10 points of SERS spectra of Au NPs@4-MBA@PDA@aHER-2, specific peak signal stability at (c)

1080 cm ™ and (d) 1 588 cm™' of Au NPs@4-MBA.

https://www.sciopen.com/journal/2150-5578


https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578

136

Nano Biomed. Eng., 2025, 17(1)

MPY @PDA@aHER-2, Figs. 4(a) and 4(b) present
the intensity heatmap and 10 points of SERS spectra
of Au NPs@4-MPY@PDA@aHER-2. Figs. 4(c) and
4(d) illustrate that the RSD values at the 1 094 and 1
610 cm' peaks of Au NPs@4-MPY@PDA@
aHER-2 are 9.58% and 10.28%, respectively. These
results indicated that Au NPs@4-MPY@PDA@
aHER-2 exhibited good stability.

-1

The targeting effect and specificity of SERS
bioprobes

Differentiating HER2-positive SK-BR-3 cells from
triple-negative MDA-MB-231 cells is crucial for the
development of precise treatment. Individuals with
HER2-positive breast cancer might need targeted
HER-2 therapies, while patients with TNBC might
require chemotherapy or immunotherapy. To confirm
targeting aHER-2
conjugated to the bioprobes, fluorescent Alexa Fluor
647 (AF 647) labeled aHER-2 was used to yield Au
NPs@4-MBA@PDA@aHER-2-AF 647 and Au
NPs@4-MPY @PDA@aHER-2-AF  647.  Under
confocal laser scanning microscopy (CLSM), the

whether was  successfully
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bright-field and fluorescence of both
bioprobes were completely overlapped and matched
(Fig. S8 in the ESM), confirming the effective linkage
of aHER-2 to Au NPs. Subsequently, MDA-MB-231
cells and SK-BR-3 cells were co-incubated with Au
NPs@4-MBA@PDA@aHER-2-AF 647 and Au
NPs@4-MPY @PDA@aHER-2-AF 647 for 15 min,
30 min, and 60 min to evaluate their targeting effects.
As shown in Fig. 5(a), both SERS bioprobes were
adhered to SK-BR-3 cells, indicating that they were
endowed with good targeting ability. However, due to

images

the non-specific adsorption of the probe on the cell
surface, MDA-MB-231 cells will also bind to the
probes (Fig. 5(b)). To further distinguish the targeting
specificity of SERS bioprobes for the two subtypes of
breast cells, the fluorescence intensity of the HER-2
antibody was quantified. As shown by the average
gray value in Fig. S9 in the ESM, more bioprobes
adhered to SK-BR-3 cells than to MDA-MB-231
cells, indicating that both SERS bioprobes showed
targeting capabilities with a high degree of specificity
towards SK-BR-3 cells. In addition, an incubation

time of 30 min was chosen for subsequent
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Fig. 4 SERS spectral repeatability of Au NPs@4-MPY@PDA@aHER-2 (4-MPY: 2 x 10 mol/L, PDA: 5 mg/mL). (a) Intensity
heatmap and (b) 10 points of SERS spectra of Au NPs@4-MPY@PDA@aHER-2, specific peak signal stability at (c)

1094 cm ' and (d) 1 610 cm™' of Au NPs@4-MBA.
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Fig. 5 Fluorescence imaging was conducted on (a) SK-BR-3 cells and (b) MDA-MB-231 cells incubated with Au NPs@4-
MBA@PDA@aHER-2 and Au NPs@4-MPY@PDA@aHER-2 for varying time intervals.

experimental condition, because obvious targeting
results could be obtained. There was no statistical
significance in the incubation results of 15 min, likely
due to the insufficient time for effective binding.
Furthermore, the cytotoxicity of the two SERS
bioprobes was tested using the CCK-8 assay. The
results showed (Fig. S10 in the ESM) a cell survival
rate above 80%, suggesting good biocompatibility of
the constructed SERS bioprobes.

Before the statistical analysis of cell classification,
the optimal concentration for SERS bioprobes

incubated with cells was explored. Au NPs@4-
MBA@PDA@aHER-2 and Au NPs@4-
MPY@PDA@aHER-2 at concentrations of 5,
10, and 20 mg/L were incubated with SK-BR-3 cells
for 30 min. The SERS spectra of the bioprobes and
cells were recorded under 633 nm excitation. After
preprocessing the spectra, we have obtained the
average signal intensity at the 1 080 and 1 094 cm!
peak positions, as shown in Fig. S11 in the ESM.
Ultimately, 1 mL of 10 pg/mL Au NPs@4-
MBA@PDA@aHER-2 and 1 mL of 20 pg/mL Au
NPs@4-MPY @PDA@aHER-2 were wused. The
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Fig. 6 The average SERS spectra and the main characteristic Raman peaks of SK-BR-3 cells, MDA-MB-231 cells, and WBCs
were recorded using a 633 nm excitation source. (a) The average SERS spectrum of 4-MBA, (b) the intensity at 1 080 cm™, (c) the
average SERS spectrum of 4-MPY, and (d) the intensity at 1 094 cm™. The Raman testing conditions for the SERS spectra were as
follows: laser wavelength: 633 nm; laser power: 25%; lens: 50x objective; time: 5 s.

Raman spectra, when excited at a wavelength of
633 nm, successfully detected the 4-MBA and 4-
MPY molecules present in the bioprobes. MDA-MB-
231 cells also presented significant intensity, while
WBCs showed the weakest intensity. This
characteristic was further confirmed by calculating
the intensity at 1 080 cm™ peak (corresponding to 4-
MBA) as depicted in Fig. 6(b). Similarly, calculating
the intensity at the 1 094 cm™' peak (corresponding to
4-MPY) vyielded the same results, as shown in
Fig. 6(d).

Machine learning application in breast cancer
diagnosis and molecular subtyping

In this study, SERS bioprobes were integrated with
machine learning algorithms to analyze and classify
the comprehensive SERS data for the diagnosis of
breast cancer. In practical conditions, it is essential to
identify and distinguish WBCs, one of the main
components of a blood sample, avoiding the false
positive results in tumor cells detection. WBCs were
also involved in the classification model to realize the
differentiation of various cell types.

To classify two breast cancer cell subtypes and
WBCs, fifty SERS spectra from each cell line were
collected. These SERS data were then processed
using PCA for dimensionality reduction and LDA for
clustering analysis with a training-to-test set ratio of
7:3. The average SERS spectra of the single bioprobe
and dual bioprobes enabled “symphonic SERS
spectra” were illustrated in Fig. 7(a). It was found that
the 5-fold cross-validation accuracy of the Au NPs@4-
MBA@PDA@aHER-2 bioprobe in distinguishing SK-
BR-3 cells, MDA-MB-231 cells, and WBCs was only
86.24%. The Au NPs@4-MPY@PDA@aHER-2
bioprobe in distinguishing the same cell types was
84.46%. In contrast, the classification accuracy after
building “symphonic SERS spectra” remarkably
increased to 97.33% (Fig. 7(b)). The 2D LDA score
plot for SK-BR-3 cells, MDA-MB-231 cells, and
WBCs, which was calculated based on the results of
PCA dimensionality reduction (Fig. S12 in ESM),
was depicted in Fig. 7(c). It can be seen that three
types of cells were clearly classified and separated in
the LDA space. In addition, each cell type’s sample
points confidence ellipses,

were enclosed by

https://www.sciopen.com/journal/2150-5578


https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578

Nano Biomed. Eng., 2025, 17(1)

139

(a) _
5 = = = —SK-BR-3
3 — SK-BR-3 3 SK-BR-3 5
8 — MDA-MB-231| & — MDA-MB-231 © —"\,"v%%-MB-ZM
foa s
_,,? WBCs ‘? WBCs >
c c
g N l s ﬂ =5
- b
= = £ »/\AML——ALMA—
7)) ) ;
o 4 &’
7 7 L
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800 1000 1400 900 1300_1 1700
Raman shift (cm™) Raman shift (cm™) Raman shift (cm™)
(b) (d)
1407 (c)s 1.0 =
Bl Au NPs@4-MPY@PDA@aHER-2 o SK-BR-3 9 L
= 12 Il Au NPs@4-MBI_\+@PDA@aHER-2 ? 6 © MDA-MB-231 © 0.8 //
é100- Au NPs@4-MPY@PDA@aHER-2 § 4 WBCs ‘ ; : //,
T > L
E 80+ T $ 2 ‘% 0.6 //,
3 60; g 0 ; 0 04
Q -2 . o
< 401 L Q02 7" ——SK-BR-3(AUC=1.0)
20- -4 é E " /’ ——MDA-MB-231(AUC=1.0)
t% - 0.0 e WBCs(AUC=1.0)
0 ~20-15-10-5 6 8 10 15 00 02 04 06 08 1.0
(e) LD1(95.37%) False Positive Rate

True labels [NET ST NN | |
000000000000000 00000000000000000 0000000000000001

Prediction
probability

000000000000000 00000000000000000 0000000000000002
000000000000000 00000000000000000 0000000000000003

Prediction 990000000000000 00000000000000000 0000000000000004

labels

0 — 0

4‘-1 0\

Fig. 7 The result of machine learning analysis. (a) The integration of two bioprobes’ SERS spectra, (b) the classification accuracy
of Au NPs@4-MBA@PDA@aHER-2, Au NPs@4-MPY@PDA@aHER-2, and the combined Au NPs@4-MBA@PDA@aHER-2
with Au NPs@4-MPY @PDA@aHER-2 in differentiating between SK-BR-3 cells, MDA-MB-231 cells, and WBCs, (¢) a 2D LDA
score plot for SK-BR-3 cells, MDA-MB-231 cells, and WBCs, (d) the ROC curve derived from the validation set results of the
PCA-LDA model, and (e) the scores of the validation set as predicted by the trained PCA-LDA model.

indicating that the data points of each class were
relatively concentrated.

The classification model was further assessed by
plotting ROC curves, which can provide a graphical
representation of the trade-off between sensitivity
(true positive rate) and 1-specificity (false positive
rate). The area under the curve (AUC) of the ROC is
a crucial metric for evaluating model performance.
When the AUC value approaches 1.0, it demonstrates
that  the
discrimination ability.

approximately  perfect
the ROC curve for
distinguishing three types of cells using “symphonic
SERS spectra”, the AUC values were all 1.0,
indicating the high efficiency and reliability of the
(Fig. 7(d)). The specific
classification results for the test set are listed in Table
S1 in the ESM and Fig. 7(e) graphically displays the
model’s predicted results for the three types of cells

model has

In

classification model

with color the prediction
probabilities. The middle rows 1-3 show the model’s
predicted probabilities for each cell by ellipses. The
darker elliptical shape indicates a higher probability
of prediction, with the
approaching 100%. The 4th row represents the model’
s final prediction results, showing that all prediction
These
demonstrated that all samples within the test set were
predicted with precision, and the PCA-LDA model
displayed a high degree of reliability in
differentiating between HER-2" and HER-2" breast
cancer cell lines.

coding representing

correct probability

results are entirely accurate. results

Conclusions

In summary, this study presents the development of
two  SERS-based  bioprobes, Au NPs@4-

https://www.sciopen.com/journal/2150-5578


https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578

140

Nano Biomed. Eng., 2025, 17(1)

MBA@PDA@aHER-2 and Au NPs@4-
MPY@PDA@aHER-2, for the detection and
molecular typing of breast cancer cells. The
synthesized Au NPs exhibited high uniformity,
enabling the detection of trace amounts of 4-MBA
and 4-MPY molecules at concentrations as low as 2 x
10° mol/L. The bioprobes also demonstrated
excellent spectral stability, with RSD of 9.58%. To
minimize false positives and improve detection
precision, two bioprobes approach coupled with
machine learning-based data analysis was employed
to differentiate breast cancer cells from WBCs.
Utilizing a “symphonic SERS spectra” analysis
combined with the PCA-LDA algorithm, the
classification accuracy for distinguishing SK-BR-3
cells, MDA-MB-231 cells, and WBCs achieved a
high of 97.33%. These findings underscore the
promising applications and significant advantages of
integrating SERS technology with machine learning
classifiers in the field of breast cancer detection and
molecular typing.
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