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Efficient enrichment and accurate diagnosis of cancer cells from
biological samples can guide effective treatment strategies. How-
ever, the accessibility and accuracy of rapid identification of tumor
cells have been hampered due to the overlap of white blood cells
(WBCs) and cancer cells in size. Therefore, a diagnosis system for
the identification of tumor cells using reliable surface-enhanced
Raman spectroscopy (SERS) bioprobes assisted with high-efficiency
microfluidic chips for rapid enrichment of cancer cells was devel-
oped. According to this, a homogeneous flower-like Cu,0@Ag
composite with high SERS performance was constructed. It
showed a favorable spectral stability of 5.81% and can detect trace
alizarin red (10~° mol L™Y). Finite-difference time-domain (FDTD)
simulation of Cu,0, Ag and Cu,0O@Ag, decreased the fluorescence
lifetime of methylene blue after adsorption on Cu,O@Ag, and
surface defects of Cu,O observed using a spherical aberration-
corrected transmission electron microscope (AC-TEM) demonstrated
that the combined effects of electromagnetic enhancement and
promoted charge transfer endowed the Cu,0@Ag with good SERS
activity. In addition, the modulation of the absorption properties
of flower-like Cu,O0@Ag composites significantly improved elec-
tromagnetic enhancement and charge transfer effects at 532 nm,
providing a reliable basis for the label-free SERS detection. After
the cancer cells in blood were separated by a spiral inertial
microfluidic chip (purity >80%), machine learning-assisted linear
discriminant analysis (LDA) successfully distinguished three types
of cancer cells and WBCs with high accuracy (>90%). In conclu-
sion, this study provides a profound reference for the rational
design of SERS probes and the efficient diagnosis of malignant
tumors.
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New concepts

In this study, we first proposed a Cu,0O@Ag-based diagnosis system for
the identification of tumor cells using reliable surface-enhanced Raman
spectroscopy (SERS) bioprobes, assisted with high-efficiency microfluidic
chips for the rapid enrichment of cancer cells. The constructed
homogeneous flower-like Cu,O@Ag composite showed high SERS
activity, with a spectral stability of 5.81% and a limit of detection of
107° mol L™'. The mechanism study results, including the highest
electromagnetic strength of Cu,O@Ag compared to Cu,O and Ag
simulated by the finite difference time domain (FDTD) method, and
the decreased fluorescence lifetime of methylene blue after adsorption of
Cu,O@Ag demonstrated that the combined electromagnetic enhance-
ment and promoted photo-induced charge transfer endowed the
Cu,O@Ag composite with good SERS activity. Moreover, the absorption
profile of the composite was modulated to facilitate the electromagnetic
enhancement and charge transfer effects at 532 nm. According to the
different sizes of cancer cells and blood cells, three types of cancer cells
were enriched using an inertial microfluidic chip with high purity
(>80%). Machine learning-assisted linear discriminant analysis (LDA)
successfully distinguished cancer cells from white blood cells with high
accuracy (>90%). It is believed that this study provides a profound
reference for the rational design of SERS bioprobes for the efficient
diagnosis of cancer.

1 Introduction

Accurate diagnosis of cancer can explore the biological char-
acteristics of tumours and guide effective treatment strategies.”
The classic histopathological assay determines the histological
type, grade and stage of the tumour relying on obtaining tissue
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slices and complicated immunohistochemical staining.>
In recent years, an emerging non-invasive liquid biopsy tech-
nique allows us to detect and grade cancer simply by collecting
blood samples, significantly alleviating patient suffering and
enabling long-term monitoring of cancer.> However, due to the
complex composition of blood samples, there is great inter-
ference from hemocytes (red and white blood cells) that have
similar morphologies to tumour cells. Despite the significant
difference in size, these large numbers of blood cells (approxi-
mately 5 billion red blood cells and 4000-11 000 white blood
cells per millilitre)* still make it extremely difficult to obtain
and detect cancer cells. Therefore, developing efficient separa-
tion and enrichment techniques, and accurately identifying
cancer cells, is of great necessity.

Microfluidic technology is a highly integrated platform for
sample processing that combines physics, mechanical fabrica-
tion and biology.” The separation and enrichment of different
components in a sample can be achieved by manipulating the
flow of particles in the tailored micro-channels.® Inertial micro-
fluidic chips use the inertial effects of fluids to focus and
separate particles or cells with different sizes.””® Because of
the rapid separation and high-throughput processing capabili-
ties, no external energy intervention and cost economy, they
have become a powerful tool for biological sample processing.’
A spiral-shaped inertial microfluidic chip consists of spiral-
shaped channels and liquid entrances, which can achieve the
removal of red blood cells (6-8 um)'*"" and white blood cells
(10-15 um)'* and the enrichment of cancer cells (12-25 um)"
in a few minutes.'* However, because the size of white blood
cells overlaps with that of cancer cells, the cancer cells collec-
ted by microfluidic chips are often mixed with interference
from some white blood cells."® Therefore, it is very necessary
to develop accurate recognition technology to distinguish
cancer cells.

Label-free surface-enhanced Raman spectroscopy (SERS) can
reflect the conformation and orientation information of sub-
stances by recording the fingerprint formed by the vibration of
chemical bonds in substances.'® Owing to the great ability for
molecular detection, it has been widely used in life science,"”°
food safety,”® and environmental protection.>” Traditional
SERS techniques require the use of signalling molecules or
expensive specific antibodies to enhance the signal and identify
the target molecule. In contrast, the label-free SERS technique
facilitates direct detection of analytes, avoiding the error and
interference introduced by markers, which is of great signifi-
cance for the efficient detection of target objects.*®* Semi-
conductor materials can enhance Raman scattering by promot-
ing charge transfer between the tested molecule and the SERS
substrates showing good anti-interference, controllability and
spectral stability,>*** such as cuprous oxide (Cu,0),”**” zinc
oxide (ZnO),*® molybdenum trioxide (M0O3),* titanium oxide
(TiO,)**?" and Ag,0.% Despite these advantages, semiconductor-
based SERS materials are limited by their inferior sensitivity.
Another type of noble metal material is also commonly used as
a SERS substrate, which can produce local electromagnetic
field enhancement effects, thereby significantly enhancing the
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Raman scattering signal of target molecules.>*** However, due
to the random distribution of hot spots, the SERS enhance-
ment of noble metals showed poor spectral reproducibility.®®
In addition, non-selectivity and the difficulty of surface plasmon
resonance (SPR) peaks to resonate with excitation wavelengths
also limit their applications.*®?” Therefore, it is urgent to con-
struct a reliable SERS probe with high sensitivity, good stability
and selectivity. Cu,O is a good semiconductor that shows wide
applications in solar energy conversion, catalysis, and SERS
detection.*® Because of the high structural adjustability, it has
become an important research object for composite SERS sub-
strates of semiconductors and noble metals. The noble metal
nanostructures of Ag can contribute to the formation of abun-
dant hot spots and improve the activity of SERS substrates.*®
Therefore, the composite of Cu,O and Ag may be a promising
SERS probe.

Due to the diversity of samples and the complexity of
spectral data, multivariate statistical methods are essential to
analyse, interpret and represent the complex information con-
tained therein.*® Multivariate statistical techniques based on
machine learning can process large amounts of Raman spectral
data, perform feature extraction, pattern recognition and data
modelling, and then build predictive models based on cell
recognition.*’ To distinguish cell types, machine learning-
assisted linear discriminant analysis (LDA) can handle large,
high-dimensional data and improve classification accuracy
through supervised training and evaluation of models.*>*?
The SERS technology shows high specificity at the molecular
level, enabling the detection of specific biomarkers within
tumour cells. Microfluidic technology facilitates the separa-
tion and enrichment of tumour cells from complex samples,
enhancing the detection sensitivity, specificity, and accuracy.
Therefore, machine learning-assisted SERS technology enables
rapid and precise analysis of tumour cells, reducing the detec-
tion time and costs, thereby offering significant translational
potential.**

In this study, we developed a flower-like Cu,O@Ag compo-
site SERS substrate to efficiently distinguish cancer cells from
white blood cells using machine learning-assisted LDA after the
separation of cancer cells from blood samples using an inertial
microfluidic chip. SERS characterization proved that the com-
posite had good Raman enhancement effect and spectral
stability. According to the mechanism study, the highest elec-
tromagnetic strength of Cu,O@Ag compared to Cu,O and Ag
simulated by the Finite Difference Time domain (FDTD)
method and the decreased fluorescence lifetime of methylene
blue after the adsorption of Cu,O@Ag endowed good SERS
activity to the flower-like Cu,0@Ag composite. In addition,
the surface defects of Cu,O were observed by spherical
aberration-corrected transmission electron microscopy (AC-TEM).
Therefore, the absorption profile of the flower-like Cu,O@Ag
composite was modulated to facilitate the electromagnetic
enhancement and charge transfer effects at 532 nm. After
that, 20 pm particles were successfully enriched by using a
spiral inertial microfluidic chip. According to this, cancer cells
(purity >80%) were efficiently separated from blood cells.
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Machine learning-assisted LDA was subsequently used to
distinguish the SERS spectra of three types of cancer cells
(bladder cancer T24 cells, glioma U251 cells and pancreatic
cancer Panc02 cells) and white blood cells. The resulting high
accuracy (>90%) revealed that the constructed model had
high confidence to identify cancer cells and white blood cells.

2 Experimental methods

2.1 Synthesis of flower-like Cu,O templates

PVP (M,, ~ 1300000, 3 g, Macklin) and CuCl,-2H,0 (171 mg)
powder were dissolved in 100 mL deionized water. After the
solution was totally clear, a NaOH aqueous solution (10.0 mL,
2.0 mol L") was slowly dropped in until the reaction colour
changed from pale blue to light black. After stirring for 1 h,
10.0 mL 2.0 mol L " ascorbic acid aqueous solution was added.
The mixture was then subjected to ageing for 3 h. Throughout
the process, the solution was continuously stirred and heated
in a water bath at 50 °C. The resulting precipitate was centri-
fuged and washed three times with deionized water and
ethanol to remove the remaining polymer and ions. Finally,
the product was dried in an oven at 50 °C for further character-
ization and use.

2.2 Synthesis of flower-like Cu,O@Ag

Flower-like Cu,O powder (4.5 mg) was first dispersed in 3 mL
ethanol with ultrasonic vibration to prepare a suspension of
Cu,0. The resulting suspension was then dissolved in 20 mL
ethanol 80 mL under vigorous stirring. Subsequently, a solution
of 1.2 mL of 30 mM anhydrous sodium citrate and 1.5 mL of
100 mM fresh NaBH, were sequentially added to the solution.
After stirring for 5 min, 1.5 mL AgNO; solution (10 mM)
was added dropwise into the mixture. When the colour of the
reaction mixture turned bright yellow, it indicated the for-
mation of small Ag nanoparticles. After continuing the reaction
for 2 h, the solution was centrifuged and washed with deio-
nized water and ethanol. At last, the collected particles were
suspended in ethanol for further use and characterization.

2.3 Preparation of Cu,0O@Ag-Raman reporter and Raman
detection

Powder of Raman reporter was dissolved in ethanol and diluted
to different concentrations. After natural drying at room tem-
perature, the obtained precipitate was dropped onto a cleaned
silicon slice (5 x 5 mm) using a micro-pipette for Raman
detection. The SERS spectra were recorded using a confocal
Raman microscope (Renishaw inVia Reflex) with a 532 nm laser
as the excitation light source. Each spectrum was exposed for
5 s at a power of 0.1% w, and the process was repeated three
times to accumulate the data.

2.4 Separation of fluorescent polystyrene microspheres on an
inertial microfluidic chip

Three types of fluorescent polystyrene microsphere emul-
sions with diameters of 5 pm (Nile red-labelled fluorescence,
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100 pL), 10 pm (DAPI-labelled blue fluorescence, 100 pL)
and 20 um (FITC-labelled green fluorescence, 400 pL) were
mixed with 30 mg Tween 20. The mixture was then diluted
with a 10 mM phosphate buffer (PBS, 30 mL) and ultra-
sonicated for 30 min. The prepared suspension was injected
into a microfluidic chip with a precision pump (Pump 11
Elite, Harvard) at a speed of 700 uL, min~ ", and the particles’
flow trajectory was observed using an inverted fluorescence
microscope (IX73, Olympus). After particles from central out-
let and both side outlets were collected into plastic tubes,
respectively, they were subjected to a flow cytometer (LSR
Fortessa, Becton Dickinson) for recording the fluorescence
intensity.

2.5 Cell culture and separation of blood samples

Human bladder cancer T24 cells transfected with GFP, human
glioma U251 cells transfected with RFP, and mouse pancreatic
cancer Luci-Panc02 cells transfected with GFP were kindly
cultivated. All cells were cultured in DMEM with 10% fetal
bovine serum and 1% penicillin-streptomycin in an incubator
containing 5% CO, at 37 °C. Luci-Panc02 cells were induced by
potassium luciferase before use. Then, 10 pL anticoagulant
rabbit blood was diluted with 10 mL PBS. About 10° fluorescent
T24, U251 and Panc02 cells were added to the above sample
and drawn into a 10 mL glass syringe. The prepared mixture of
blood cells and cancer cells was injected into a microfluidic
chip and the liquid from the central outlet and side outlets
was collected, respectively. Using a fluorescence microscope,
the sizes of fluorescent cancer cells and white blood cells in the
central outlet were measured. The data were then analysed
using the MedCalc software to plot the distribution pattern of
the sizes of fluorescent cancer cells and white blood cells,
including calculating the mean values and assessing their
normality. The distribution of fluorescent cancer cells was then
determined using a flow cytometer.

2.6 Label-free SERS detection of cells and data processing

The Cu,O@Ag ethanol suspension was dripped onto a clean
silicon slice measuring 5 x 5 mm. After the liquid completely
evaporated, the collected cells from the central outlet were
coated onto the surface of silicon. The prepared sample was
then placed under a confocal Raman microscope (Horiba,
Labram Odyssey) to record label-free SERS data. The excitation
source used was a 532 nm laser.

2.7 Raman data processing and statistical analysis

Fifty SERS spectra within the range of 600-1800 cm ™' of each
cell line were employed to conduct LDA. The Python 3.6
programming language was used, with the basic code derived
from rampy 0.4.6.*> To avoid overfitting, k-fold cross-
validation was used. ROC curves were plotted to assess the
model’s performance. Furthermore, confusion matrices and
prediction heatmaps were plotted using the Seaborn Python
library code.

This journal is © The Royal Society of Chemistry 2024
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3 Results and discussion

3.1 Morphology characterization of flower-like Cu,O@Ag
composites

The composite was prepared in two steps (Fig. 1(A)). After
obtaining flower-like Cu,O particles, a silver (Ag) nanoparticle
layer was reduced on the surface of the template. Flower-like
Cu,O particles were synthesizing by the reduction of copper
hydroxide using PVP as a templating agent and ascorbic acid as
a reducing agent. As shown in Fig. 1(B), multilayer folding
structures on the surface of flower Cu,O can be observed using
a scanning electron microscope (SEM), which consisted of
irregular and randomly arranged protrusions and crevices.
These rough structures may provide more sites for hot spots
of Ag particles.”® Besides, the prepared flower-like Cu,O was
highly uniform in morphology, which laid the foundation for
good SERS repeatability and stability (Fig. S1A, ESIt). The
synthesized particles also showed clear lattice fringes under a
high-resolution transmission electron microscope (HRTEM)
(Fig. S2A, ESIt), indicating that the prepared material was
a crystal. The lattice spacing was measured to be 0.242 nm,
demonstrating a lattice orientation of (111). Accordingly, by
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selected area electron diffraction (SAED) detection, the crystal
diffraction matrix of Cu,O was observed (Fig. S2B, ESIT).
Similarly, the resulting characteristic crystal planes were (110),
(111) and (220). In order to observe the distribution of copper
(Cu) and oxygen (O) elements, the energy spectrum map scan-
ning was performed. As shown in Fig. S3 (ESI{), the O and Cu
elements were uniformly distributed in the prepared nano-
material. After the synthesis of a Cu,O template, a layer of
silver nanoparticles was prepared on the surface of flower-like
Cu,O by in situ reduction. In order to observe the prepared
Cu,O@Ag particles, SEM samples were prepared. It was found
that the originally smooth surfaces became rough (Fig. 1(C)).
This change can also be found in the transmission electron
microscopic (TEM) images (Fig. S1B, ESI{ and Fig. 1(D)).
In addition, the prepared Cu,O@Ag maintained the high uni-
formity of the previous template (Fig. S4, ESIf).

To validate the formation of composites in a focused area,
Cu,O@Ag was broken using an ultrasonic disrupter and char-
acterized by HRTEM. It can be seen that small Ag nanoparticles
(Ag NPs) were attached on the outer surface of Cu,O, as the
characteristic lattice spacing (0.242 nm, (111)) and plane
(0.204 nm, (200)) were recorded at the border of two materials

H HAADF

45k (111)
— 40k
=: 35k 4 _;
& soxd (200) (220) (311) s

500 nm .é‘ S5k Ag ?

2 20k JCPDS No.004-0783 §
;2 _— lee=38° &
T Cu,0@Ag A A A
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Fig. 1 Morphology and physical property characterization of flower-like Cu,O and Cu,O@Ag composites. Synthesis diagram of the Cu,O@Ag
composite (A); SEM image of flower-like Cu,O (B); SEM image (C), TEM image (D), HRTEM (E), SAED (F), SEI (G) and elemental distribution of the
Cu,0@Ag composite (H); XRD spectra of Ag nanoparticles, flower-like Cu,O and Cu,O@Ag composites (I); XPS spectra of flower-like Cu,O and

Cu,0O@Ag composite (J).
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(Fig. 1(E)). Moreover, the crystal diffraction pattern of Cu,O@Ag
was acquired. The polycrystalline diffraction rings ((111) and
(220)) were assigned to Ag NPs, while the diffraction spots ((220)
and (311)) were attributed to Cu,O (Fig. 1(F)). Upon further
observation of the material by scanning transmission electron
microscopy (STEM), secondary electron imaging (SEI) also
depicted the rough and uneven surface morphology of Cu,O@Ag
(Fig. 1(G)).¥ In addition, we explained the formation of
Cu,O@Ag composites from the elemental distribution in the
HAADF (high-angle annular dark field) mode (Fig. 1(H)). It is
observed that the Ag element was distributed on the surface of
the Cu element. This indicated the successful formation
of Cu,0O@Ag composites with a core-shell structure. Further
the crystal property of powder samples of Ag NPs, Cu,O and
Cu,0@Ag was measured by X-ray diffraction (XRD).*® The dif-
fraction peaks of Cu,O (JCPDS no. 05-0667) and Ag (JCPDS no.
004-0783) are indexed to the International Centre for Diffraction
Data (ICDD). The collected spectra showed that a characteristic
peak at 20 = 38° of Ag appeared in Cu,O@Ag, implying that
Cu,0@Ag has been successfully fabricated.*® Another technique
for detecting element components on the surface of materials,

View Article Online
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X-ray photoelectron spectroscopy (XPS), was also used to
characterize the composites.’® In the range of binding energy
from 1 to 1000 eV, Cu,O and Cu,O@Ag exhibited the same
Cu orbital distribution (Fig. 1(J)), which can also be confirmed
from the Cu 2p spectra (Fig. S5A, ESIt). The appearance of Ag 3d
peak in the 300-400 eV range suggested the formation of the
composite (see Fig. S5B for the fine XPS spectrum of Ag,
ESIT).SLSZ

3.2 SERS performance of flower-like Cu,O@Ag composites

SERS performance was evaluated by the enhancement effect
and spectral repeatability. By screening various Raman signal-
ing molecules, it was found that the prepared flower-like
Cu,O@Ag had good spectral enhancement ability for the
alizarin red (AR), crystal violet (CV) and methylene blue (MB)
molecules. As shown in Fig. 2(A), the AR molecule presented
distinct characteristic peaks at concentrations above the nano-
molar range enhanced by Cu,0@Ag. With regard to the limit of
detection (LOD), it was found that the composite could detect
alizarin red molecules as low as 10~° mol L™
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Fig. 2 SERS performance of the flower-like Cu,O@Ag composite. SERS
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LOD spectra of Cu,O@Ag-AR (A), heat map of 20 spectra of Cu,O@Ag-AR

(107> mol L™ (B), SERS spectra with RSD values of Cu,O@Ag-AR (10™> mol L™ (C), SERS LOD spectra of Cu,O@Ag-CV (D), heat map of 20 spectra of
Cu,0@Ag-CV (10~* mol L™ (E), SERS spectra with RSD values of Cu,O@Ag-CV (10~* mol L™ (F), SERS LOD spectra of Cu,O@Ag-MB (G), heat map of
20 spectra of Cu,O@Ag-MB (107> mol L™ (H), and SERS spectra with RSD values of Cu,0@Ag-MB (10~% mol L™ ().
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In addition to the LOD, spectral repeatability is a property to
be concerned. The repeatability was achieved by detecting the
Raman spectra of several molecules at some specific peaks and
calculating the relative standard deviation (RSD) of the inten-
sity. As in Fig. 2(B), 20 Cu,O@Ag-AR (10> M) SERS spectra were
recorded and plotted as a heatmap. The sharp contrast between
the light and dark regions illustrated the general spectral
stability, as the signal intensity in the red region was higher
than that in the green region. To give a specific explanation of
repeatability, the RSD values of the intensities corresponding to
two of the peaks were calculated. The RSD is a value that
describes the degree of dispersion of the data, ranging from 0
to 100%. In general, the smaller the RSD is, the closer the data
is to the mean and the more centralized the data distribution
is. The calculation of RSD is based on eqn (1):*®

[
RSD =~ 1
. 1)

where ¢ is the standard deviation of SERS intensity and p is the
average value.

The SERS spectra of AR labelled with peak positions are
shown in Fig. 2(C). In particular, the calculated RSD values of
Raman shift at 1256 cm™" and 1440 cm ™' were 6.13% and
5.81%, respectively. This indicated that the prepared materials
not only had good signal enhancement ability for AR, but also
exhibited high spectral stability. In addition to the AR mole-
cule, the SERS performance of the prepared composite was
explored for the CV and MB molecules. The LOD of the
CV molecule detected was 10~% mol L™'. Fig. 2(E) and (F)
illustrate the spectral profiles of the CV molecule at a concen-
tration of 10~* mol L™ ", The values at Raman shift of 1176 cm ™"
and 1618 cm ' were 16.94% and 12.94%, respectively. These
results indicated the LOD and spectral repeatability of the
enhanced spectra of CV were close to those of MB. The LOD
of the MB molecule detected was 10~® mol L™". Fig. 2(H) and (1)
show the spectral profiles of the MB molecule at a concen-
tration of 10™* mol L™'. The RSD values at Raman shift of
1442 cm™ ' and 1617 cm™ ' were 13.77% and 12.19%, respectively.
Overall, the prepared flower-like Cu,O@Ag showed good general-
ization for its enhancement effect on various molecules.

Furthermore, in order to illustrate the storage stability of the
Cu,O@Ag composite, the morphology and SERS performance
were compared on day 1, 3, 5 and 7, respectively. The results
(Fig. S6, ESIt) show that the morphology of flower-like
Cu,O@Ag showed no significant change in at least one week,
and the SERS enhancement effect remains stable.

3.3 Enhancement mechanism of flower-like Cu,0@Ag-based
SERS

According to the reported enhancement mechanism, the sig-
nificant SERS effect mainly comes from the electromagnetic
enhancement (EE) dominated by noble metals and the charge
transfer (CT) enhancement based on semiconductors.”® EE
refers to a strong localized electric field enhancement effect
generated by localized surface plasmon resonance (LSPR) when
molecules are located near the surface of metal nanostructures.
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This localized electric field enhancement effect facilitates the
excitation of the molecules’ vibration, thus enhancing the
Raman signal of the molecule.>>*® The action of surface
plasmon resonance (SPR) is related to the energy of the excited
light. As can be seen from the absorption profiles (Fig. 3(A)), the
optimal absorption peak of the composite was successfully
regulated to around 532 nm after the introduction of Ag NPs
on the multilayer folding of Cu,O. Given this feature, the SPR
effect of Cu,O@Ag acquires a favourable match with the energy
of excitation light, showing an accessibility to plasmon reso-
nance in the visible region.”” By testing the same concentration
of Raman signal molecules CV and 4 mercaptopyridine (4MPY)
using a Raman spectrometer equipped with multiple lasers, it
can be seen that the SERS intensity of the two molecules
obtained the best enhancement at 532 nm excitation
(Fig. 3(B) and (C)). A finite difference time domain (FDTD)
method was used to simulate the electromagnetic field
enhancement effect of Ag NPs, Cu,O and Cu,O@Ag composite.
The results showed that the electric field generated by the
Cu,O@Ag composite under excitation at 532 nm showed a
higher electric intensity than that of pure Ag and Cu,O
(Fig. 3(D)~(F)). To verify the extensibility of the theory, the
electric field enhancement under excitation at 514 nm was also
simulated. The strong electric field intensity demonstrated that
the constructed composite could exert a stable electromagnetic
enhancement effect (Fig. S7, ESIT). Further experimental com-
parison was made between the enhancement effect of Ag NPs
and Cu,O@Ag for 4MPY molecules. The resulting SERS spectra
is shown in Fig. 3(G). The peaks of Cu,O@Ag-4MPY at the
Raman shift of 1019 em™?, 1216 cm™*, and 1582 cm™" were
assigned to the symmetric vibrations of C-S, CH, and C—C
bonds. The intensity of these peaks was significantly improved
compared with Ag-4AMPY, proving the obvious SRP effect. There-
fore, the introduction of multilayer folding structure of Cu,O
could effectively promote the hot spot effect between Ag and Ag,
produce a strong SPR effect, and improve the EE. In addition,
the enhancement of asymmetric C-H vibration at 1061 cm™*
comes from another charge transfer enhancement mechanism,
which enhances the Raman signal through the CT between the
SERS substrate and the adsorbed molecules.’® To quantify the
contribution of CT to SERS, eqn (2) was used:
Toe1 /1021

— Cleei/woa 2
per 1+ Los1 /1021 @)

where I,06; is the strength at the Raman shift of 1061 cm ™" and

Lop1 is the strength at the Raman shift of 1021 cm™ . The
calculated contribution of CT effects was 36.75%, which
implied the synergistic effect of EE and CT. In addition, it
can be found that the Cu,O@Ag composite presented a selec-
tive enhancement effect on 4MPY, since the strengths at
1061 cm™ !, 1216 cm™ ' and 1582 cm ™" were much higher than
that of Ag-MB.

The CT phenomenon of the Cu,O@Ag composite can also be
confirmed from the improved photoelectric conversion
ability.”® The photocurrent density under illumination and
without illumination was recorded under the given light source
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Fig. 3 SERS enhancement mechanism of the flower-like Cu,O@Ag composite. Absorption profiles of prepared Cu,O, Cu,O@Ag and Ag nanoparticles

(A), SERS spectra of Cu,0@Ag-CV (10> mol L) and Cu,0@Ag-4MPY (10>

mol LY at different excitation lasers (B) and (C), simulated electromagnetic

field enhancement of Ag nanoparticles, Cu,O and Cu,O@Ag composite at an excitation wavelength of 532 nm (D)—(F), SERS spectra of Cu,O@Ag-4MPY
(10~° mol L) and Ag-CV 4MPY (10~° mol L) at an excitation wavelength of 532 nm (G), photocurrent density of Cu,O and Cu,O@Ag (H), time-resolved
photoluminescence spectra of MB solution, Cu,O-MB and Cu,0@Ag-MB (10> mol L™ (I), charge transfer diagram between Cu,O@Ag and CV, 4MPY,
AR and MB (J), O1s spectrum of flower-like Cu,O (K), PL spectra of flower-like Cu,O and octahedral Cu,O (L), and surface defect of flower-like Cu,O

under an AC-TEM (M).

intensity (Fig. 3(H)). The results showed that the CT ability of
Cu,O was improved after the introduction of Ag particles.®
The CT between the molecules and the SERS substrate can
also be explained by the changed fluorescence lifetime.®' After
the fluorescence molecule MB was adsorbed on Cu,O and
Cu,O@Ag, the fluorescence spectra (Fig. S8, ESIt) and time-
resolved photoluminescence spectra (Fig. 3(I)) were recorded. It
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can be seen that the lifetime of MB decreased from 0.876 ns to
0.864 ns and 0.849 ns, respectively. The more decrease in
Cu,O@Ag-MB implied more CT between MB molecules and
the composite. These results indicated that the presence of Ag
has promoted the CT of Cu,O-based SERS materials.®* More-
over, by measuring the XPS valence band curves (Fig. S9, ESIT),
Mott-Schottky curves (Fig. S10, ESIT) and UV-diffuse reflection
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spectra (Fig. S11, ESIt) of powder samples, the energy bands of
Cu,0 and Cu,0O@Ag were obtained (Table S1, ESI{).** The
reduced band gap of the Cu,O@Ag (1.64 eV) composite com-
pared to Cu,O (1.97 eV) was favourable to the high-efficiency
PICT resonance.>® As a result, the CT pathways between mole-
cules and the composite are shown in Fig. 3(J). It is well
documented that surface defects in semiconductor materials
can also promote the CT process.®* According to the XPS O 1s
spectra (Fig. 3(K)), lattice oxygen (531.4 eV), ambient oxygen
(535.2 eV) and oxygen defect (531.9 eV) were detected.®®® The
oxygen defects account for 2.46% of the total oxygen content.
Further examination of the photoemission spectra (Fig. 3(L))
showed that flower-like Cu,O had an oxygen defect peak at
640 nm and a copper defect peak at 855 nm. As a comparison,
the PL spectra of octahedral Cu,O (Fig. S12, ESI}) were also
detected, but no obvious oxygen defect peak was found. This
difference suggested that the prepared flower-like material
showed potential in facilitating CT. Moreover, the surface
defects of flower-like Cu,O observed by spherical corrected
aberration electron microscopy (AC-TEM) also provided evi-
dence, as shown in the enlarged area in Fig. 3(M).

3.4 Inertial microfluidic chips for the separation of particles

An inertial microfluidic chip was used for particle sorting
according to the force difference of particles with different
sizes in the channel. In the spiral channel, the introduction
of a periodic expansion structure can produce a stable vortex-
induced lift force, and under the joint action of Dean resis-
tance, particles with different sizes can quickly reach the
equilibrium position and form a focused flow line. Therefore,
a stable and efficient inertial separation microfluidic chip was
employed according to a previous report.’” The working dia-
gram of the chip is shown in Fig. 4(A). The 5 um, 10 pm and 20
um particles were used to simulate the movement of red blood
cells (RBCs), white blood cells (WBCs) and cancer cells in the
chip, respectively. After the mixed solution of the three particles
passed into the inlet and equilibrate through the spiral chan-
nel, the smaller 5 pm and 10 pm particles will flow out of the
chip via two side outlets, and the larger 20 um particles will
flow out via the middle outlet. A photograph of the utilized chip
is shown in Fig. 4(B), and the chip consists of an inlet, a spiral
channel (5 loops) with a periodic expansion structure, and three
outlets. The detailed information of the chip is shown in Fig.
S13 (ESIt). In order to clearly observe the migration route of
particles with different particle sizes in the microfluidic chan-
nel, a fluorescently labelled polystyrene microsphere mixed
solution was prepared and pumped into the chip at a constant
flow rate of 700 pL min~'. A fluorescence microscope with a
high-speed camera was used to observe and record the motion
trajectories of three types of fluorescent microspheres, includ-
ing 5 pm (red fluorescence), 10 um (blue fluorescence) and 20
pm (green fluorescence). As can be seen in Fig. 4(C), the three
types of fluorescent particles were in dispersed state and
randomly distributed in the channel near the outlet. The 5
um particles appeared to be dispersed in the first loop, but
gradually moved towards both sides of the channel in the third
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loop. In the fifth loop, the 5 pm particles successfully focused
into two streamlines and eventually flowed out through both
side outlets. The 10 um particles showed a similar migration
pattern. After five-loop of focusing, most of the particles
equilibrate and flowed out through the side outlets. After the
initial dispersion, the 20 pm particles quickly focused in the
first loop, gradually stabilized in the middle of the channel
during the third and fifth loops, and finally flowed out towards
the central outlet. These changes indicated that the inertial
microfluidic chip can successfully separate the target particles
in the mixed sample. In addition, the influence of flow rate on
the separation effect was compared by recording the movement
trajectories of 5 pm, 10 um and 20 pm fluorescent microspheres
at microfluidic channels and furcation. The results (Fig. S14,
ESIt) show that the microfluidic chip has the best performance
when the flow rate is 700 uL min~ ", as the 20 um particles can
be focused on the center of the flow line. When the flow rate is
reduced to 500 pL min ™", the 20 um particles cannot be focused
on the center of the flow line. As a result, some of the larger
microspheres cannot be accurately discharged from the central
outlet, resulting in reduced separation and enrichment perfor-
mance. When the flow rate increased to 900 uL min~", higher
flow rates disrupt the microspheres’ movement trajectories
within the chip, leading to clogging and subsequently reducing
separation and enrichment efficiency.

The fluorescence intensities of liquid at the inlet (i.e. the
unseparated microsphere mixture) and separated liquid col-
lected by both the side outlets and the central outlet were
recorded by flow cytometry. By comparing the three groups of
scatter plots, it can be seen (Fig. 4(D)) that the number of 5 pm,
10 pm and 20 pm particles at the inlet accounted for 92.36%,
5.06% and 2.58% of the total samples, respectively. After the
separation of the inertial microfluidic chip, the proportion of
20 um particles collected at the central outlet increased to
87.77%, while the proportions of 5 pm and 10 um particles
reduced to 11.35% and 0.87%, respectively, which showed that
the chip had a good enrichment ability for large particles. At
the same time, the small particle size can be effectively elimi-
nated. The proportions of 5 pm, 10 pm and 20 pm collected in
the side outlets were 94.88%, 5.02% and 0.10%, respectively.
These low proportions of 20 pm particles in the side outlets
suggested the efficient screening effect of the inertial chip.
Therefore, the chip can be used for the removal of blood cells
and the enrichment of cancer cells.

3.5 Separation of cancer cells and label-free SERS
identification of cancer cells and white blood cells

In order to simulate the separation of cancer cells in blood, a
rabbit blood diluent mixed with fluorescent tumor cells was
injected into a microfluidic chip for separation. Fluorescence
and bright field images under a fluorescence microscope
(Fig. 5(A)) showed the flow trajectories of fluorescently labelled
bladder cancer T24 cells, glioma U251 cells, pancreatic cancer
Panc02 cells, tumor cells, and blood cells in the inlet and
outlets. After entering the chip, tumor cells and blood cells
randomly spread around the inlet, and began to focus on the
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Fig. 4 Separation effect of fluorescent microspheres by inertial microfluidic chip. Separation diagram of mixture of three types of micro-particles with
diameter of 5 um, 10 um and 20 pm (A); photograph of inertial microfluidic chip with inlet, spiral channel, and outlets (B), fluorescent pictures of particles’
trajectories in outlet, first loop, third loop, fifth loop and outlets (C), comparison of fluorescent intensity and proportion of particles in collected liquid

sample from inlet, central outlet and both side outlets (D).

spiral channel. A large number of fluorescent tumor cells
flowed out through the central outlet, while most blood cells
flowed out through the side outlets. To further confirm that
the chip had a significant enrichment effect on tumor cells, we

5760 | Mater. Horiz., 2024, 11, 5752-5767

performed flow cytometry detection of cell suspensions collected
at the inlet and different outlets. Scatter plots of the liquid samples
of the inlet, central outlet, and side outlets showed that the cell
suspension was automatically divided into upper and lower groups
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Fig. 5 Separation of fluorescently labelled cancer cells from the blood sample by an inertial microfluidic chip. Bright-field image of a mixture of cancer
cells in the blood sample at chip inlet and fluorescence images of three cancer cells (T24, U251, and Panc02) separated from the blood mixture at the
central outlet, respectively (A); flow cytometry scatter plots of fluorescent cells collected at the inlet, central outlet, and side outlets of the chip (B); and
purity and recovery rate of cancer cells collected from the central outlet of the microfluidic chip (C).

of cells, because blood cells and fluorescent tumor cells had
different particle sizes and fluorescence intensities. Through
comparative analysis of the plots, it can be seen that the number
of fluorescent tumor cells at the central outlet was significantly
higher than that at the inlet and side outlets, and only a very small
number of fluorescent tumor cells appeared to be collected in the
side outlets (Fig. 5(B) and Fig. S15, ESIt). In our experiments,
the cell separation was repeated, and the processing time was
recorded. The calculated average processing time is 16.20 =+
0.06 min. Compared to the study by Bakhshi, M. S.,°® where the
separation flux of the microfluidic chip for whole blood was
12.2 mL h™?, our microfluidic chip demonstrated a significantly
higher separation flux of 36.1 mL h™". As a result, the time
required for tumor cell separation from whole blood samples in
this work was notably reduced. In the subsequent quantitative
analysis, it was found that the number of fluorescent tumor cells at
the inlet of T24, U251 and Panc02 accounted for 10.80%, 21.10%
and 10.90% of the total samples, respectively. The proportion of

This journal is © The Royal Society of Chemistry 2024

T24, U251 and Panc02 fluorescent tumor cells collected from the
central outlet of the chip increased to 88.70%, 81.40% and 85.70%,
respectively, while the proportion of red blood cells (RBCs) and
white blood cells (WBCs) reduced to 11.30%, 18.60% and 14.30%,
respectively. Meanwhile, the proportion of blood cells collected at
side outlets was 97.70%, 97.48% and 94.78%, respectively, while
the proportion of three fluorescent tumor cells, T24, U251 and
Panc02, was 2.30%, 2.52% and 5.22%, respectively, which proved
that the chip had a good separation and enrichment effect on
tumor cells. In addition, the purity and recovery rate of the collected
tumour cells were calculated according to eqn (3) and (4):*°

(Number of tumour cells)

Purity = Central outlet
(Number of tumour cells + Number of blood cells);,.,
€)
Recovery rate — (Number of tumour cells) eyral outiet @

(Number of tumour cells),,
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The average purity of T24, U251 and Panc02 at the central outlet
was 87.36%, 82.35% and 80.51%, respectively, and the average
recovery rate was 92.95%, 88.01% and 82.79%, respectively
(Fig. 5(C)). Compared to other related research, the purity was
higher than that of cascaded sinusoidal channels (70.41%)% and
the recovery rate was consistent with another curved expansion-
contraction array (CEA) microchannel (80.31%).”° In addition, the
presence of serum in blood could potentially impact the purity and
recovery rate of blood cells and cancer cells during separation using
the microfluidic chip. To address this concern, we conducted an
experiment where fluorescent tumor cells were injected into both
serums with a consistent dilution ratio and serum-free samples.
Microfluidic screening was then performed on both sets of
samples. The cell suspensions collected from the central outlet
were analyzed by cytometry. The results showed no statistically
significant difference in the average fluorescence intensity of
fluorescent tumor cells between the two groups (Fig. S16, ESIT),
indicating that the number of tumor cells sorted by the micro-
fluidic chip was comparable in both cases. At this dilution concen-
tration, the influence of serum on the sorting efficiency of the
microfluidic chip is minimal.

However, it should be noticed that about 13-20% of blood
cells were collected. It was found by fluorescence microscopy
that most of these blood cells were WBCs with a diameter
greater than 10 pm, which was also consistent with a large
number of microfluidic chip screening results.”””> The presence
of WBCs greatly interfered with the accurate detection of label-free
SERS detection of subsequent tumour cells and restricted the
establishment of machine learning prediction model. To tackle
with this issue, the diameter of 200 WBCs and 200 fluorescent
tumour cells collected at the central outlet was randomly obtained
and their normality was evaluated. The results showed that the
mean diameter of WBCs was 15.8 um, while the mean diameter of
T24, U251 and Panc02 fluorescent tumour cells was 22.22 um,
22.79 pm and 20.92 pm, respectively, and the cell sizes of all types
were in line with normal distribution (Fig. S17, ESIt). Therefore,
the size difference between tumour cells and WBCs was the basis
for the accurate acquisition of subsequent label-free SERS detec-
tion. Cells with a diameter less than 15 pm were regarded as
WBCs, while those with a diameter greater than 20 pm were
regarded as tumour cells. Subsequently, tumour cells and WBCs
were subjected to Cu,0O@Ag-based SERS detection and machine
learning-assisted efficient identification.

Previous studies have shown that the combination of
machine learning and SERS detection can accurately distinguish
nucleic acids,”® exosomes’* and proteins.”” LDA algorithm has the
advantages of insensitivity to outliers, good dimensional flexibil-
ity, fast computation speed and strong adaptability to multiple
classification tasks.”® LDA enhances class separation by maximiz-
ing the ratio of between-class variance to within-class variance,
making it particularly effective in handling the multidimensional
spectral data typical of SERS. By identifying the optimal linear
combinations of features, LDA can reduce the impact of certain
types of noise, thereby improving stability and generalization,
especially in high-dimensional datasets. Moreover, LDA’s low
computational complexity allows for the rapid processing of data,
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making it an ideal choice for situations where quick and reliable
classification is required without the overhead of more complex
models. LDA performs particularly well in scenarios where the
assumptions of linear separability and similar covariance struc-
tures among classes hold true, consistently providing robust and
interpretable results.”” Therefore, a binary classification model
based on the LDA algorithm was used, and 5-fold cross-validation
was applied to prevent the occurrence of overfitting. Each of the
50 SERS spectra of WBCs and T24, U251 and Panc02 cells was
randomly collected, and the average spectra are shown in Fig. S18
(ESIT). The data set was composed of each tumour cell and white
blood cell spectra, and the training set and test set were divided in
a ratio of 7/3. The results showed that the accuracy of this
classification model in distinguishing between T24 and WBCs,
U251 and WBCs, and Panc02 and WBCs reached 96.48%, 90.23%
and 93.33%, respectively, indicating that the established classifi-
cation model had excellent robustness and generalization ability.
Subsequently, the overall performance of the classification model
was evaluated in detail through the confusion matrix. The results
showed that the overall accuracy of the classification model for
T24, U251 and Panc02 cells reached 94%, 94% and 100% (as
shown in Fig. 6(A)), and the F1-score was 0.88, 0.87 and 1.00,
respectively. The receiver operating characteristic (ROC) curve is a
graph used to represent the performance (robustness and relia-
bility) of a machine learning classifier by plotting the relationship
between the true positive rate (TPR) and the false positive rate
(FPR). The area under the curve (AUC) of the ROC curve, which
varies from 0 to 1, is a quantitative indicator of the performance
of the classifier, and a larger AUC indicates better reliability.”®
The ROC curves (Fig. 6(B)) demonstrated the excellent overall
performance of the model in multiple mixed samples with the
classification model showing a sensitivity of 94.44% and a
specificity of 94.10% and an AUC of 0.97 when distinguishing
the mixed samples of T24 cells and WBCs. In the mixed
samples of U251 cells and WBCs, the sensitivity of the classi-
fication model reached 94.44%, the specificity reached 100%,
and the AUC value also reached the optimal 1.00. For a mixture
of Panc02 cells and WBCs, the model also showed 100%
sensitivity and specificity, with an AUC value of 1.00, reflecting
its ability to consistently and accurately identify different types
of tumour cells and WBCs. These results demonstrated the
high-efficiency and reliability of the classification model in
distinguishing between tumour cells and WBCs. In order to
evaluate the prediction accuracy of the classification model for
an unknown single-sample, we drew the prediction heat map
and score map for a single-sample according to the analysis
results of the previously obtained data, ROC curve and confu-
sion matrix. The prediction heat map (Fig. 6(C)) and score map
(Fig. 6(D)) represent the confidence of each sample classifica-
tion by the depth of colour, where the darker the colour, the
higher the classification confidence. Specifically, in predicting
a single mixed sample, the model achieved 89% and 91%
accuracy in identifying T24 and WBCs, 94% and 96% accuracy
in identifying U251 and WBCs, respectively, while the model
predicted Panc02 and WBCs with 100% accuracy. These data
further confirmed the excellent performance of the classification
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Fig. 6 Prediction results of LDA classification between cancer cells and WBCs. Confusion matrixes (A, columns represent the actual label and rows show
the predicted label), ROC curves (B), prediction heat maps (C, columns represent the predicted class and rows show the actual class) and score maps (D)
of the LDA classification model in accurately classifying three types of cancer cells (T24, U251 and Panc02) and WBCs in the blood sample.

model in single-sample prediction. The heat map showed the
model’s performance in predicting three types of tumours from a
single sample, as well as the fluctuations that may occur when
observing multiple single-sample predictions. The classification
model developed in this study outperforms the model proposed
by Lee” in predicting bladder cancer cells. This result highlighted
that the adoption of machine learning algorithms can signifi-
cantly improve the predictive accuracy of models. In addition, this
experimental model showed better reliability than Carmicheal®
with regard to distinguishing pancreatic cancer cells. This differ-
ence may be due to the fact that the SERS spectra of Panc02 cells
were directly recorded in this study, rather than the spectrum of
exosomes of pancreatic cancer cells. This makes the obtained
spectral data not only more accurate, but also more fully reflect
the inherent characteristics and heterogeneity of Panc02 cells,
thus making the prediction model more effective in distinguish-
ing Panc02 cells from leukocytes. Therefore, the classification

This journal is © The Royal Society of Chemistry 2024

model provided a solid foundation for the follow-up clinical
individual sample testing.

4 Conclusions

To realize efficient enrichment and accurate diagnosis of cancer
cells in blood samples, a diagnosis system for the identification
of tumor cells using reliable SERS probes assisted with high-
efficiency microfluidic chips for rapid enrichment of cancer cells
was developed. According to this, a homogeneous flower-like
Cu,O@Ag composite was developed. The SERS performance
results proved that the composite had a good Raman enhance-
ment effect and stable spectral repeatability. It was demonstrated
that the combined effects of EE and promoted CT endowed
Cu,O@Ag with good SERS activity. In addition, the presence of
defect states detected by photoluminescence spectroscopy and
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spherical aberration-corrected transmission electron microscopy
(AC-TEM) also promoted charge transfer. A spiral inertial micro-
fluidic chip was used for separating cancer cells from blood with a
purity greater than 80%. Machine learning-assisted LDA was
employed to distinguish the SERS spectra of three types of cancer
cells and white blood cells, the high accuracy (>90%) revealed
that the constructed classification model had high confidence
and reliability. This study can give a forward-looking guide for the
rational design of SERS probes and the efficient diagnosis of
malignant tumors.
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