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Patients benefit greatly from early detection of colorectal cancer, but present diagnostic procedures have
high costs, low sensitivity, and low specificity. However, it is still difficult to develop a strategy that can
effectively detect cancer early using high-throughput blood analysis. Fano resonance-boosted SERS
platform label-free serum creates an effective diagnostic system at the point of care. We obtained 220
high-quality SERS serum spectral datasets from 88 healthy volunteers and 132 patients with colorectal
cancer. The biomarker detected in serum was further evaluated using 100 colorectal cancer tissues and
adjacent normal intestinal tissues collected from West China Biobanks, West China Hospital, Sichuan
University. The results showed that in 97 out of 100 paired samples, the biomarkers were successfully
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1. Introduction

Hybridized collective plasmonic modes, such as Fano reso-
nance, can generate peculiar spectral shapes due to near-field
coupling between a bright super-radiant mode (bright mode)
and a narrow sub-radiant mode (dark mode). Fano resonance
has recently demonstrated excellent performance in bio-
photonic sensing, such as surface-enhanced Raman scattering
(SERS).** Fano resonance exhibits outstanding properties over
conventional plasmon resonance in that it significantly reduces
or even eliminates the radiation loss of the system, thereby
enhancing local electromagnetic fields.®

Another feature of Fano resonance is its asymmetric non-
Lorentzian spectral profile. It shows a distinct dip shape.®”
Such symmetry breaking has been observed in a variety of metal
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nanostructures, such as the asymmetric structure of silicon-
gold core-shell,’*** non-concentric ring-disk cavities,'*'* metal
nanoparticle heptamers and quadrumers,*™” Au dolmen-like
structures,***'® and various heterodimers.**>*

The use of simple dielectric materials to induce Fano reso-
nance has been actively investigated. This is due to the fact that
Fano resonance can be created by coupling between plasmonic
modes of a dielectric substrate. Zhongqun Tian et al. developed
a self-assembling structure of a gold nanosphere-dielectric-gold
substrate to produce magnetic Fano resonance in the visible
wavelength range that can detect catalytic events ultra-
sensitively through Raman scattering.>*

The remarkable property of Raman detection using Fano
resonance is that the Fano resonance generated by the magnetic
dipole mode can be coupled with the electric and magnetic
components of the incident light that leads to a significant
increase in optical coupling efficiency. Clearly, this is superior
to the conventional Fano resonance dominated by the electric
dipole mode, which is mainly influenced by the electric field
component of incident light. Additionally, the smaller electric
dipole moment in the resonance can reduce the radiation loss.
Therefore, the Fano resonance based on magnetic dipole mode
produced a stronger near-field Raman enhancement effect.

Herein, we demonstrated that SERS substrates can be
prepared in-house without the need for complicated instru-
ments and chemistry. Our group intends to create an easy-
access technology without sacrificing its accuracy and quality
as a fundamental need for accelerating technological progress
and benefits to society. In order to form the dielectric layer,
polyethylene glycol (PEG)-biotin and avidin were used as
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linking molecules. By adjusting the length of PEG, we can in-
house tune the Fano resonance dip according to experiment
requirements of incident laser wavelength that can in-turn lead
to maximum SERS enhancement and high sensitivity for the
detection of tumor markers of colorectal cancer (CRC) in blood.

CRC is among the most common cancers and is the second
leading cause of cancer-related deaths worldwide. Approxi-
mately 10% of stage IV CRC patients survive for five years.>® The
two most common screening procedures for CRC are endo-
scopic examination and fecal immunochemical testing.”® SERS-
based noninvasive blood biopsies can be used to improve the
current state of the art to detect CRC and to provide rapid
diagnosis and rapid mass deployment.

In this paper, we report that a Fano resonance system
combined with a Raman spectrometer can achieve highly
sensitive detection for small molecules. The blood serum
sample was dropped onto the platform without the need for
further processing. The SERS data were then measured by
Raman spectrometry using sample detection within 5 seconds.
The data agreed with the mass spectroscopy data. In order to
explore the blood serum diagnostic information, we further
analyzed 100 paired colorectal cancer tissues and adjacent
normal intestinal tissues provided by West China Biobanks. To
the best of our knowledge, this is the first label-free blood serum
SERS detection system for CRC using a Fano resonance plat-
form. The results suggested that Fano resonance-enhanced
SERS could be a technology for rapid early diagnosis of CRC.

2. Experimental section

2.1. Fabrication of the Au-NS substrate

Clean silicon wafers were cut into 10 mm x 10 mm squares.
The wafers were then ultrasonically treated with acetone,
ethanol, and deionized water for 300 s, respectively. A 300 nm
gold film was coated on a silicon wafer at 1 x 10> Pa (Shenyang
Scientific Instrument Co., Ltd). The gold film coated wafer was
then incubated with biotin-PEG-SH (Shanghai Aladdin
Biochemical Technology Co., Ltd, 95%, MW 10 000 Da, 3400 Da,
and 1000 Da) solution (50 uM) for 30 minutes and rinsed with
water. A 50 pL (5 mg mL ') of 200 nm avidin linked silica
nanosphere  (Microspheres-Nanospheres, a Corpuscular
Company, 2.5% (w/v)) was then dropped on the surface of the
substrate and spin coated at 100 rpm for 10 minutes. Finally,
15 nm gold was sputtered on the substrate.

2.2. Surface characterization

The scanning electron microscopy (SEM) pictures of the NPGF
substrate and F-NP substrates were obtained using a Gemini
SEM 500 (ZEISS) at 5.00 kv, standard detector SE2 and
secondary electron detector InLens.

2.3. Scattering spectrum of the SERS substrate

All optical measurements were performed before SEM charac-
terization to avoid possible carbon contamination and molecular
fragmentation. A HORIBA iHR 550 spectrometer was used to
collect scattering spectra of Au-NS substrates. A non-polarized
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white light source was used to illuminate the sample vertically.
The scattered light is collected through a 100x, 0.55 NA objective
lens. All scattering spectra are subtracted from the dark back-
ground and the wavelength response is normalized by using the
scattering spectrum obtained from the silver mirror.

2.4. Sample collection

The human subject study was approved by the Ethics
Committee on Biomedical Research at West China Hospital of
Sichuan University (approval no. 2020(374)). All experiments
were performed in accordance with the Guidelines of the
Declaration of Helsinki. Experiments were approved by the
Ethics Committee on Biomedical Research at West China
Hospital of Sichuan University. Informed consents were ob-
tained from human participants in this study. Fresh blood and
tissue samples were collected from the Department of Gastro-
intestinal Surgery, West China Hospital, Sichuan University. All
serum samples were collected from subjects who had fasted for
more than 10 hours and then used anticoagulant-free vacuum
blood collection tubes to draw 2 mL of peripheral venous blood
in the early morning. The blood samples were allowed to stand
at 4 °C for 2 hours (to precipitate red blood cells) and centri-
fuged at 4000 rpm for 10 minutes at 4 °C. After centrifugation,
1 mL of the supernatant was pipetted into a cryotube, divided
into 3 portions. All the collected serum was aliquoted and
stored in a refrigerator at —80 °C for later use. At the same time,
the patient’'s tumor resection tissue and normal samples from
the distant cancer intestine as the control were collected. The
tumor samples were collected by taking 0.5 x 0.5 cm size on the
surface of tumor tissue after resection, and the control samples
were collected by marking the intestinal mucosa farthest from
the tumor and removing the same size tissue. The tissue was
immediately placed in the cryotube and stored in a liquid
nitrogen tank for later use.

2.5. Treatment of serum samples

100 pL of blood serum was taken from the same patient to
extract hydrophilic metabolites/hydrophobic metabolites/
proteins respectively.

(a) Extraction of hydrophilic small molecule metabolites.
400 pL of precooled methanol was added into 100 pL of serum.
The mixture was vortexed three times, and then stored at —80 °C
for 2 hours. The sample was then taken out and centrifuged at
4 °C at 12000 g for 10 min. The hydrophilic metabolite was
obtained by concentrating and drying the supernatant.

(b) Extraction of hydrophobic small molecule metabolites.
400 pL of methanol, 100 puL of chloroform, and 300 pL of water
were added into 100 pL of serum, respectively. The mixture was
repeatedly vortexed and then centrifuged at 4 °C at 20 000 g for
5 min. After the sample was stratified, the upper layer was dis-
carded and the lower chloroform layer was taken through the
intermediate protein layer using a pipette tip. The hydrophobic
metabolite was prepared by concentrating and drying the
chloroform layer solution.

(c) Protein extraction. 400 pL of methanol, 100 pL of
chloroform, and 300 puL of water were added into 100 pL of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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serum, respectively. The mixture was repeatedly vortexed and
then centrifuged at 4 °C 20 000 g for 5 min. After the sample was
stratified, the upper layer was discarded, and 400 uL methanol
was added to the solution. The mixture was repeatedly vortexed
and centrifuged at 4 °C at 20 000 g for 15 min. The supernatant
was discarded, and the protein sample was prepared by
precipitation of the solution at room temperature.

2.6. Tissue samples

The frozen tissue samples were taken out and thawed. 100 mg of
tissue was cut into pieces and placed into a 5 mL centrifuge
tube. Normal saline was added at a ratio of 1:5 and homoge-
nized in a homogenizer at 4 °C at 15000 rpm for 2 min. The
homogenate was centrifuged at 4 °C at 20 000 g for 15 min.
Small molecule compounds and proteins were extracted from
the supernatant by the methods described in 2.3 and trans-
ferred into a sample tube, respectively. All collected samples
were stored at —80 °C for later use.

2.7. Chromatographic analysis

400 pL of precooled methanol was added into samples prepared
in 2.3, respectively. The mixtures were repeatedly vortexed, and
then placed at —80 °C for 2 h. The samples were then centri-
fuged at 4 °C at 12000 g for 10 min. The supernatants were
taken out and dried. 100 uL of 70% acetonitrile/30% methanol
solution was used for re-dissolution and separation on a high-
performance liquid phase chromatography (HPLC) instrument
and separation conditions are as follows: instrument: Agilent-
1260, mobile phase buffer A: 100% water, mobile phase buffer
B: 100% acetonitrile, normal phase column: Kromail, 60-5-
HILIC-D, 4.6 x 250 mm, ultraviolet detection: 240 nm wave-
length, flow rate: 1 mL min ', column temperature: 40 °C. The
flow gradient is shown in Table S3. HPLC was performed for
60 min. According to the running time, 1 tube of sample was
collected every minute and marked with a number according to
the collection time and stored at —80 °C for later use.

2.8. SERS detection of samples

20 pL of each sample was dropped onto the surface of the SERS
substrate and vacuum dried in an oven at 37 °C for 2 hours.
Raman spectra of the blood serum samples were collected using
a Horiba iHR550 spectrometer using an excitation laser wave-
length of 785 nm under a x100 objective lens. The laser power is
~2.7 mW, and the accumulation time is 5 s. The Raman
detection range is from 400 to 1800 cm™". Five detection points
are randomly selected for each sample. The characteristic
spectrum of each sample was obtained using the average
spectrum collected from five points.

2.9. Mass spectrometry detection

The retention time of the potential normal phase column was
determined according to the spectral signal results. The pre-packed
products were analyzed by non-targeted mass spectrometry. The
mass spectrometry conditions were as follows: instrument: Q-
extractive, mobile phase buffer A: 10 mM ammonium formate/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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0.1% formic acid/acetonitrile solution, mobile phase buffer B:
10 mM ammonium formate/0.1% formic acid/water solution,
reverse column: Waters, Atlantis HILIC Silica column, 2.1 x 150
mm, flow rate: 300 uL. min~", column temperature: 35 °C. The flow
rate gradient and mass spectrum parameters are shown in Tables
S2-S4.F Non-targeted mass spectrometry analysis cooperated with
Tsinghua University's metabolomics platform. The mass spec-
trometry raw data were processed using Tracefinder v3.1 (Thermo
Fisher Scientific, USA) software through the local database and
Tsinghua University's metabolomics database.

3. Results and discussion

3.1. Simulation of the gold nanosphere (Au-NS) substrate

In the simulation model, we started with gold (Au) coated silica
with a 1 nm gap distance between Au film to account for the
presence of the PEG layer, with a refractive index of 1.4. The
dielectric constant of Au was obtained from Rakic et al.”
(Fig. 1a). The absorption, scattering and extinction spectra and
the electric field and magnetic field distributions are calculated
by the finite element method (simulation details can be found
in the ESIT).

Au nanospheres (Au-NSs) and the Au film will generate
electric dipoles when normal incident light is irradiated on the
Au substrate because of the strong resonance between the
localized surface plasmon and the propagating surface plas-
mon. According to the mirror imaging field effect, the imaging
sphere also experiences similar electric modes with antiphase
distributions.?® Due to the antiparallel distributions on the real
and imaging spheres, a current loop may be formed between the
two particles due to plasmon hybridization in the Au-NS
substrate. As a result, it is possible to simulate the Au-NS
substrate using an inductor capacitor (LC) resonator circuit.?

In principle, nanospheres and imaging spheres can be
viewed as two resistors, whose resistance depends on their
radius. The PEG layer and the surrounding air are considered
capacitors. An LC resonator is sensitive to external parameters.
The possibility of excitation and the spectral position of
magnetic mode are dependent on the diameter of the nano-
sphere and the gap distance of the PEG layer. According to
Fig. 1b, the absorption, scattering, and extinction spectra of the
Au-NS substrate with a diameter of 200 nm and an Au thickness
of 15 nm were calculated. As shown in Fig. 1b, there is a distinct
valley in the scattering spectrum at 780 nm (mark 3). Fano
resonance is characterized by an asymmetric curve, which
occurs when super-radiation (bright mode) and sub-radiation
(dark mode) combine. Furthermore, the wavelength of the
average electric field at the nanogap in Fig. S1t reaches its
maximum at around 780 nm, indicating that the plasmon
coupling of Au-NSs not only generates electric dipoles, but also
generates new plasma modes.

3.2. Fano resonance mechanism of Au-NSs

Au-NS near-field distributions corresponding to four different
wavelengths (670 nm, 730 nm, 780 nm and 940 nm) were

Nanoscale Adv., 2024, 6, 5949-5959 | 5951
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Fig. 1

(a) The nano-heterostructure simulation model of Au-NSs with 200 nm size on a Au film. (b) The scattering and absorption curves for the

Au-NS substrate with a diameter of 200 nm (d is the dielectric gap distance). (c) The electric displacement vector and the electric/magnetic field
distribution of the Au-NS substrate. The electric field and magnetic field intensities have been normalized to the same scale, respectively. (d) The
surface charge distribution of the Au-NS substrate at 780 nm and 940 nm.

calculated to better understand the Fano resonance mechanism
of the Au-NSs.

In the gap between the Au-NS and Au film, there is a very
concentrated localized “hot spot” of the electric (Fig. 1c (780
nm)) and magnetic fields (Fig. 1b; mark 3). As shown in Fig. 1c,
the electric displacement vector circulates at the gap, with the
field distribution resulting in a magnetic dipole mode perpen-
dicular to the cross section.

At 670 nm (Fig. 1b; mark 1), the near-field magnetic and
electric fields are distributed differently than those at 780 nm
when a smaller “hot spot” appears at the gap. Fig. 1c (670 nm)
shows a double-circle displacement vector ring and demon-
strates the presence of “hot spots” at the gap, which are indic-
ative of higher order magnetic modes.

For the electric field at 940 nm wavelength (Fig. 1b; mark 4) it
can be seen that “hot spots” are widely distributed on the
nanosphere's surfaces, especially on the left and right sides,
and the “hot spots” do not dominate in the gap (Fig. 1c (940
nm)). It can be seen that the distribution of the magnetic field
also extends from the gap to the left and right sides of the
nanosphere. Therefore, the electrical response dominates, and
this mode represents the electric dipole mode.

The electric field distribution at the second scattering peak
at 730 nm (Fig. 1b; mark 2) extends toward both sides of the
nanosphere, but it is prominently displayed in the gap. Simi-
larly, the magnetic field distribution (Fig. 1c (730 nm))

5952 | Nanoscale Adv, 2024, 6, 5949-5959

represents an intermediate state between the electric dipole
mode and the magnetic dipole mode. Here, the surface charge
behaves as an LC resonator because of the reverse polar surface
charge on the nanospheres’ surface and on the gold film's
surface.

In comparison with the charge distribution at 780 nm and
940 nm, it was found that the electromagnetic field is concen-
trated at 780 nm and distributed on the surface of the nano-
sphere at 940 nm, which confirms the previous explanation.

Hence, the Fano resonance results from the coupling of the
electric dipole and magnetic dipole modes. The electric dipole
mode is considered a super-radiation mode (bright mode),
since the total electric dipole moment is proportional to the
volume of the nanospheres, as shown in the surface charge
distribution (Fig. 1d, 940 nm).*® The electric dipole moment on
the nanosphere surface is weakened because of the presence of
the inverted electric dipole on the Au film surface. However, the
total electric dipole moment is still very large. The surface
charge of most dipoles (Fig. 1d, 780 nm) is confined near the
gap between the nanospheres and the Au film, resulting in
a significant reduction in the total magnetic dipole moment. As
for the magnetic dipole mode, it serves as the sub-radiation
mode (dark mode).

The second scattering valley at 670 nm denotes the coupling
of electric dipoles and higher-order magnetic modes, indicating
subradiation modes (Fig. 1b). The resonant positions of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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plasmon modes are generally regarded as the optimal locations
of experimental laser lines to obtain optimally enhanced near
fields for most plasmonic systems. To understand the potential
mechanism of plasmon-enhanced Raman spectroscopy, it will
be essential to examine the relationship between near-field
enhanced and scattering spectra of Au-NSs.

Fano resonance can be controlled using geometric parame-
ters (Au thickness, the diameter of Au-NSs, and the gap between
Au-NSs and the Au plate).

The Fano resonance attenuated with the decrease of the Au
thickness, and a significant red shift can be observed in the
magnetic dipole mode (Fig. 2). The electric field distribution of
Au nanospheres with a thickness of 5 nm at 785 nm wavelength
is shown in Fig. 2a; the gap is nearly free of “hot spots”. There
was no Fano resonance observed for an Au thickness of 5 nm
(Fig. 2b) because the influence of the dielectric environment
inside the silica nanosphere becomes more significant, result-
ing in a great attenuation of the magnetic resonance.

When the Au thickness is 15 nm, the magnetic dipole matches
the laser excitation at 785 nm. Compared with the Au thicknesses
of 10 nm and 15 nm, the scattering intensity of Fano resonance is
reduced from 22% to 16% according to the peak valley ratio. The
electric field distribution with an Au thickness of 15 nm is shown
in Fig. 2a, that has stronger “hot spots” at the gap compared to an
Au thickness of 25 nm (Fig. 2a).

The effect of the diameter of the Au-NSs and gap distance on
the plasmon coupling of the Au-NS substrate was also studied
(Fig. 2c-f). We set the thickness of Au to 15 nm. Observed Fano
valleys are red-shifted from 720 nm to 850 nm for diameters of
Au-NSs between 160 nm and 240 nm (Fig. 2d). Additionally, the
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peak and valley of the scattering spectrum shifted with the
increasing diameter (Fig. 2d); from 180 to 200 nm, the peak is
blue-shifted by 60 nm (940 nm to 870 nm), while the valley is
shifted by 30 nm (780 nm to 750 nm).

The electric field distribution at 785 nm wavelength is shown
in Fig. 2c. It can be found that in the electric field distribution
with a diameter of 160 nm (Fig. 2¢) and 240 nm (Fig. 2c), the
“hot spots” at the gap are not as strong as those at a diameter of
200 nm (Fig. 2c). Magnetic and electric dipolar modes are found
to be different in their sensitivity to the diameter and the former
is more sensitive to the sphere diameter than the latter, because
of the dipolar moment of the magnetic resonance being inti-
mately related to the equivalent resistance, which varies
minutely with the diameter. In contrast, electric dipolar modes
largely depend on the diameter.** Thus, magnetic modes cannot
be observed in our interested wavelength regions (785 nm)
when the diameter in the Au-NS substrate is small, as the
equivalent resistance is too small to excite the magnetic mode.*
Because of such non-synchronization, Fano resonance dimin-
ishes as the diameter increases, and the valley widens as the
electrical dipolar resonance's radiative damping becomes
increasingly dominant.

For the gap distance ranges from 1 nm to 5 nm, their
calculated scattering spectra are shown in Fig. 2e and f. With
the gap distance increasing, the scattering valley was blue
shifted, while the Fano linear asymmetry became less
pronounced (Fig. 2f). The position of the blue-shifted peak and
valley can be seen in Fig. S3.1 The peaks' position changed
insignificantly, which is around 940 nm, but the valley's posi-
tion shows a clear blue shift. As a result, we can conclude that

Gap Distance

M

Scattering (a.u.)
Scattering (a.u.)

ance
ase

@

.A_'pea;k valley|
\1fed-shif

1 k850 hm
500 600 700 800 900 1000
Wavelength (nm)

g7 Blue-shift
500 600 700 800 900 1000
Wavelength (nm)

Fig. 2 Fano resonance regulated using geometric parameters. (a) Electric field distribution at 785 nm wavelength corresponding to different Au
thicknesses. (b) Calculated scattering spectra of Au thickness. Note: the diameter of Au-NSs is fixed at 200 nm and the gap distance is fixed at
1 nm. (c) Electric field distribution at 785 nm wavelength corresponding to different Au-NS diameters. (d) Calculated scattering spectra of Au-NSs
with diameters ranging of 160-240 nm. Note: the Au thickness is fixed at 15 nm and the gap distance is fixed at 1 nm. (e) Electric field distribution
at 785 nm wavelength corresponding to different dielectric gap distances ranging from 1-5 nm. (f) Calculated scattering spectrum of the
dielectric gap distance ranging from 1 nm to 5 nm. Note: the Au thickness is fixed at 15 nm and the diameter of Au-NSs is fixed at 200 nm.
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the change in gap distance has little influence on the electric
dipole mode, but is very significant for the magnetic dipole
mode. It is because of the direct relationship between the
magnetic dipole mode and the equivalent capacitance of the
structure. With different gap distances, Fano resonance wave-
length (valley) changed almost linearly (Fig. 2f). The electric
field distribution at 785 nm wavelength is shown in Fig. 2e. The
“hot spots” at the gap may not be as strong at dielectric gap
distances of 3 and 5 nm as those at 1 nm (Fig. 2e). As the
dielectric gap distance increases, the Fano resonance intensity
gradually decreases.

3.3. Performance of SERS on the Au-NS substrate

The simulation results show that an Au-NS with 15 nm Au
thickness, 200 nm diameter, and a 1 nm gap distance between
the Au-NS and the Au film is optimal for SERS enhancement at
785 nm. To immobilize the Au-NS on the Au film, we used the
avidin-biotin interfacial technique. Our group has previously
demonstrated the application of avidin-biotin complexes in
SERS,* and it is the strongest non-covalent interaction known.

The Au film was first coated using commercial biotin-PEG-
SH. Au-NSs coated with avidin-SH were deposited onto the Au
film to form a hetero-nanostructure. The Au-NS is firmly bound
on the Au film. A sub-nano gap is formed with the presence of
the PEG layer (Fig. 3a).

As shown in Fig. 3b, the surface of the substrate was
observed using a scanning electron microscope (SEM). Due to
the dielectric properties of PEG, it creates a dielectric layer
sandwiched between the gold film and gold nanospheres. The
Au-NSs are evenly distributed with separation distance to avoid
mutual coupling of the electric and magnetic fields. From the
enlarged picture of a single nanosphere on the substrate, the
diameter of the sphere is ~200 nm.

In addition, the scattering spectrum of Au-NS substrates was
obtained, as shown in Fig. 3c. It can be observed that the Fano
resonance valley of the scattering spectrum obtained from the
experiment is located at around 785 nm, but broadened
compared to the calculated spectrum. This discrepancy may be
attributed to several factors: the spectrum was collected from
scattered light originating from multiple nanospheres on the
substrate; the nanosphere varied in shape and size; the uneven
thickness of the gold coating and gold film; the refractive index
and thickness changing of the PEG layer; and the collective
effects of these variations resulted in a broadened Fano reso-
nance valley. In contrast, the simulation was run on an idealized
single nanosphere on a flat gold film with a gap fixed at 1 nm.

The coherent excitation of the magnetic mode in the Au-NS
structure captures the incident light at the near field and
enhances the electromagnetic field at the gap. Thus, it is to be
expected that the enhanced electromagnetic field greatly
amplifies the Raman scattering signal. The Raman enhance-
ment of the Au-NS substrate was compared using 5 pL of 1 mM
of 4-aminothiophenol as a marker. Raman spectra marker's
1080 cm ™! peak intensities obtained from Au-NSs with different
Au thicknesses, different Au-NS diameters, and different
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dielectric gap distances between Au-NSs and the Au film have
been analyzed.

It can be observed that when the Au thickness is 15 nm, the
Raman signal has the strongest enhancement (Fig. 3d). When
the Au thickness is 5 nm and 10 nm, Raman signal enhance-
ment is not evident, indicating that the thickness cannot excite
Fano resonance. There is a relatively larger Raman enhance-
ment with Au thicknesses of 20 nm and 25 nm. The greatest
enhancement can be observed with an Au thickness of 15 nm, as
the Fano resonance valley matches with the wavelength of the
785 nm laser. Fig. 3e shows the spectra corresponding to
different nanosphere diameters. The strongest Raman signal
occurs when the diameter is 200 nm, followed by 160 nm,
300 nm, and 400 nm. Fig. 3f shows the spectra corresponding to
different PEG lengths (gap distances). It can be found that the
enhancement of the Raman signal with a dielectric gap at 0 nm
(without PEG) is the weakest. As the molecular weight of PEG
becomes larger and larger, the Raman signal becomes weaker
and weaker. On the other hand, the best enhancement effect is
achieved with PEG with 1000 Da (detailed comparison of PEG
with different molecular weights can be seen in Fig. S47). These
results are similar to simulations. Based on the Raman signal
comparison, the Au-NS substrate has the strongest enhance-
ment due to its unique magnetic Fano resonance. The
enhancement factor of the prepared Au-NS substrate is calcu-
lated to be ~1 x 10" (see detailed calculation in Fig. S57).

3.4. SERS screening of colorectal cancer biomarkers

Through the use of the Fano resonance-assisted sensing plat-
form, we have developed a novel method for the rapid diagnosis
of CRC through the measurement of SERS in blood serum. SERS
spectra from collected blood serum samples show prominent
Raman enhancement (Fig. 4a). Clearly, the spectra from cancer
and healthy groups share many features in common, but there
are also some differences.

To assess the reliability of the SERS measurements, a more
detailed analysis of these spectral assignments is performed.
The healthy group showed a higher concentration of tyrosine
(648, 838, and 1165 cm™ ') and phenylalanine (622, 1029, and
1573 cm™').**% The amino acid tyrosine is an aromatic amino
acid that is necessary for the synthesis of thyroid hormones,
catecholamines, and melanin. A low level of tyrosine may be
due to the metabolic disturbance that can result from the
development of colorectal tumors in serum samples from
patients with CRC. Several studies have also indicated that
levels of tyrosine and glutamine-leucine in serum can be used
to diagnose CRC.**

Hypoxanthine's main characteristic is its SERS band at
726 cm ™% SERS spectra of incubated blood samples usually
exhibit this characteristic due to purine degradation.*® In CRC
samples, levels of hypoxanthine in the SERS spectrum increased
compared with healthy controls, which is in line with the results
of metabolomic profiling.*® It was also found that the thymine
signal at 741 cm™" was generally stronger in the cancer group
because CRC cells require large quantities of these molecules
for adenosine triphosphate (ATP) transmission and synthesis of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Preparation and characterization of the Au-NSs. (a) Au-NS was immobilized via biotin—avidin complexation. (b) SEM image of the Au-NS
substrate. (c) Calculated and experimentally measured scattering spectrum of the Au-NS substrate. Raman spectra and intensity of 4-amino-
thiophenol obtained from the Au-NS substrate with (d) different Au thicknesses of Au-NSs, (e) different diameters of Au-NSs, and (f) different

dielectric gap distances between Au-NSs and the Au film.

nucleic acids. These strong bands at 1141, 1263, and 1484 cm ™"

are caused by lipids in the plasma or extracellular vesicles.** A
blood sample may contain total cholesterol, high-density lipo-
protein cholesterol (HDL), low-density lipoprotein cholesterol
(LDL) or triglycerides. Dyslipidemia, caused by high triglyceride
levels and low HDL cholesterol levels, is linked to a higher
incidence of CRC.** CRC is associated with both blood lipids
and lipids from extracellular vesicles, making the relative lipid
intensity an important factor.

The hydrophilic and hydrophobic fractions were collected
from blood serum. The Raman spectrum of the hydrophilic
fraction exhibits greater consistency, especially the character-
istic peak at 726 cm ™. While hydrophobic compounds also
exhibit a characteristic peak at 726 cm ™', the overall average
spectral signal is more variable. Furthermore, there is no
significant 726 cm " peak for the protein fraction (Fig. S67).

3.5. Metabolomics analysis

The combination of metabolomics methods that also study
changes in the level of small molecule metabolites may be able

© 2024 The Author(s). Published by the Royal Society of Chemistry

to further hypoxanthine which is a tumor marker associated
with colorectal cancer. Therefore, the hydrophilic fraction was
further analyzed. The hydrophilic fraction was first separated by
high-performance liquid chromatography (HPLC). Total 60
fractions were separated according to the separation time, and
two fractions show a strong peak at 726 cm™'. The results
suggested that the molecule corresponding to the characteristic
peak at 726 cm ™! is retained in the specific fractions (Fig. 4c and
S6bt). These two fractions were then analyzed by mass spec-
trometry. Among all 185 metabolites detected by mass spec-
trometry, the contents were analyzed according to the database
results, and the substances with more than 85 credible scores
were selected. It was found that the content of hypoxanthine
was the highest, as shown in Fig. 4d. The content of hypoxan-
thine in cancer patients’ serum was significantly higher than
that in healthy controls, which is consistent with the Raman
intensity of the 726 cm™" peak. For further verification, pure
hypoxanthine was mixed with cancer patient's blood serum
with hypoxanthine concentrations of 50 uM, 100 uM, 200 puM,
500 uM, and 1 mM for Raman detection (Fig. S71). We

Nanoscale Adv., 2024, 6, 5949-5959 | 5955
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successfully detected 50 uM hypoxanthine in blood samples,
despite the presence of millions of interfering molecules. This
level of sensitivity is sufficient and appropriate for clinical
applications. It can be seen that the characteristic peak from
hypoxanthine is located at 726 cm ™", which is consistent with
the previous experiment. Furthermore, the concentration of
hypoxanthine is positively correlated with its Raman peak
intensity.

Hypoxanthine is an important intermediate product in
purine metabolism. There are two main pathways for purine
synthesis in the body. In the process of tumorigenesis and
development, the rapid proliferation and replication of tumor
cells may lead to abnormal levels of metabolites in tissues,
while the higher concentration of hypoxanthine in colorectal
cancer patients’ serum indicates the possible abnormal
metabolism of hypoxanthine in tumor patients.

For verification, we measured the concentration of hypo-
xanthine in tumor tissue samples and the adjacent normal
tissue samples collected during the serum sample collection.
Through hypoxanthine targeted mass spectrometry detection,
we found that the hypoxanthine concentration in the tumor
tissue was significantly higher than that in the normal tissue (p

5956 | Nanoscale Adv, 2024, 6, 5949-5959

<0.05, t-test), as shown in Fig. 5a. This suggests that the method
has good specificity for colorectal cancer.

We further detected the concentration of hypoxanthine in
100 colorectal cancer tissues and adjacent normal intestinal
tissues collected from West China Biobanks, West China
Hospital, Sichuan University. The results showed that in 97 out
of 100 paired samples, the concentration of hypoxanthine in
tumor tissue was significantly higher than that in the adjacent
normal tissues (Fig. 5c), highlighting the accuracy of this
diagnostic approach. Furthermore, the concentration of IMP in
tumor tissue is also higher than that of its paired normal tissues
(Fig. 5d). By comparison, we found that in the tissue purine
metabolism pathway, the concentrations of metabolites that are
closely related to the complementary synthetic pathway, such as
hypoxanthine, IMP, and AMP, are significantly higher than
those of normal tissues, while the proportions of metabolites
related to de novo metabolic pathways such as inosine, adeno-
sine, and adenine are equivalent or down-regulated in tumor
tissues compared to normal tissues.

To establish the ground-truth for differentiating between
normal and tumor tissues, hypoxanthine concentrations were
measured in paired colorectal cancer tissue samples and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adjacent normal tissues. As illustrated in Fig. 5a, the tumor
tissues consistently exhibited significantly higher levels of
hypoxanthine compared to normal tissues. To further differ-
entiate between the two tissue types, we analyzed the log-
transformed ratios of hypoxanthine concentrations in tumor
versus normal tissues across all samples, as shown in Fig. 5c.
The data revealed a distinct inflection point where the log ratio
transitions from predominantly negative values in normal
tissues to positive values in tumor tissues. Based on this
observation, we established a cut-off threshold at a log ratio of
approximately 0.5. This threshold effectively separates the
majority of tumor samples from normal samples, ensuring
accurate classification. The validity of this cut-off was further
corroborated by analyzing the paired concentration ratios of
hypoxanthine nucleotides (IMP) in tumor and normal tissues,
as presented in Fig. 5d. The consistent differentiation provided
by this cut-off underscores its reliability for distinguishing
between normal and tumor tissues in the context of our study.

Our study underscores the potential of hypoxanthine as
a biomarker for the early diagnosis of colorectal cancer (CRC).
The concentration of hypoxanthine was significantly elevated in

© 2024 The Author(s). Published by the Royal Society of Chemistry

the serum of patients diagnosed with CRC, as well as in tumor
tissues when compared to adjacent normal tissues (Fig. 5). This
elevation is particularly notable in early-stage CRC, where
metabolic changes are less pronounced and more difficult to
detect using conventional diagnostic methods. By utilizing the
Fano resonance-enhanced SERS platform, we achieved highly
sensitive detection of hypoxanthine, even in the early stages of
the disease. The increased hypoxanthine levels in both serum
and tissue samples from early-stage CRC patients support the
reliability of our method for early diagnosis. This is further
validated by the significant difference in the hypoxanthine
concentration between tumor and normal tissues, as shown in
97 out of 100 paired samples analyzed. The early detection
capability of our method highlights its potential utility in clin-
ical settings, where early diagnosis is critical for improving
patient outcomes.

4. Conclusions

Based on the above analysis, we conclude that there is possible
a disorder of the purine metabolism pathway in tumor tissues,

Nanoscale Adv., 2024, 6, 5949-5959 | 5957
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and the complementary synthetic pathway replaces the de novo
metabolic synthesis pathway. It has become the main pathway
of purine metabolism in tumor tissue, and this change is closely
related to the proliferation of tumor cells and nucleic acid
synthesis. Under normal circumstances, purine metabolism is
regulated by the feedback of related nucleotides in order to
maintain the balance of the purine concentration. However,
various mutations in tumor cells can disrupt this balance,
resulting in an abnormal increase in the concentration of
nucleotides and other metabolites, which leads to the alteration
of hypoxanthine content in peripheral blood.** This explains the
increased hypoxanthine concentration in peripheral blood from
colorectal cancer. We demonstrated a self-assembled magnetic
Fano SERS substrate based on the heterodimer of a nano-
sphere-EPG-gold film. The Au-NS substrate generates sub-
radiate magnetic dipole mode which is coupled with the elec-
tric dipole super-radiation mode, resulting in higher optical
coupling efficiency and lower radiation loss. Furthermore, the
self-assembled Au-NS substrate can tune its Fano resonance
wavelength by changing the dielectric layer thickness, nano-
sphere diameter, and Au thickness to match with the incident
laser, thus obtaining strong SERS enhancement for sensitive
detection of trace amounts of biomolecules in samples. The Au-
NS substrates were adopted for screening of the biomarker for
colorectal cancer in blood serum. It is found that the increased
726 cm ' Raman peak intensity in blood serum of tumor
patients is due to the increase in hypoxanthine content. With
the disorder of the purine metabolism pathway in patients with
colorectal cancer, the content of hypoxanthine is increased by
tumor tissue metabolism to the peripheral blood circulation,
which increases the intensity of its 726 cm ™" characteristic peak
in blood serum. The results suggest that hypoxanthine in
peripheral blood can be used as a reliable biomarker for rapid
SERS screening of colorectal cancer in early stages.
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