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Next-generation optical sensing: mesoporous
hollow-shell nanostructured one-dimensional
photonic crystal sensors for sCD40L detection in
acute coronary syndrome
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Acute coronary syndrome (ACS) refers to a group of clinical symptoms resulting from acute ischemia of the
coronary arteries. Studies have shown that the level of soluble CD40 ligand (sCD40L) is significantly
elevated in patients with ACS, making it a novel target for cardiovascular disease treatment. In response,
this study proposes an optical sensor based on a modified single-crystal silicon substrate. The sensor
utilizes PEG/TIO, as the sensing element and sCD40L@SL-mTiO, nanoparticles as the recognition
molecules, enabling highly specific detection of sCD40L while incorporating a self-cleaning capability.
Upon exposure to ultraviolet light, the sensor not only detects the concentration of sCD40L with high
sensitivity and accuracy, but also degrades bacteria and decomposes organic matter via photochemical

reactions, thereby enabling an effective self-cleaning function. The research findings indicate that this
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Accepted 11th July 2025 one-dimensional (1D) photonic crystal sensor is capable of rapidly and accurately conducting qualitative

detection of sCD40L, demonstrating great potential for efficient analysis of biological samples. The
application of this sensor not only provides a novel technological pathway for early cardiovascular
disease diagnosis but also offers theoretical support for related drug development and clinical diagnostics.
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1 Introduction

Acute Coronary Syndrome (ACS) is a severe manifestation of
coronary artery disease (CAD). Its clinical manifestations vary
widely, with the primary symptoms including chest pain, chest
tightness, and a burning sensation in the chest. In severe cases,
ACS may lead to cardiogenic shock, acute heart failure, or
sudden cardiac arrest. These conditions may occur with or
without changes in a 12-lead electrocardiogram (ECG) and may
or may not be accompanied by an acute elevation in troponin
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levels."” Epidemiological studies have shown that coronary
artery disease (CAD) is the leading cause of disease-related
mortality worldwide. In the United States alone, approxi-
mately one million individuals experience acute myocardial
infarction (AMI) annually. Notably, AMI-related fatalities
account for over half of all deaths attributed to coronary heart
disease.** Early prevention and treatment of ACS are crucial for
improving patient survival rates. However, some elderly
patients may present with atypical symptoms, leading to
misdiagnosis or missed diagnosis.” The detection of relevant
biomarkers plays a crucial role in the early screening, assess-
ment, and monitoring of ACS patients, significantly contrib-
uting to improving their survival rates.

sCD40L is a type II transmembrane protein classified within
the tumor necrosis factor (TNF) superfamily. It is primarily
expressed in trimeric form on the surface of activated T cells,
platelets, and various other immune cells.®” Acting as a pivotal
molecule at the intersection of inflammation and immunity,
sCD40L binds to CD40, thereby triggering inflammatory
responses, modulating immune cell activity, and promoting
cytokine secretion.*® Moreover, elevated levels of sSCD40L can be
detected in the serum of patients with ACS. By promoting the
expression of matrix metalloproteinases (MMPs), sCD40L
compromises the integrity of the fibrous cap, making plaques
more prone to rupture.'® Research has shown that sCD40L
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levels can predict both short-term and long-term outcomes in
ACS patients, with its prognostic value being particularly
significant in high-risk individuals.'® Therefore, serum sCD40L
is a potential biomarker with significant implications for the
diagnosis and prevention of ACS. The development of sCD40L
detection devices represents a milestone in ACS diagnostics and
the advancement of related therapeutic drugs.

In recent years, research on sensors for tumor marker
detection has advanced significantly, driven by their ultra-
sensitive recognition capabilities and broad adaptability.”” As
a novel liquid biopsy technology, this approach offers quanti-
tative or semi-quantitative insights into specific analytes by
coupling biological recognition elements (BRE) with sensing
components.”® Compared with traditional diagnostic methods,
sensors possess key advantages such as portability, specificity,
high sensitivity, and minimal sample preparation.** It was also
found that the localized surface plasmon resonance (LSPR)
effect can enhance the sensor's response to environmental
changes, thereby improving its detection sensitivity.">® Li et al.
found that based on the SPR effect, the graphene absorber
demonstrated four ideal absorption peaks from 7 to 12 THz,
with an average absorption efficiency of 99.61%."” The integra-
tion of nanotechnology with sensing technology has markedly
improved the analytical performance of sensors by enhancing
their sensitivity and signal amplification. This advancement
facilitates the application of such sensors in ACS detection,
advancing early diagnostic capabilities to a new level.

In 1D photonic crystal sensors, chemical reactions typically
occur at the interface between the sensor surface and the
surrounding solution. During these reactions, analytes, inter-
mediates, and polymeric byproducts often accumulate and
adsorb to the sensor surface, significantly affecting its lifespan
and sensitivity. Effectively regenerating and reusing photonic
crystal sensors remains a major challenge in sensor develop-
ment, posing a critical hurdle for researchers in the field.
Therefore, selecting a mild and suitable method to remove
residues and contaminants via a self-cleaning process is of
considerable research interest. Studies have demonstrated that
composite materials incorporating the photocatalyst TiO,,
which enables visible-light-driven photocatalytic degradation,
can impart self-cleaning capabilities to sensors.” Zhu et al.
explored a bioelectrochemical sensor based on carbon-doped
TiO, nanotubes. A TiO, nanotube array was fabricated via
carbon doping and employed for the detection of serotonin and
uric acid. After detection, the sensor was exposed to ultraviolet
light, and the results confirmed its excellent self-cleaning
capabilities, underscoring its potential for reuse and long-
term application.” This finding further demonstrates the
remarkably strong self-cleaning capability of TiO,, laying a solid
foundation for its application as a self-cleaning material.

With advancements in science and technology, an increasing
number of sensors with wide detection ranges and high sensi-
tivity have been developed. However, the excessive use of
materials has resulted in significant waste accumulation and
environmental pollution. Additionally, when applying 1D
photonic crystals, bacterial proliferation can pose a serious
threat to human health, underscoring the necessity of
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innovative and sustainable solutions.”® Therefore, during
sample detection, sensor substrates must not only exhibit self-
cleaning properties but also be both environmentally friendly
and antibacterial. Due to its high efficiency and broad-spectrum
antibacterial activity, TiO, has emerged as a key focus in the
research and development of antibacterial materials.** Zhao
et al. conducted antibacterial experiments on a porous TiO,
coating doped with Si and Ag. The results confirmed that the
coating exhibited notable antibacterial properties, highlighting
its potential for antimicrobial applications.*” This further vali-
dates the antibacterial properties of TiO,. A literature review
revealed that no previous studies have reported the detection of
sCD40L using PEG/TiO, as the sensing element and R@SL-
mTiO, as the recognition element.

In this study, we incorporated two materials with signifi-
cantly different refractive indices—PEG and TiO,—into the
sensing element of a 1D photonic crystal sensor. Utilizing the
principle that the binding of the recognition element
sCD40L@SL-mTiO, to sCD40L molecules in the serum of ACS
patients alters the thickness of the sensor's layered structure,
we induced a shift in the photonic bandgap, which in turn
caused a visible change in the sensor's surface color. This
enabled the visual detection of sCD40L. Relevant experiments
have also shown that the 1D photonic crystal visual sensor
based on PEG/TiO, not only retains the sensitivity of the
photonic crystal but also inherits the photocatalytic and anti-
bacterial properties of TiO,. This dual functionality allows for
rapid disease diagnosis while simultaneously inhibiting the
growth of pathogenic microorganisms in the tested samples,
degrading residual waste, and preventing environmental
pollution.

2 Materials and methods
2.1 Materials

E. coli BL21 was preserved by the Second Affiliated Hospital of
Chongqing Medical University. LB medium and PBS compo-
nents were purchased from Hopebio (Haibo Bio, China).
Soluble CD40 ligand was obtained from Houpu Biotech
(zhenjiang, Jiangsu, China). Tetra-n-butyl titanate and rhoda-
mine B were purchased from Shanghai Maklin Biochemical Co.,
Ltd Anhydrous ethanol (analytical grade), acetone, tetrahydro-
furan, acetic acid, Pluronic F127, 1,3,5-trimethylbenzene,
NaOH, glacial acetic acid (analytical grade), concentrated
sulfuric acid (98%, analytical grade), and 30% hydrogen
peroxide (analytical grade) were purchased from China National
Pharmaceutical Group Corporation Chemical Reagents Co., Ltd
Branched polyethylenimine (PEG, =99%) was purchased from
Sigma (St. Louis, USA). Silica was obtained from Xianfeng Nano
Company.

2.2 Preparation and characterization of sensing device

2.2.1 Surface modification of single-crystal silicon. Silicon
wafers (1.5 x 1.5 cm) were cleaned by ultrasonic treatment in
acetone and ethanol (20 min each), then immersed in piranha
solution (H,SO,:H,0, = 3:1) for 2 hours. Finally, they were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rinsed with deionized water (ultrasonicated 30 min) and dried
under nitrogen.

2.2.2 Preparation of the sensing element PEG/TiO,.
Dissolve PEG in distilled water and set aside. Mix 4 mL tetra-
butyl titanate with 2 mL glacial acetic acid, then add to 42 mL
anhydrous ethanol. Stir at room temperature for 4 hours to
obtain TiO, gel for later use.

2.2.3 Preparation of the recognition element sCD40L@SL-
mTiO,. Pluronic F127, acetic acid, and HCI (3.2 mL) were added
to THF (30 mL), followed by dropwise addition of titanium
butoxide. After stirring for 10 min, the mixture was heated at
45 °C for 24 h to form the F127/TiO, gel. The gel was mixed with
1,3,5-trimethylbenzene (3 mL), stirred, then dispersed in
anhydrous ethanol (10 mL). Ethanol solution (2 mL) containing
monodisperse SiO, (1.0 g) was added. The mixture was heated at
100 °C for 6 h, then centrifuged, washed, and dried. After
annealing at 350 °C under N, for 3 h, the F127 template was
removed to yield SiO,@SL-mTiO,. Etching with NaOH at 80 °C
produced hollow SL-mTiO,, which was freeze-dried for
preservation.

Prepared nanoparticles were mixed with sCD40L antibody
solution, ultrasonicated for 1 h, then centrifuged to remove
unbound antibodies. The resulting sCD40L@SL-mTiO, nano-
medicine was resuspended for further use.

2.2.4 Fabrication of the 1D photonic crystal sensor. The
previously prepared TiO, gel, sCD40L@SL-mTiO, nano-
medicine, and PEG solution were alternately deposited onto
a single-crystal silicon substrate via spin coating. In this
experiment, the initial spin speed was set to 3500 rpm. After
adding 500 pL of TiO, solution, spin coating was carried out at
specific secondary spin speeds and varied coating times. The
spin coating time was 60 seconds, followed by heating in an 80 °©
C oven for 10 minutes. Subsequently, 250 uL of sCD40L@SL-
mTiO, was added, and high-speed spin coating was performed
for 60 seconds, followed by another 10 minutes of heating in the
oven. Under the same conditions, 500 uL of PEG solution was
added, followed by high-speed spin coating for 60 seconds, and
then heating in an 80 °C oven for 10 minutes. The total number
of layers of the film was 3 N, with the first layer being TiO, and
the final layer being PEG. The film was then stored at 4 °C for
future use.

2.3 Detection of sCD40L using sensing devices

2.3.1 Study on the response performance of sensor. Detect
the response changes of the optical sensor under different
concentrations of sCD40L to evaluate the sensor’s sensitivity to
sCD40L concentration. Prepare sCD40L solutions of different
concentrations using PBS, with concentration ranges of (0 ng
mL ™', 5ngmL ™", 10 ng mL ™", 50 ng mL ™", 100 ng mL ). At the
same time, to exclude the impact of common interfering
substances in serum on the detection results, as well as to
investigate the specificity of the sensor, ascorbic acid (AA), uric
acid (UA), and bovine serum albumin (BSA) at the same
concentration (100 ng mL ") were further selected for the study.

2.3.2 Clinical application study of sensor for sCD40L
detection. Centrifuge blood samples from patients with ACS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and normal patients (both obtained from Kaizhou District
People's Hospital, Chongqing) at 3000 rpm for 5 minutes.
Collect the supernatant, dilute it 10-fold, and store it for later
use. Use a Human sCD40L ELISA kit to verify the sCD40L levels
in the serum of patients with acute coronary syndrome.

Drop the test samples onto the surface of PEG/TiO,@-
sCD40L@SL-mTiO,. After 1 hour, collect the samples from the
sensor surface and gently rinse the sensor with deionized water.
Then, remeasure the reflection spectrum of the photonic crystal
using a fiber optic spectrometer.

2.4 Detection of organic decomposition performance of
sensing element

Rhodamine B, as an organic dye, is widely used in experimental
science. In this study, rhodamine B was used as a model
compound in the decomposition experiment of PEG/TiO,@-
sCD40L@SL-mTiO,. Standard rhodamine B solutions were
prepared at concentrations of 0.25 mg mL ™", 0.5 mg mL™", 1 mg
mL ™', 2 mg mL™', and 4 mg mL'. The absorbance of the
solutions was measured using a UV spectrophotometer in the
wavelength range of 300-750 nm.

Rhodamine B was selected as the target compound, with
control and experimental groups established to evaluate its
organic decomposition performance. Samples were taken at
regular intervals, and the OD value of the sample solution at
550 nm was measured using a UV spectrophotometer. A
decomposition curve was then plotted.

2.5 Antibacterial performance evaluation of sensing element

Frozen E. coli BL21 was retrieved from —80 °C and quickly
thawed. Using an inoculation loop, the bacteria were streaked
onto LB agar and incubated overnight at 37 °C. Once single
colonies appeared, one colony was picked and inoculated into
liquid LB medium, followed by incubation at 200 rpm and 37 °©
C.

A standard E. coli suspension was prepared and adjusted to
the desired concentration. A PBS-treated group served as the
blank control. The prepared sensors and single-crystal silicon
wafers were UV-sterilized prior to use. For the control group, 50
uL of PBS was added to the surface of the Si wafer. Then, 50 uL
of the bacterial suspension was added to both the Si wafers and
the sensor surfaces.

Samples were incubated at 37 °C, and bacterial suspensions
were collected from wafer surfaces at 12 h and 24 h. The
absorbance at 600 nm was measured using a microplate reader.
The collected suspensions were serially diluted and inoculated
onto agar plates to observe bacterial growth. Additionally, a live/
dead bacterial staining kit was used to evaluate bacterial
viability.

3 Results and discussion
3.1 Characterization of PEG/TiO,@sCD40L@SL-mTiO,

3.1.1 Characterization of the sensor device using scanning
electron microscopy (SEM) and transmission electron micro-
scope (TEM). SEM can be used to characterize the distribution
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and morphology of the sensing and recognition elements on the
surface of single-crystal silicon. In this experiment, modified
single-crystal silicon and the prepared photonic crystal sensor
were sampled for SEM analysis. The planar SEM results of the
modified single-crystal Si and PEG/TiO,@sCD40L@SL-mTiO,
are shown in Fig. 1D. The surface of the single-crystal Si is
smooth and free of obvious particles. In contrast, the sensor
surface is covered with numerous spherical nanoparticles,
which are uniform in size and evenly distributed. The cross-
sectional SEM results of the modified single-crystal Si and
PEG/TiO,@sCD40L@SL-mTiO, are shown in Fig. 1E. Since the
prepared nanocapsules were not added to the surface of the
single-crystal Si, its SEM results show fewer layered structures in
the cross-section. However, after the introduction of nano-
capsules, the cross-sectional SEM images of the crystal sensor
group exhibit a distinct multilayer structure. Compared to
single-crystal silicon, the multilayer structure of the crystal
sensor group indicates that the nanocapsules are more evenly
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attached and distributed on the surface of the silicon. The TEM
images distinctly reveal well-defined hollow nanoparticles with
a uniform and spherical morphology. The pronounced contrast
between the darker outer shell and the lighter interior region
provides clear evidence of their hollow structure. Furthermore,
the nanoparticles are monodispersed and show minimal
aggregation, indicating excellent colloidal stability.
Nanomaterials are commonly used to enhance biosensors
because of their excellent conductivity, biocompatibility, and
the ability to facilitate the immobilization of antibodies and
signal amplification. Nanoparticles can combine light absorp-
tion bands and in-body diffraction resonance through surface
plasmon resonance (SPR), which alters the optical properties of
photonic crystals.”®* In this study, SL-mTiO, was incorporated
as a carrier for the Anti-sCD40L Antibody to enhance its loading
efficiency. Meanwhile, due to its high specific surface area and
unique photoelectric properties, SL-mTiO, can improve the
sensor's detection sensitivity for sCD40L. By integrating
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Fig.1 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) images of PEG/TiO,@sCD40L@SL-mTiO, and related
materials. (A—C) Schematic illustration of the preparation process of SL-mTiO, nanoparticles. (D) SEM and TEM images of modified single-crystal
silicon (Si) and PEG/TiO,@sCD40L@SL-mTiO,. (E) Cross-sectional SEM images of modified single-crystal silicon and PEG/TiO,@sCD40L@SL-
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nanomaterials with a photonic crystal sensor, the Anti-sCD40L
Antibody specifically recognizes and captures sCD40L. This
interaction causes changes in the structure and volume of the
entire nanoparticle layer, enabling the rapid detection of
sCD40L.

3.1.2 Optical characterization of the sensing device. A
photonic crystal refers to a structure formed by the periodic
spatial arrangement of two or more materials with different
refractive indices.>® 1D photonic crystals are typically fabricated
using the spin-coating method, which involves adjusting the
rotational speed of the spin coater to control the thickness and
arrangement of the thin film on the crystal surface.”” When the
spin coater's rotational speed is set to 3500 rpm, a high-speed
spin-coating duration of 20 s is followed by low-speed spin-
coating durations of 5 s, 10 s, 15 s, and 20 s. During this
process, PEG solution and TiO, gel are alternately spin-coated
onto a silicon wafer. This process results in the fabrication of
PEG/TiO, 1D photonic crystals with different photonic bandg-
aps (Fig. 2A). The results show (Fig. 2B and C) that PEG/TiO,
appears purple at 420 nm, blue at 480 nm, green at 550 nm, and
yellow at 570 nm. This phenomenon is primarily due to the
periodic variations in the refractive index of photonic crystals,
which provide localized optical modes. These variations result

View Article Online
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in Bragg scattering effects, which cause the reflection spectrum
to display characteristic reflection peaks. This indicates that
photons with frequencies within the bandgap are prohibited
from propagating within the photonic crystal and are thus
completely reflected.?®

During the preparation process, we further observed that the
spin-coating speed has a significant impact on the reflection
spectrum of PEG/TiO, (Fig. 2D). By setting the spin coater's
rotational speeds to 1500 rpm, 2500 rpm, 3500 rpm, 4500 rpm,
and 5500 rpm, PEG/TiO, photonic crystals with different
photonic bandgaps were fabricated. The results show that as
the spin-coating speed increases, the reflection spectrum of
PEG/TiO, shifts noticeably to the right. By adjusting the rota-
tional speed of the spin coater, the thickness of the thin film can
be indirectly changed, which in turn causes a shift in the
photonic bandgap. This phenomenon also conforms to Bragg's
law, which states that, at a fixed incident angle, a reduction in
the film thickness leads to a corresponding decrease in the re-
flected wavelength.>*® Therefore, by adjusting the spin-coating
speed to control the bandgap position of the photonic crystal,
photonic crystals with different colors can be fabricated.

In this study, a periodic structure in the 1D direction is
formed by layer-by-layer stacking of two different dielectric
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Fig. 2 Optical characterization of PEG/TIO,. (A) Preparation process of PEG/TiO,. (B) The fabricated PEG/TiO, photonic crystals of different
colors. (C and D) Reflection spectra of photonic crystals fabricated at different rotational speeds.
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materials, PEG and TiO,, which can also be referred to as
a Bragg reflector. This type of reflector features a simple struc-
ture, high reflectivity, and predictable optical properties.** In
this study, PEG/TiO, is used as the sensing element and
sCD40L@SL-mTiO, as the recognition element. The application
of this system for sCD40L detection, as well as its self-cleaning
and antibacterial effects during disease detection, is investi-
gated. The aim is to provide new approaches and methods for
the rapid detection of sCD40L.

3.2 Detection of sCD40L by the sensing device

To evaluate the sensor's performance in detecting different
concentrations of sCD40L, we tested various concentrations of
sCD40L (Fig. 3A). Under optimal experimental conditions, we
observed a significant redshift in the wavelength as the
concentration of sCD40L increased, and this redshift showed
a positive correlation with the concentration. This indicates that
the sensor can indirectly reflect changes in sCD40L concentra-
tion based on wavelength variation. A plot of the concentration
of sCD40L versus the wavelength corresponding to the highest
peak of the spectral curve yields the result shown in Fig. 3A. The
linear regression equation is Y = 582.6 + 0.8848 x X, indicating
a good linear relationship (R> = 0.9441). Based on the calcula-
tion, the detection limit for sCD40L antigen detection using this
1D photonic crystal is 19.7 ng mL ™', The wavelength shift is
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primarily due to the binding between the antigen and antibody,
which alters the sensor's layered structure, shifting the
photonic bandgap and changing the wavelength. During the
preparation of this device, to minimize non-specific contami-
nation, we alternately fixed polyethylene glycol (PEG) and TiO,
onto the active area of the sensor. To test the device's response
to non-target molecules in blood and assess its specificity, we
conducted tests with common blood interferents—ascorbic
acid (AA), uric acid (UA), and bovine serum albumin (BSA)
(Fig. 3B). Although the concentrations of ascorbic acid (AA), uric
acid (UA), and bovine serum albumin (BSA) in the blood differ,
only the wavelength of the sensor with added sCD40L shifted to
red when the interferent and sCD40L concentration were both
100 ng mL™'. This experimental result indicates that the
interferents have a poor binding ability with the prepared
sensor recognition elements, thus demonstrating the specificity
of the recognition elements in binding with sCD40L.

To further verify the clinical application of the optical sensor
developed in this study, we used it to detect sSCD40L in serum.
Fig. 3C shows sCD40L levels in the serum of healthy individuals
and ACS patients, as detected by the ELISA method. Compared
to the healthy group, the sCD40L levels in the ACS patient group
were significantly increased (P < 0.05). Fig. 3D shows the
detection results of sCD40L using the optical sensor, with
spectral responses in different samples (ACS patients, PBS, and
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Fig. 3 Detection results of sSCD40Lusing 1D photonic crystal sensors. (A) Sensitivity evaluation of the sensor for different concentrations of
sCD40L. (B) Specificity evaluation of the sensor for sCD40L detection against common interferents. (C) ELISA detection results of sSCD40L levels

in the serum of healthy individuals and patients with ACS. (D) Detection
All data are presented as mean + standard deviation (SD), (n = 3).

26388 | RSC Adv, 2025, 15, 26383-26394

of sCD40L in clinical serum samples using the 1D photonic crystal sensor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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healthy individuals). Based on the current results, the high
concentration of sCD40L in the ACS patient serum induced
a strong spectral response in the sensor, while the spectral
response in healthy individuals was significantly lower than
that of the ACS patient group, and their wavelength did not
undergo a red shift. This is consistent with the ELISA results.
The above results indicate that the prepared optical sensor can
effectively recognize the sCD40L levels in the serum of ACS
patients and healthy individuals. sCD40L levels in the ACS
patient group were significantly higher than in the healthy
group, and the sensor accurately reflected this difference,
demonstrating good specificity and sensitivity.

sCD40L is a type II trimeric transmembrane protein in the
tumor necrosis factor (TNF) superfamily, with a molecular
weight of approximately 18 kDa.** Studies have shown that
elevated levels of sCD40L in the plasma of healthy women are
associated with an increased risk of cardiovascular diseases.*
In addition, significantly elevated levels of sCD40L can also be
detected in the serum of patients with ACS. Therefore, elevated
sCD40L levels are associated with an increased risk of ACS and
can serve as an auxiliary diagnostic tool to help identify high-
risk patients.** ACS patients with high sCD40L levels are at
greater risk for future cardiovascular events. Detecting sCD40L
in ACS patients helps assess disease prognosis. This study,
based on the signal amplification effect of nanomaterials, uses
the prepared nanocomposite SCD40L@SL-mTiO, as the recog-
nition element to construct an optical sensor for rapid detection
of sCD40L. The device can detect SCD40L because the sCD40L
antibody specifically recognizes and reacts with the antigen,
leading to changes in the internal structure of the sensor. This
causes a shift in the position of the photonic band gap, ulti-
mately resulting in a change in the wavelength.*®

Unlike traditional detection devices (Table 1), this device has
a simple operation process, short detection time, and low
production cost. At the same time, relevant studies have shown
that the photonic band gap of the visualized sensor is highly
sensitive to changes in its internal structure and volume, which
gives the visualized sensor very high sensitivity. Therefore, this
sensor provides a new detection technology for clinical research
and the diagnosis of acute coronary syndrome in cardiovascular
diseases. Since sCD40L is a potential therapeutic target for
cardiovascular diseases, this study provides a highly sensitive
method for developing and evaluating new drugs.

3.3 Detection of organic matter decomposition performance
of the sensing device

The incorporation of a composite material containing the
photocatalyst TiO, enables photocatalytic degradation in the

Table 1 Comparative analysis of different sensors for detecting sCD40L
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visible light range, thereby imparting self-cleaning capabilities
to the sensor. This demonstrates the sensor's effectiveness in
decomposing organic matter.*® We selected the widely used
organic dye rhodamine B as the experimental subject to
conduct the organic matter decomposition experiment. To
investigate the change in absorbance of rhodamine B at
different concentrations under various excitation wavelengths,
we used an ultraviolet-visible spectrophotometer. The absor-
bance of rhodamine B was measured at wavelengths ranging
from 300 to 750 nm. The results showed that the maximum
absorption peak of rhodamine B was at 550 nm, and as the
concentration of rhodamine B decreased, the absorbance also
decreased at the same excitation wavelength (Fig. 4B). This
conclusion lays the foundation for the subsequent measure-
ment of rhodamine B decomposition using 1D photonic
crystals.

In the study of the organic matter decomposition perfor-
mance of the 1D photonic crystal sensor, a certain concentra-
tion of rhodamine B was added to the surfaces of pure silicon
wafers and 1D photonic crystal sensors, followed by ultraviolet
irradiation. Samples were taken at intervals (Fig. 4C). The
various components of the sensor display distinct response
intensities to rhodamine B over time, reflecting their individual
capabilities in recognizing and removing the pollutant. Exper-
imental results indicate that the sensor exhibits the most
pronounced decrease in response intensity during the reaction,
suggesting superior adsorption or degradation efficiency and
the highest sensitivity toward rhodamine B. PEG@TiO, shows
a moderate change in response, indicating intermediate
performance, whereas SiO, exhibits minimal variation, reflect-
ing the weakest treatment capability. Overall, the synergistic
interaction between the sensor's recognition and response units
offers a clear advantage in the detection and removal of
rhodamine B, highlighting its strong potential for practical
application.

The TiO,-containing sensor is capable of photocatalytically
decomposing organic matter due to the unique structure of
TiO, material (Fig. 4A). TiO, is a semiconductor with a bandgap
whose energy matches that of ultraviolet light. When ultraviolet
light is irradiated onto the surface of TiO,, it can excite electrons
in TiO, to transition from the valence band to the conduction
band, forming free electrons and positive holes.*® During the
photonic excitation process, the generated free electrons and
positive holes are high-energy reactive species that can roam on
the surface of TiO,. Some free electrons can reduce oxygen
molecules in the molecules to produce active O,~, while the
positive holes can oxidize water molecules to generate active H'.
These reactive redox species can react with organic substances,

Feature/reference Structure type Sensitivity/response Additional functions
rGO-TEPA/Au@BSA** Electrochemical immunosensor High Simultaneous detection of
hsCRP and sCD40L
AuNPs-b-PEI--MWCNT/GCE*’ Electrochemical immunosensor High Reusable
PEG/TiO,@sCD40L@SL-mTiO, (this work) Photonic crystal sensor High Self-cleaning, antibacterial

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 26383-26394 | 26389


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03238e

Open Access Article. Published on 23 July 2025. Downloaded on 4/27/2026 1:24:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Conduction band

Ebg

TiO,
1.0
@ 08t S T sio
oe R R Sensor
Valence band 2 ' B — scosL@sLwTio;
0.4 ) \\\I PEG@TIO;
@ 0.2 ' ; "«\\
e
0.0 -
Oh 05h 1h 2h 3h 4h 5h
A Time( h)

£).25 mgiml

—— (.5 mg/mL
| —o— 1 mg/mL
4 mgimL

08

0.0 L L

400 600 800
C wavelength (nm)

Fig. 4 Analysis of the organic matter decomposition effect of 1D photonic crystal sensors. (A) Schematic illustration of the photocatalytic
degradation mechanism of organic matter by TiO,. (B) Ultraviolet-visible absorption spectra of rhodamine B at different concentrations. (C)
Photocatalytic degradation of RhB by the 1D photonic crystal sensor over time. All data are presented as mean =+ standard deviation (SD), (n = 3),

(*¥***P < 0.01).

leading to the oxidation, cleavage, and degradation of the
organic matter, breaking it down into small molecules or
harmless products, such as water and carbon dioxide.** Due to
the photocatalytic effect of TiO, under light exposure, the
prepared sensor has the following advantages compared to
traditional sensors: (1) The photocatalytic effect helps remove
dirt attached to the surface of the sensor, achieving a self-
cleaning effect, and this effect persists under continuous
sunlight exposure;* (2) The photocatalytic effect can repair the
defects on the surface of TiO,, maintaining its stability through
a self-repair mechanism under light exposure;* (3) Since the
prepared 1D photonic crystal sensor utilizes light energy to
decompose pollutants into harmless substances without
requiring additional steps, it aligns with today's environmental
protection concepts. Therefore, applying this self-cleaning 1D
photonic crystal in disease detection will save more manpower
and resources.

3.4 Analysis of the antibacterial performance of the sensor

When the sensor is exposed to air for an extended period,
bacteria can easily proliferate, leading to a shortened sensor
lifespan and potential environmental pollution. Therefore, it is
necessary to impart certain antibacterial properties to the
sensor. TiO, not only catalyzes the decomposition of organic
matter but also demonstrates strong antibacterial activity.
Previous studies have confirmed that sensors utilizing TiO, as
a sensing element exhibit effective antibacterial

26390 | RSC Adv, 2025, 15, 26383-26394

performance.*®** Therefore, in this study, TiO, was incorpo-
rated into the sensing element to prepare a sensor with anti-
bacterial properties, and the antibacterial performance of the
sensor was evaluated. E. coli attached to the surfaces of the
monocrystalline Si wafer and the sensor were collected. The
samples were serially diluted, plated onto LB agar, and incu-
bated at 37 °C for 24 hours. As shown in Fig. 54, it is evident that
the control group showed almost no bacterial colony growth,
the Escherichia coli in the monocrystalline Si group grew vigor-
ously in the LB medium, while the bacteria in the sensor group
grew slowly. At the same time, the live/dead bacterial staining
results (Fig. 5B) show that both live and dead bacteria coexist in
the sensor group, while the control group and monocrystalline
Si group contain mostly live bacteria with no dead bacteria
present. This indicates that the prepared sensor has excellent
antibacterial ability.

In addition, we studied the antibacterial capacity of the
sensor using optical density (OD) measurements. As the incu-
bation time increases, Escherichia coli continuously proliferates,
and the optical density of the bacteria increases accordingly.
Therefore, the OD600 also increases. As shown in Fig. 5C, at
0 hours, the absorbance of Escherichia coli in both the mono-
crystalline Si group and the sensor group was the same, with no
statistical significance. At 12 hours, E. coli in the mono-
crystalline Si group continued to proliferate, and the OD600
value increased accordingly. In contrast, the OD600 value of
Escherichia coli in the sensor group decreased. Statistical anal-
ysis of the two groups showed a P < 0.05, indicating statistical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significance. This means that the prepared sensor has anti-
bacterial properties. At 24 hours, the OD600 of E. coli in the
monocrystalline Si group was about 0.8, while the OD600 of E.
coli in the sensor group was only around 0.15. Additionally, we
performed statistical analysis on the OD600 of Escherichia coli in
the sensor group at different time points (0 h, 12 h, 24 h). The
results showed that as time increased, the OD600 of E. coli also
decreased. This further demonstrates that the prepared sensor

© 2025 The Author(s). Published by the Royal Society of Chemistry

has excellent antibacterial performance. Unlike traditional
antibacterial materials, the antibacterial mechanism of TiO, is
mainly reflected in the following aspects: (1) When TiO, is
exposed to UV light, it can generate reactive oxygen species
(ROS), which can damage the bacterial outer membrane, ulti-
mately leading to bacterial injury;** (2) under photocatalytic
action, the electronic structure of TiO, allows electrons to be
excited from the valence band to the conduction band,
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particularly under ultraviolet irradiation, while corresponding
holes are generated in the valence band. These electrons and
holes separate and migrate to different locations on the particle
surface under the influence of an electric field, triggering
a series of reactions. Oxygen molecules capture electrons to
form superoxide anion radicals, while holes oxidize adsorbed
OH and H,O on the TiO, surface to form hydroxyl radicals
(-OH), which have strong oxidative power. These radicals attack
the unsaturated bonds of organic matter or acquire hydrogen
atoms to generate new free radicals, initiating a chain reaction
that ultimately leads to bacterial degradation;** (3) quantum
size effect: The photogenerated electrons and holes in nano-
scale titanium dioxide migrate from the bulk to the surface in
a very short time, enabling them to exert a more effective anti-
bacterial effect.”> Therefore, after incorporating TiO, into the
sensor, even if pathogenic microorganisms are present in the
sample to be tested or in the air, they can be effectively
decomposed. This not only reduces the incidence of hospital-
acquired infections but also protects the safety of patients and
medical staff.

4 Conclusion

In summary, this study successfully prepared nano
sCD40L@SL-mTiO, and used it as a recognition element to
construct an optical sensor for the specific detection of sCD40L.
The uniqueness of this study lies in the sensor's ability to
interact with incident light, exciting localized and propagating
surface plasmons, thereby generating an enhanced trans-
mission (EOT) phenomenon. By covering the surface of mono-
crystalline silicon with media of different refractive indices,
a structure with localized surface plasmon resonance (LSPR)
can be designed. This structure can significantly enhance the
interaction between light and matter, thereby enabling the EOT
signal in the near-infrared wavelength range. This study reports
that the device exhibits high sensitivity in detecting sCD40L,
capable of detecting within a broad concentration range (100 ng
mL ). By using a highly specific ligand to recognize sCD40L, it
shows significant selectivity toward interferents (such as uric
acid, ascorbic acid, and bovine serum albumin), thereby
enhancing the detection performance. This technology
demonstrates excellent performance in terms of stability,
reusability, and high sensitivity, making it suitable for various
biological media. Therefore, this sensor provides a new detec-
tion technology for clinical research and diagnosis of acute
coronary syndrome in cardiovascular diseases. At the same
time, as sCD40L is a target for the treatment of cardiovascular
diseases, this study provides a highly sensitive experimental
method for the development and evaluation of new drugs for
cardiovascular diseases.
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