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peroxidizing Nano-enzymes for
dynamic monitoring the level of
H>O, during the inflammation
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Yang Zhou, Gangan Chen*, Zhangyin Ren?, Ming Chen***,
Mingxuan Gao™ and Jing Bao™
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(Army Medical University), Chongging, China, 2College of Pharmacy and Laboratory Medicine, Third
Military Medical University (Army Medical University), Chongging, China, State Key Laboratory of
Trauma, Burn and Combined Injury, Army Medical University, Chongqing, China

The treatment of wound inflammation is intricately linked to the concentration of
reactive oxygen species (ROS) in the wound microenvironment. Among these
ROS, H,0, serves as a critical signaling molecule and second messenger,
necessitating the urgent need for its rapid real-time quantitative detection, as
well as effective clearance, in the pursuit of effective wound inflammation
treatment. Here, we exploited a sophisticated 3D Cu,_,Se/GO nanostructure-
based nanonzymatic H,O, electrochemical sensor, which is further decorated
with evenly distributed Pt nanoparticles (Pt NPs) through electrodeposition. The
obtained Cu,_,Se/GO@Pt/SPCE sensing electrode possesses a remarkable
increase in specific surface derived from the three-dimensional surface
constructed by GO nanosheets. Moreover, the localized surface plasma effect
of the Cu,_,Se nanospheres enhances the separation of photogenerated
electron-hole pairs between the interface of the Cu,_,Se NPs and the Pt NPs.
This innovation enables near-infrared light-enhanced catalysis, significantly
reducing the detection limit of the Cu,_,Se/GO@Pt/SPCE sensing electrode for
H,0O, (from 1.45 uM to 0.53uM) under NIR light. Furthermore, this biosensor
electrode enables in-situ real-time monitoring of H,O, released by cells. The
NIR-enhanced Cu,.,Se/GO@Pt/SPCE sensing electrode provide a simple-yet-
effective method to achieve a detection of ROS (H,O,, -OH) with high sensitivity
and efficiency. This innovation promises to revolutionize the field of wound
inflammation treatment by providing clinicians with a powerful tool for accurate
and rapid assessment of ROS levels, ultimately leading to improved
patient outcomes.
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Introduction

Reactive oxygen species (ROS) play a vital role in wound
inflammation treatment (1). Their reactive and destructive
properties enable neutrophils and macrophages to phagocytose, thus
aiding in inflammation management (2-4). Hydrogen peroxide
(H,0,) is a major secondary messenger in the treatment of
inflammation and a typical ROS molecule in biomedical diagnostics
(5, 6). Over the past few years, the preponderance of evidence has
established that H,O, has a particularly significant impact on the
stress/inflammatory response and subsequent tissue/neuronal repair
processes (7-9). The inherent characteristics of H,O, such as its ease
of degradation, long half-life, universal present in all cells, and
membrane/tissue permeability - dictate its functional role. Within a
certain concentration range, H,O, performs multiple functions: (1) it
stimulates proliferation of human fibroblasts and vascular endothelial
cells; (2) it boosts macrophage inflammatory protein (MIP)-1o
production; and (3) it promotes angiogenesis via vascular
endothelial growth factor (VEGF) signaling and catalytic effects on
keratin-forming cells (2, 10). However, at elevated concentrations,
H,0, can lead to cell necrosis by triggering pro-apoptotic proteins and
ultimately causing cell death. It is evident that the physiological effects
of H,0O, are usually concentration-dependent; hence, there is a
pressing need to explore effective methods for accurately detecting
H,0, concentration in living cells (11).

Sensing technologies such as fluorescence (12),
chemiluminescence (13), colorimetry (14), photoelectrochemical
sensing (15) and electrochemical sensing (16) have been
developed for the detection of H,0,. Recently, electrochemical
sensing technology, which offers the advantages of simple
operation, fast response, high sensitivity, and high selectivity has
been receiving immense research attention for real-time H,0,
detection. To address the limitations of expensive and
environmentally unstable catalase to the widespread application
of sensors, there has been a growing interest in the study of
biomimetic electrochemical H,O, sensors that possess peroxidase-
like activity without the need for enzymes (17, 18).

The advancement of efficient nano-enzymatic materials is
paramount for expeditious in situ detection of H,O, (19). These
materials, which range from noble metal nanoparticles like Au (20),
Pt (21), Ag (22), etc., to metal oxides or compounds nanostructures
such as CeO, (23), TiO; (24), MnO, (25), etc., exhibit exceptional
hydrogen peroxidase activity. This activity not only effectively
mitigates excess H,O, in the physiological environments, but also
signifies their vast potential in applications like wound healing and
inflammation therapy. Specifically, Pt NPs demonstrate promising
applications in H,0, electrochemical sensors due to their excellent
peroxidase-like activity (26, 27). However, ensuring the uniform
anchoring of these metal nanoparticles on smooth electrodes
remains a significant challenge for electrochemical detection of
H,O0,. Fortunately, numerous studies have established that carbon-
based materials can be used as support structures for growing and
anchoring metal particles, thereby preventing their aggregation
(28). Carbon nanosubstrates such as carbon nanotubes (29),
graphene (30) and carbon fibers (31) can even facilitate the
spontaneous generation of metal nanoparticles on the substrate,
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eliminating the need for additional reducing agents. As an example,
Tong et al (32). reported a self-terminating chemical deposition
method to prepare surfactant-free monodisperse Pt nanoparticle
(NP)-modified carbon fiber microelectrodes (Pt-NP/CFE) for
electrochemical detection of hydrogen peroxide (H,O,) released
by living cells. This method represents a significant breakthrough in
the field of nano-enzymatic materials development, paving the way
for more effective and precise in situ detection of H,O,. However,
the enhancement of stability and catalytic activity of metal
nanoparticles remains a formidable challenge for their
implementation in the expeditious and precise detection of trace
amounts of H,0,. To achieve rapid detection of minute amounts of
H,0,, extensive research has been conducted on the development
of composite nanoenzymes. Innovative researchers have devised
various copper-based nanomaterials, including CuO (33), Cu-MOF
(34), and CuS (35), and evaluated their efficacy in enzyme-like
catalysis. Copper-based nanomaterials hold high research value for
their application in H,O, detection. Furthermore, copper-based
nanomaterials exhibit unique optical properties. In particular,
copper selenide nanocrystals (Cu,_,Se), as a p-type semiconductor
nanomaterial, generate a profusion of photogenerated electron-hole
pairs under irradiation of near-infrared light by localized surface
plasmon resonance (LSPR) in response to oscillating
electromagnetic field interactions of light (36). Moreover, the
semiconductor-metal heterojunction formed by the union of
copper selenide and metal nanoparticles abbreviates the band gap
of the material, thereby augmenting its catalytic activity.

Herein, we have developed sensing electrodes, made from
Cu,_,Se/GO@Pt composites, for rapid and precise in situ
detection of H,O, (Scheme 1). Initially, we employed our
previously established method (37) to generate Cu,_,Se
nanospheres containing copper defects. Subsequently, we
integrated GO nanosheets as a substrate, ensuring the
nanospheres were firmly anchored to the electrodes and
facilitating the electrodeposition of Pt nanoparticles. Meanwhile,
the three-dimensional structure of the GO nanosheets on the
electrode surface not only provides a larger specific surface area,
but also offers more efficient electron and ion transport paths,
ultimately enhancing the catalytic performance of the sensing
electrode. In addition, the unique photoelectric effect of Cu,_,Se
nanorods also plays a crucial role in the enhancement of the sensing
electrode’s ability to detect H,O,. Therefore, the prepared Cu,_,Se/
GO@Pt sensing electrode demonstrates superior electrocatalytic
activity towards H,0,, making it an ideal candidate real-time
detection of H,O, released from living cells.

Experimental section
Reagents and solutions

Polystyrene sulfonic acid (PSS, MW 70 kda), pelenium dioxide
(SeO,) and Copper sulfate pentahydrate (CuSO4-5H,0) were all
purchased from Aladdin Reagent Co., Ltd. (Shanghai,China).
Ascorbic acid (AA), chloroplatinic acid hexahydrate
(H,PtCls-6H,0), glycine (Gly), citric acid (CA), urea, and
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Schematic illustration of the formation of Cu2-xSe/GO@Pt/SPCE electrochemical sensors and its principle for H,O, detection.

glutathione (GSH) were obtained from Sigma-Aldrich (St. Louis,
USA). Potassium chloride (KCl), potassium ferricyanide (Kj;[Fe
(CN)g]), potassium hexacyanoferrate(II) (K;[Fe(CN)g]) and H,0,
were obtained from Chuandong Chemical Co., Ltd. (Chongging,
China). Phosphate buffered saline (PBS) was purchased from
BioInd (Gibco). All chemicals and reagents were used as received
without any further purification. All solutions were prepared using
ultrapure water (18.2 MQ). Graphene oxide (GO) powder and
Mxene powder were both obtained from Sigma-Aldrich (St.
Louis, USA).

Synthesis of Cu,_,Se NPs

Cu,.,Se NPs were prepared by the previously reported situ
reduction method. Briefly, 1.6 mL PSS (10 mg mL™) and 5.5 mL DI
water were added into a round-bottom flask which stirred in a 30°C
water bath, then 0.3 mL V¢ (0.4 M) and 0.1 mL SeO, (0.2 M) were
added in sequence, stirring at 30°C for 20 min. A mixed solution of
0.1 mL CuSO4-5H,0 (0.4 M) and 0.4 mL Vc (0.4 M) were added in
the next step. Then, the mixed solution was strongly stirred at 45°C
for 8h to obtain a dark green dispersion, centrifuged at 12000 rpm
for 5 min, and suspended in DI water to obtain Cu,_Se solution.
Next, the Cu,_,Se solution freeze dried in vacuum environment, and
it was redispersed in DI water (1 mg mL™") at 4°C for later use.

Fabrication of the Cu,_,Se/GO@Pt/SPCE
Sensing Electrodes

Firstly, several screen-printed carbon electrodes (SPCE) were
prepared, washed with DI water and then dried for use. In a general
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way, 10 uL Cu, ,Se NPs (1 mg mL™?), 2.5 uL GO (1 mg mL"), and
7.5 uL DI water were uniformly mixed together, and then 10 uL of
the mixture (Cu,_,Se/GO) was dropped on a bare SPCE, followed by
drying at 37°C. After that, Pt NPs were electrodeposited on Cu,_Se/
GO/SPCE in 5 mL mixture of 1 mM H,PtClg solution to obtain
Cu,_,Se/GO@Pt/SPCE. For comparison, the same method was used
to prepare Cu,_,Se/Mxene@Pt/SPCE, Cu,_Se @Pt/SPCE, and
prepared Cu,_,Se/SPCE without electrodeposition.

Characterization of Cu,.,Se/GO@Pt/SPCE
sensing electrodes

Scanning electron microscopy (SEM) was used to analyze the
surface morphology of Cu, ,Se/GO@Pt/SPCE and the surface
distribution of Pt nanoparticles. X-ray photoelectron spectroscopy
(XPS) was used to analyze the chemical states of elements on the
surface of the prepared sensor electrodes.

Electrochemical measurements

All the electrochemical tests were performed using the CHI760E
electrochemical workstation. The electrodeposition process is
carried out for 200 s at a potential of —0.2 V using chronocurrent
method (i-t). In order to characterize the electrochemical behavior
of Cu,_,Se/GO@Pt/SPCE, CV and EIS were recorded in a 5 mM [Fe
(CN)§]>7*" solution containing 0.1 M KCI. When the
electrocatalytic performance of H,O, was tested by Cu, ,Se/GO@
Pt/SPCE, CV and i-t were monitored at 0.1 M PBS (pH = 7.4). The
test parameters of CV: the operating voltage range is -0.8~ 0.8 V,
and the scanning rate is 20-300 mV s™'. The linear response of the
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detection electrode to H,O, in the i-t test was performed at an
optimal operating voltage of -0.4 V.

Electrochemical detection of H,O,
released from cells

The L1929 cells (Shanghai Yihe Biotechnology Co., Ltd) were
cultured in 5% CO, in 75 cm® culture flask containing MEM
medium, 1% penicillin and streptomycin and 10% (v/v) horse
serum at 37 °C. Unlike 1929 cells, RAW264.7 (Shanghai Yihe
Biotechnology Co., Ltd) cells need to be cultured in 75 cm? culture
flasks containing DMEM medium, 10% FBS and 1% double antibody
at 37 °C and 5% CO2Wash 2 times in PBS (0.01 M, pH=7.4), digest
the cells, and centrifuge at 1000 rpm for 3min. Resuspend the cells
and counted the cells by calculating instrument. When the current
keeps stable, gently stir the cell suspension. Then, the N-Formyl-Met-
Leu-Phe (fMLP, Sigma) was added to the cell suspension with
different concentration, which can motivate cells generation of
H,0, and have no interference to the detection of H,O,. The
amperometric current response of H,O, in about 7*107 1929 cells
or 810" RAW 264.7 cells in 10 mL of PBS with the bare SPCE and
Cu,_,Se/GO@Pt/SPCE, and the electrode was recorded at -0.4 V.

Results and discussion

Characterization of the As-prepared
Cu,_,Se/GO@Pt/SPCE sensing electrode

The morphology and structure of the materials and electrodes
were characterized by transmission electron microscopy (TEM) and

10.3389/fimmu.2024.1392259

scanning electron microscopy (SEM). As shown in Supplementary
Figure S1, TEM images of Cu,_,Se nanospheres proved that they had
a uniform spherical morphology with a diameter of about 40 nm and
a smooth surface. The SEM images of the bare screen-printed carbon
electrodes (SPCE) electrode exhibited that the electrode possesses a
rough and porous micro-morphology, which is favorable for
modifying the nano-electrode materials (Supplementary Figures
S2A, B). However, as shown in Supplementary Figure S2C, when
only Cu,_,Se NPs were modified on the SPCE, the electrode surface
was not completely covered by the nanospheres. In contrast, when
the Cu, ,Se/GO mixture was added dropwise to the electrode, the
Cu, ,Se NPs were evenly distributed across the graphene oxide
nanosheets, and the complex completely covered the SPCE surface
(Supplementary Figure S2E). The incorporation of GO nanosheets
provided a reliable three-dimensional (3D) framework for Cu,_,Se
NPs and contributed to their anchoring to the electrodes. SEM
images of Cu, ,Se/GO@Pt/SPCE obtained after modifying Pt
nanoparticles (Pt NPs) on Cu, ,Se/GO/SPCE by electrodeposition
were depicted in Figures 1A-C. The image results showed that the
electrode modified with Pt NPs still presented a 3D porous shape,
indicating that the modification of Pt NPs didn’t affect the
morphology and structure of GO and Cu, ,Se NPs. The 3D porous
structure formed by GO nanosheets and Cu,_,Se NPs as a substrate
for the electrodeposition of Pt NPs reduced the aggregation of
nanoparticles, promoted a robust anchoring of nanoparticles, and
provided a reducing agent for the reduction of monomeric Pt.
Furthermore, the EDS elemental mapping was carried out to
observe the elemental compositions of Cu,_,Se/GO@Pt/SPCE
electrode, in which the Pt signal confirmed the successful loading
of the Pt NPs in the Cu,_,Se/GO structure (Figure 1D).

In order to study the elemental chemical composition and
valence states of Cu,_,Se/GO@Pt/SPCE, we characterized the

FIGURE 1

(A—C) SEM images of Cu,_,Se/GO@Pt/SPCE; (D) the corresponding elemental mapping images of Cu,_,Se/GO@Pt/SPCE
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electrode using by X-ray photoelectron spectroscopy (XPS). The
XPS spectra revealed the presence of C, Cu, Se, and Pt elements in
the Cu, ,Se/GO@Pt/SPCE (Supplementary Figure S3A). The
spectra of the Cu 2p orbital indicated the coexistence of both Cu®
" and Cu" in Cu,_,Se NPs (Figure 2A) and Cu,_Se/GO@Pt/SPCE
(Figure 2B). Meanwhile, the proportion of Cu*" increased from
23.88% to 31.73% after the deposition of Pt NPs, consistent with the
Cu" oxidation process. Compared to Cu,.,Se NPs, there were
obvious negative shifts for the Cu** and Cu" binding energies of
Cu,_,Se/GO@Pt/SPCE, indicating a strong interaction between Pt
NPs and Cu,_,Se NPs. The high-resolution XPS spectrum of Cu,.
+S5¢/GO@Pt/SPCE showed peaks of Cls at 284.05, 284.50, and 285.0
eV corresponding to C=C/C-C, C-O, and C=0 bonds (Figure 2C)
(38). Moreover, the Se 3d XPS spectrum of the Cu, ,Se NPs and
Cu,_,Se/GO@Pt/SPCE exhibited two main peaks (Se 3ds/, and Se
3ds/,), indicating that that the valence state of Se element was not
affected by the electrodeposition process of Pt NPs (Supplementary
Figures S3B, C). Additionally, Pt’ peaks were observed at the
binding energies of 74.4 eV and 71.01 eV, with a Pt° ratio of
72.95% (Figure 2D), confirming the successful deposition of Pt NPs.
Based on the above analysis, we have successfully prepared a Cu,.
Se/GO@Pt/SPCE sensing electrode with a unique 3D porous
structure, providing a faster conductive network for the
electrochemical detection of H,O,. This advancement paves the
way for future applications in sensing technologies.

10.3389/fimmu.2024.1392259

Electrochemical characterization of
Cu,_,Se/GO@Pt/SPCE sensing electrode

To evaluate the electrochemical performance of SPCE, Cu,_,Se/
SPCE, Cu,.,Se@Pt/SPCE, Cu,_.Se/Mxene@Pt/SPCE and Cu,_,Se/
GO@Pt/SPCE, typical cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) has been applied to thoroughly
characterize the electrodes (Figure 3A; Supplementary Figure S4).

As shown in Figure 3A, a pair of Fe**/**

redox peaks could be
observed on the CV curves of all electrodes in the range of 0-0.2 V.
However, the redox peaks of all electrodes except the bare SPCE
exhibited wider peak potential differences and lower peak currents.
Apparently, these electrodes also exhibited a pair of Cu®*/Cu* redox
peaks in the range of 0.4-0.6 V, which influenced the peak width
and peak current of Fe*'/*" redox peak. Among them, Cu,_Se/
GO@Pt/SPCE exhibited the highest peak current in the range of
0.4-0.6 V, highlighting its excellent electrochemical performance.
Additionally, Supplementary Figure S4 displays the EIS curves of all
the aforementioned electrodes. The EIS curves of the Cu,_,Se/GO@
Pt/SPCE in the line part representing Warburg impedance (Rw)
exhibited the steepest slope, indicating that electrolyte ions had the
smallest diffusion resistance in the pores of the electrode, thereby
facilitating electrochemical reactions. These findings highlight the
significance of material design and engineering in enhancing

electrochemical performance.
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(A) The high-resolution XPS spectra for Cu 2p of Cu,_,Se NPs. The high-resolution XPS spectra for (B) Cu 2p, (C) C 1s, (D) Pt 4f of Cu,_,Se/

GO@Pt/SPCE.
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FIGURE 3

(A) CVs of bare SPCE, Cu,.,Se/SPCE, Cu,.,Se@Pt/SPCE, Cus_,Se/Mxene@Pt/SPCE and Cu,.,Se/GO@Pt/SPCE in 5 mM [Fe (CN)gl*>4 containing 0.1
M KCl solution at scan rate of 50 mV s™%; (B) CV curves of Cu,_,Se/SPCE, Cu,_,Se@Pt/SPCE, Cu,_,Se/Mxene@Pt/SPCE and Cu,_,Se/GO@Pt/SPCE
with 5 mM H,0, in 0.01 M PBS at 50 mV s7%; (C) and the i-t curves of the successive additions of H,O, with 9 times; (D) CV curves of Cuy_,Se/
GO@Pt/SPCE electrode in 0.01 M PBS in the presence of 0~5 mM H,0O,; (E) CV curves of Cu,_,Se/GO@Pt/SPCE with 5 mM H,O, in 0.01 M PBS at
different scan rates. Scan rate in the range of 20~300 mV s - (F) Linear relationship between the peak current and scan rates.

Furthermore, the electrocatalysis of H,O, by the prepared
electrodes mentioned above was investigated in 10 mL 0.01 M PBS
(pH 7.4) system using both CV and i-t methods. The CV curves of
each electrode in PBS buffer containing 5 mM H,0,, as displayed in
Figure 3B, clearly indicate that the Cu, ,Se/SPCE without
electrodeposition of Pt NPs exhibited no distinct characteristic peak
of current response. In contrast, the other three electrodes showed
well-defined reduction peaks at -0.32 V (Cu,_Se@Pt/SPCE), -0.3 V
(Cu,_,Se/Mxene@Pt/SPCE), and -0.4 V (Cu,.,Se/GO@Pt/SPCE).
These findings convincingly demonstrate that Pt NPs possess a
profound catalytic effect on H,0,. Notably, the Cu, ,Se/GO@Pt/
SPCE exhibited the largest reduction peak current. Subsequently, i-t
tests were conducted on the corresponding sensing electrodes at the
reduction potentials observed in the CV curves. The i-t curves
presented in Figure 3C align with the CV curves, offering
consistent results. With the continuous addition of 0.1 mM H,O,,
the current signal presented a stepped response, and the Cu, ,Se/
GO@Pt/SPCE displayed the highest response current. Obviously, the
above results confirmed that the catalytic reduction of H,0O, by the
sensing electrode was mainly attributed to the Pt NPs on the
electrodes. When comparing the two substrate materials, Mxene
and GO nanosheets, it is evident that the latter is a more suitable
support material for Cu, ,Se NPs and an effective electrodeposition
reducer for Pt NPs, thanks to its constructed three-dimensional
porous structure. Furthermore, except for Cu, Se/SPCE, the
reduction peak current signals of CV curves of other electrodes
gradually increased with increasing H,O, concentration (0-5 mM),
while the reduction peak potential shifted slightly in the negative
direction (Figure 3D; Supplementary Figure S5).
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In order to gain a deeper understanding of the catalytic kinetic
process of H,O, on the electrode, we conducted CV studies to
measure the catalytic current signals of 5 mM H,0, on Cu,_,Se/
GO@Pt/SPCE at different scanning rates. As displayed in Figure 3E,
a gradually increasing scan rate ranging from 20 to 300 mV s
resulted in an increase in the reduction current. Additionally, a
strong linear relationship was observed between the peak current
and the square root of the scanning rate (see Figure 3F), indicating
that the catalytic process is highly dependent on the scan rate. The
equation describing this relationship is provided below:

i(UA) 283.60v2(V/s"?)+ 13.67 (R*70.993)

By scrutinizing the catalytic reduction reaction of H,O, on
Cu,_,Se/GO@Pt/SPCE, we've ascertained that it’s an irreversible
process, controlled by diffusion. This observation underscores the
exceptional electrocatalytic activity of Cu, ,Se/GO@Pt/SPCE.
Consequently, we selected this material for a more detailed
examination of its sensitivity in detecting H,O,.

To optimize detection parameters, we conducted
chronoamperometry (i-t) to study the effect of Cu, ,Se/GO@Pt/
SPCE on the catalytic performance of H,O, at different operating
potentials (-0.36 V~-0.4 V). As depicted in Figure S6A, as the
voltage increased from -0.36 V to -0.4 V, the response current of
Cu,_,Se/GO@Pt/SPCE to H,0, rises gradually. However, upon
further voltage increment, the response current does not continue
to climb, and even slightly decreased. Clearly, this suggests that
Cu, ,Se/GO@Pt/SPCE reaches peak catalytic performance for H,O,
at -0.4V. Therefore, -0.4V was chosen as the operating potential for
the subsequent experiments.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1392259
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shen et al.

Additionally, we evaluated the linear relationship between
Cu,_,Se/GO@Pt/SPCE’s response to H,O, at an operating potential
of -0.4V through i-t measurements. At the same time, considering the
optical characteristics of Cu,_,Se NPs, the method of near infrared
illumination was used to improve the catalytic effect of Cu, ,Se/GO@
Pt/SPCE on H,0,. In addition, in order to investigate the effect of the
content of Pt NPs on the electrochemical performance of the sensor
electrode enhanced by NIR, we tested the i-t curves of the sensor
electrode with different deposition times. Supplementary Figure S7A
displays the amperometric response of Cu,_,Se/GO@Pt/SPCE with
successive injection of 100 UM H,0O, at different deposition times
with 808 nm laser. When the deposition time is greater than 200s, the
growth of current signal tends to be stable. Thus, 200 s of deposition
time was used for subsequent experiments. As Figure 4A clearly
illustrates, regardless of whether 808 nm laser irradiation was used,
the continuous addition of H,O, solution with increasing
concentration to a 10 mL 0.01M PBS solution led to a rapid step-
type response of the reduction current of Cu, ,Se/GO@Pt/SPCE. This
response reached a stable state within a few seconds (<5s),
highlighting the electrode’s exceptional response speed and its
ability to catalyze H,0O, rapidly. Obviously, under 808 nm laser
irradiation, the Cu, ,Se/GO@Pt/SPCE displayed a significantly larger
response current to H,O,, indicating that the laser could enhance the
electrode’s catalytic effect on H,O,. Moreover, Figure 4B presents the
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i-t curves of the low concentration region (10~50 um) in Figure 4A,
in which the improvement of H,O, catalytic performance of Cu,_,Se/
GO@Pt/SPCE by 808 nm laser at low concentration could be more
clearly seen. Figure 4C further illustrates the linear relationship curves
between the current signal and H,O, concentration, both without
and with 808 nm laser irradiation. The corresponding linear fitting
equation is as follows: i(1A) = 0.033Cp, o, (UM) — 0.033(R? = 0.990)
without laser) and i(1A) = 0.045Cy o, (UM) — 0.311(R* = 0.997),
with 808 nm laser). Based on the above linear fitting equation,
the detection limits without laser irradiation and under 808 nm
laser irradiation could be calculated as 1.45uM and 0.53 UM,
respectively (LOD = *? /5 ). Compared to the other electrochemical
sensors and other detection methods in Supplementary Table S1,
a relatively low detection limit is obtained at Cu,_,Se/GO@Pt/SPCE.
findings underscore the critical role of near-infrared illumination
in enhancing the H,0, catalytic performance of Cu, ,Se/GO@Pt/
SPCE. This exceptional enhancement effect under NIR light
is primarily attributed to the local surface plasmon resonance
(LSPR) of Cu,,Se NPs. which generated more charge carriers
on the electrode surface under laser irradiation, and these
charge carriers then reacted with H,O, to produce a larger
response current.

In practical applications, the selectivity and reproducibility of
the sensor are paramount considerations. We evaluated these
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(A) Amperometric response of Cu,_,Se/GO@Pt/SPCE at potential of-0.4 V (without laser and with 808 nm laser) with the successive addition of
various amounts of H,O,; (B) the magnified parts of (A) at low H,O, concentrations; (C) Calibration curves between electrocatalytic current of
Cu,.,Se/GO@Pt/SPCE and H,O, concentration within a range of 10-1500 uM without laser (gray line) and with 808 nm laser (red line); (D) The study
of the selectivity, amperometric responses of the Cu,_,Se/GO@Pt/SPCE to the successive dropwise additions of 0.1 mM H,O, and 1 mM interfering

species (Gly, CA, AA, Urea and GSH)
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factors by monitoring the interference of several potential
interfering substances (glycine (Gly), citric acid (CA), ascorbic
acid (AA), urea, glutathione (GSH)) on the detection of H,0,
using Cu, ,Se/GO@Pt/SPCE with i-t curve. As illustrated in
Figure 4D, even at higher concentrations (1 mM), Gly, CA, AA,
urea and GSH did not produce any discernible amperometric
response when compared to H,0, (100 uM). These results
suggested the remarkable selectivity for H,O, electrochemical
detection. Furthermore, we measured the current response of five
Cu,_,Se/GO@Pt/SPCE sensing electrodes to 300 uM H,O, with i-t
curves and repeated the test six times for each electrode
(Supplementary Figure S8). The relative standard deviation (RSD)
among electrodes was calculated to be 8.27%, indicating excellent
reproducibility of the sensor.

Detection of H,O, released from living
cells at Cu,_,Se/GO@Pt/SPCE

The concentration of H,O, in living cells is a significant
biological parameter associated with wound inflammation
treatment. Therefore, in this study, L929 cells and RAW 264.7
cells were selected as model cells, and the fLMP drug was used to
stimulate the release of H,0, within them. The microscopic images
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of 1929 cells and RAW 264.7 cells displayed in Supplementary
Figure S9, L929 cells exhibit fibroblast-like characteristics and grow
close to the cell wall, while RAW 264.7 cells possess a small,
translucent, and rounded morphology. Figure 5A provides a
schematic diagram demonstrating how fLMP stimulates cells to
produce H,0,, which is then rapidly detected followed by rapid
detection of H,O, by Cu,_,Se/GO@Pt/SPCE. By utilizing Cu,_,Se/
GO@Pt/SPCE as the sensing electrode, the cells were stimulated to
release H,O, upon the addition of the fLMP drug to two distinct cell
suspensions, and the signal of H,O, was then determined by the i-t
measurement (Figures 5B, C). When compared to a bare SPCE
electrode, the Cu, ,Se/GO@Pt/SPCE sensing electrode exhibited
significant reduction currents for H,O, produced under different
concentrations of fLMP (20 uM, 40 uM) stimulation within both
cell suspensions, suggesting that the Cu,_,Se/GO@Pt nano-mimetic
enzyme exhibits remarkable catalytic activity towards H,0,. The
reduction currents generated by the bare SPCE electrode and the
Cu, ,Se/GO@Pt/SPCE sensing electrode stimulated with the same
concentration of fLMP (40 uM) in both cell suspensions are shown
in Supplementary Figure S10, and there is a strong significant
difference between the two sets of data, which further suggests
that the catalytic reduction of H,O, is mainly attributed to the Cu,.
+S5¢/GO@Pt nanomimetic enzyme. In particular, the i-t curve of the
Cu, ,Se/GO@Pt/SPCE retained a significant H,O, response peak
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(A) Demonstration of a pathway for H,O, production by human cells and a scheme for the timely capture of H,O, by sensing electrodes in response
to drug stimulation; (B) i-t response of the Cu,.,Se/GO@Pt/SPCE sensing platform to the different concentration addition of fMLP stimulation with
and without living L929 cells (7*107) at an applied potential of -0.40 V in 0.01 M PBS buffer (pH=7.4); (C) i-t response of the Cu,_,Se/GO@Pt/SPCE
sensing platform to the different concentration addition of fMLP stimulation with and without living RAW 264.7 cells (8*10) at an applied potential

of -0.40 V in 0.01 M PBS buffer (pH=7.4); (D) the corresponding average value of the i-t responses (n=3).
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even when a lower concentration (8 M) of fLMP solution was
added to the 1929 cell suspension (Supplementary Figure S11). This
further highlights the outstanding catalytic activity of the Cu, ,Se/
GO@Pt nanomimetic enzyme. The magnitude of the current
response across the curves demonstrated that the amount of
H,0, produced by the cells increased in direct correlation with
the concentration of fLMP. Additionally, as shown in Figure 5D, the
magnitudes of the reaction currents in both cell suspensions were
0.046 HA, 0.066 LA (L929) and 0.029 UA, 0.123 pA (RAW 264.7)
when fLMP was added in the amounts of 20 uM and 40 uM,
respectively, indicating that fLMP promotes the dose-dependent
release of H,O, from the cells. These findings suggest that Cu,_,Se/
GO@Pt offers immense potential as a biomimetic enzyme material
for determining H,0, released from living cells. This novel
approach could significantly enhance our understanding of
the mechanisms of ROS action in wound inflammation and
pave the way for simplified monitoring of ROS dynamics in
inflammatory environments.

Conclusions

In conclusion, our work has resulted in the successful synthesis
of a NIR-enhanced Cu,_Se/GO@Pt/SPCE sensing electrode. This
non-enzymatic current electrode demonstrates high selectivity, a
low detection limit (0.53 uM) and wide linear range (10 uM-1500
uM) for H,O, detection. The GO nanosheets not only build a solid
three-dimensional structure for the anchoring of Cu,_,Se nanorods
and the electrodeposition of Pt NPs, but also provide additional ion/
electron transport channels for electrochemical reactions. The
localized surface plasma effect of Cu, ,Se further enhances the
catalytic effect of the electrode on H,0, under near-infrared
illumination conditions by promoting the separation of
photogenerated electron-hole pairs in the Cu, ,Se@Pt
heterojunction. Furthermore, the Cu, ,Se/GO@Pt/SPCE enables
rapid capture of the reduction current signal of H,0O, release
from living cells in L929 and RAW 264.7 cell suspension,
allowing for in situ real-time detection. Overall, this Cu,_Se/
GO@Pt/SPCE sensing electrode offers superior performance, cost-
effectiveness, simple preparation steps, and high reproducibility,
making it a promising candidate for real-time in situ detection of
biomolecules. This innovation holds the potential to transform the
field of wound inflammation treatment by offering clinicians a
robust method for promptly and precisely assessing ROS levels,
ultimately enhancing patient outcomes.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Frontiers in Immunology

10.3389/fimmu.2024.1392259

Author contributions

MS: Writing - review & editing, Writing - original draft,
Methodology, Formal Analysis, Data curation, Conceptualization.
XD: Writing - review & editing, Writing - original draft,
Methodology, Data curation. DN: Writing - original draft,
Methodology. HX: Writing - original draft, Methodology. YZ:
Writing - original draft, Investigation. GC: Writing - original
draft, Formal Analysis, Data curation. ZR: Writing - original
draft, Data curation. MC: Writing - review & editing,
Conceptualization. MG: Writing - review & editing, Funding
acquisition, Conceptualization. JB: Project administration,
Methodology, Writing - review & editing, Writing - original
draft, Funding acquisition, Formal Analysis, Conceptualization.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The authors
thank the financial support from the National Natural Science
Foundation of China (Grant No. 32371473 and 82030066), the
Chongqing Natural Science Foundation (CSTB2022NSCQ-
MSX0151), Chongqing medical scientific research project
(2023QNXMO001), the Army Military Medical University
Southwest Hospital doctor youth lift project (2024BQTJ-3) and
the start-up foundation for introduced talent of Army Medical
University (No. ZH2019-152).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1392259/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1392259/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1392259/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1392259
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shen et al.

References

1. Zheng D, Liu J, Piao H, Zhu Z, Wei R, Liu K. ROS-triggered endothelial cell death
mechanisms: Focus on pyroptosis, parthanatos, and ferroptosis. Front Immunol. (2022)
13:1039241. doi: 10.3389/fimmu.2022.1039241

2. Dunnill C, Patton T, Brennan J, Barrett J, Dryden M, Cooke J, et al. Reactive
oxygen species (ROS) and wound healing: the functional role of ROS and emerging
ROS-modulating technologies for augmentation of the healing process. Int Wound J.
(2017) 14:89-96. doi: 10.1111/iwj.12557

3. Kwon N, Kim D, Swamy KMK, Yoon J. Metal-coordinated fluorescent and
luminescent probes for reactive oxygen species (ROS) and reactive nitrogen species
(RNS). Coordination Chem Rev. (2021) 427:213581. doi: 10.1016/j.ccr.2020.213581

4. Liu X, Wei Q, Sun Z, Cui S, Wan X, Chu Z, et al. Small extracellular vesicles:
Yields, functionalization and applications in diabetic wound management. Interdiscip
Med. (2023) 1:¢20230019. doi: 10.1002/INMD.20230019

5. Lin W, Shen P, Song Y, Huang Y, Tu S. Reactive oxygen species in autoimmune
cells: function, differentiation, and metabolism. Front Immunol. (2021) 12.
doi: 10.3389/fimmu.2021.635021

6. Tang S, Zhang H, Mei L, Dou K, Jiang Y, Sun Z, et al. Fucoidan-derived carbon
dots against Enterococcus faecalis biofilm and infected dentinal tubules for the
treatment of persistent endodontic infections. J Nanobiotechnology. (2022) 20:321.
doi: 10.1186/s12951-022-01501-x

7. Huang X, He D, Pan Z, Luo G, Deng ]. Reactive-oxygen-species-scavenging
nanomaterials for resolving inflammation. Mater Today Bio. (2021) 11:100124.
doi: 10.1016/j.mtbio.2021.100124

8. Bassoy EY, Walch M, Martinvalet D. Reactive oxygen species: do they play a role
in adaptive immunity? Front Immunol. (2021) 12:755856. doi: 10.3389/
fimmu.2021.755856

9. Wang M, Zheng Y, Yin C, Dai S, Fan X, Jiang Y, et al. Recent Progress in
antibacterial hydrogel coatings for targeting biofilm to prevent orthopedic implant-
associated infections. Front Microbiol. (2023) 14. doi: 10.3389/fmicb.2023.1343202

10. Tu W, Xiao X, Lu J, Liu X, Wang E, Yuan R, et al. Vanadium exposure
exacerbates allergic airway inflammation and remodeling through triggering reactive
oxidative stress. Front Immunol. (2023) 13. doi: 10.3389/fimmu.2022.1099509

11. Giaretta JE, Duan H, Oveissi F, Farajikhah S, Dehghani F, Naficy S. Flexible
sensors for hydrogen peroxide detection: A critical review. ACS Appl Mater Interfaces.
(2022) 14:20491-505. doi: 10.1021/acsami.1c24727

12. Liu X, He L, Yang L, Geng Y, Yang L, Song X. Iminocoumarin-based
fluorescence probe for intracellular H202 detection with a red emission and a large
Stokes shift. Sensors Actuators B: Chem. (2018) 259:803-8. doi: 10.1016/
j.snb.2017.12.140

13. Peng Y, Yu L, Sheng M, Wang Q, Jin Z, Huang J, et al. Room-temperature
synthesized iron/cobalt metal-organic framework nanosheets with highly efficient
catalytic activity toward luminol chemiluminescence reaction. Anal Chem. (2023)
95:18436-42. doi: 10.1021/acs.analchem.3c03538

14. Li P, Zhang S, Xu C, Zhang L, Liu Q, Chu §, et al. Coating Fe304 quantum dots
with sodium alginate showing enhanced catalysis for capillary array-based rapid
analysis of H202 in milk. Food Chem. (2022) 380:132188. doi: 10.1016/
j.foodchem.2022.132188

15. Ko M, Lim JS, Jang J-W, Joo SH. Bias-free photoelectrochemical H202
production and its in situ applications. ACS ES&T Eng. (2023) 3:910-22.
doi: 10.1021/acsestengg.3c00053

16. Riaz MA, Chen Y. Electrodes and electrocatalysts for electrochemical hydrogen
peroxide sensors: a review of design strategies. Nanoscale Horiz. (2022) 7:463-79.
doi: 10.1039/D2NH00006G

17. Liu J, Li X, Cheng L, Sun J, Xia X, Zhang X, et al. Atomic layer deposition of Pt
nanoparticles onto Co/MoN nanoarrays for improved electrochemical detection of H
(2)O(2). Chem Commun (Camb). (2023) 59:474-7. doi: 10.1039/D2CC05521]

18. Li Q, Fu S, Wang X, Wang L, Liu X, Gao Y, et al. Electrochemical and
photoelectrochemical detection of hydrogen peroxide using cu(2)O/cu nanowires
decorated with tiO(2-x) deriving from MXenes. ACS Appl Mater Interfaces. (2022)
14:57471-80. doi: 10.1021/acsami.2c19531

19. Jiang Y, Xu X, Lu J, Yin C, Li G, Bai L, et al. Development of €-poly(L-lysine)
carbon dots-modified magnetic nanoparticles and their applications as novel
antibacterial agents. Front Chem. (2023) 11. doi: 10.3389/fchem.2023.1184592

20. Zhao A, She ], Manoj D, Wang T, Sun Y, Zhang Y, et al. Functionalized graphene
fiber modified by dual nanoenzyme: Towards high-performance flexible nanohybrid
microelectrode for electrochemical sensing in live cancer cells. Sensors Actuators B:
Chem. (2020) 310:127861. doi: 10.3390/act9020031

21. Wang H, Chen W, Chen Q, Liu N, Cheng H, Li T. Metal-organic framework
(MOF)-Au@Pt nanoflowers composite material for electrochemical sensing of H202 in

Frontiers in Immunology

10

10.3389/fimmu.2024.1392259

living cells. J Electroanalytical Chem. (2021) 897:115603. doi: 10.1016/
j.jelechem.2021.115603

22. Zhu JH, Gou H, Zhao T, Mei LP, Wang AJ, Feng JJ. Ultrasensitive
photoelectrochemical aptasensor for detecting telomerase activity based on Ag(2)S/
Ag decorated ZnIn(2)S(4)/C(3)N(4) 3D/2D Z-scheme heterostructures and amplified
by Au/Cu(2+)-boron-nitride nanozyme. Biosens Bioelectron. (2022) 203:114048.
doi: 10.1016/j.bios.2022.114048

23. Zhang L, Meng W, Chen X, Wu L, Chen M, Zhou Z, et al. Multifunctional
nanoplatform for mild microwave-enhanced thermal, antioxidative, and
chemotherapeutic treatment of rheumatoid arthritis. ACS Appl Mater Interfaces.
(2023) 15:10341-55. doi: 10.1021/acsami.2c19198

24. Qiu L, Lv P, Zhao C, Feng X, Fang G, Liu J, et al. Electrochemical detection of
organophosphorus pesticides based on amino acids conjugated nanoenzyme modified
electrodes. Sensors Actuators B: Chem. (2019) 286:386-93. doi: 10.1016/
j.snb.2019.02.007

25. Zheng H, Cheng F, Guo D, He X, Zhou L, Zhang Q. Nanoenzyme-reinforced
multifunctional scaffold based on ti(3)C(2)Tx MXene nanosheets for promoting
structure-functional skeletal muscle regeneration via electroactivity and
microenvironment management. Nano Lett. (2023) 23:7379-88. doi: 10.1021/
acs.nanolett.3c01784

26. Xing L, Rong Q, Ma Z. Non-enzymatic electrochemical sensing of hydrogen
peroxide based on polypyrrole/platinum nanocomposites. Sensors Actuators B: Chem.
(2015) 221:242-7. doi: 10.1016/j.snb.2015.06.078

27. Wu N, Jiao L, Song S, Wei X, Cai X, Huang J, et al. Tuning the ratio of pt(0)/pt
(1I) in well-defined pt clusters enables enhanced electrocatalytic reduction/oxidation of
hydrogen peroxide for sensitive biosensing. Anal Chem. (2021) 93:15982-9.
doi: 10.1021/acs.analchem.1c03362

28. Dong L, Ren S, Zhang X, Yang Y, Wu Q, Lei T. In-situ synthesis of Pt
nanoparticles/reduced graphene oxide/cellulose nanohybrid for nonenzymatic
glucose sensing. Carbohydr Polym. (2023) 303:120463. doi: 10.1016/
j.carbpol.2022.120463

29. Jesus EC, Santiago D, Casillas G, Mayoral A, Magen C, Jose-Yacaman M, et al.
Platinum electrodeposition on unsupported single wall carbon nanotubes and its
application as methane sensing material. J Electrochem Soc. (2012) 160:H98-H104.
doi: 10.1149/2.054302jes

30. Chen D, Zhuang X, Zhai ], Zheng Y, Lu H, Chen L. Preparation of highly
sensitive Pt nanoparticles-carbon quantum dots/ionic liquid functionalized graphene
oxide nanocomposites and application for H202 detection. Sensors Actuators B: Chem.
(2018) 255:1500-6. doi: 10.1016/j.snb.2017.08.156

31. Qi H, Song J, Fu Y, Wu X, Qi H. Highly dispersive Pt-Pd nanoparticles on
graphene oxide sheathed carbon fiber microelectrodes for electrochemical detection of
H(2)O(2) released from living cells. Nanotechnology. (2020) 31:135503. doi: 10.1088/
1361-6528/ab60ce

32. TongY, Wang L, Song J, Zhang M, Qi H, Ding S, et al. Self-terminated electroless
deposition of surfactant-free and monodispersed pt nanoparticles on carbon fiber
microelectrodes for sensitive detection of H202 released from living cells. Analytical
Chem. (2021) 93:16683-9. doi: 10.1021/acs.analchem.1c04299

33. Mandavkar R, Kulkarni R, Ahasan Habib M, Burse S, Lin S, Kunwar S,
et al. Super-porous Pt/CuO/Pt hybrid platform for ultra-sensitive and
selective H202 detection. Appl Surface Sci. (2022) 593, 153454. doi: 10.1016/
j-apsusc.2022.153454

34. Ma ], Chen G, Bai W, Zheng J. Amplified electrochemical hydrogen peroxide
sensing based on cu-porphyrin metal-organic framework nanofilm and G-quadruplex-
hemin DNAzyme. ACS Appl Mater Interfaces. (2020) 12:58105-12. doi: 10.1021/
acsami.0c09254

35. Dai Y, Zhu X, Liu H, Lin Y, Sun W, Sun Y, et al. Morphology-dependent
electrochemical behavior of 18-facet Cu(7)S(4) nanocrystals based electrochemical
sensing platform for hydrogen peroxide and prostate specific antigen. Biosens
Bioelectron. (2018) 112:143-8. doi: 10.1016/j.bios.2018.03.020

36. Lie SQ, Wang DM, Gao MX, Huang CZ. Controllable copper deficiency in Cu2-
xSe nanocrystals with tunable localized surface plasmon resonance and enhanced
chemiluminescence. Nanoscale. (2014) 6:10289-96. doi: 10.1039/C4NR02294G

37. Bao J, Wang Y, Li C, Yang C, Xu H, Liang Q, et al. Gold-promoting-satellite to
boost photothermal conversion efficiency of Cu2-Se for triple-negative breast cancer
targeting therapy. Materials Today Nano. (2022) 18:100211. doi: 10.1016/
j.mtnano.2022.100211

38. Zhang Y, Gao W, Ma Y, Cheng L, Zhang L, Liu Q, et al. Integrating Pt
nanoparticles with carbon nanodots to achieve robust cascade superoxide dismutase-
catalase nanozyme for antioxidant therapy. Nano Today. (2023) 49:101768.
doi: 10.1016/j.nantod.2023.101768

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1039241
https://doi.org/10.1111/iwj.12557
https://doi.org/10.1016/j.ccr.2020.213581
https://doi.org/10.1002/INMD.20230019
https://doi.org/10.3389/fimmu.2021.635021
https://doi.org/10.1186/s12951-022-01501-x
https://doi.org/10.1016/j.mtbio.2021.100124
https://doi.org/10.3389/fimmu.2021.755856
https://doi.org/10.3389/fimmu.2021.755856
https://doi.org/10.3389/fmicb.2023.1343202
https://doi.org/10.3389/fimmu.2022.1099509
https://doi.org/10.1021/acsami.1c24727
https://doi.org/10.1016/j.snb.2017.12.140
https://doi.org/10.1016/j.snb.2017.12.140
https://doi.org/10.1021/acs.analchem.3c03538
https://doi.org/10.1016/j.foodchem.2022.132188
https://doi.org/10.1016/j.foodchem.2022.132188
https://doi.org/10.1021/acsestengg.3c00053
https://doi.org/10.1039/D2NH00006G
https://doi.org/10.1039/D2CC05521J
https://doi.org/10.1021/acsami.2c19531
https://doi.org/10.3389/fchem.2023.1184592
https://doi.org/10.3390/act9020031
https://doi.org/10.1016/j.jelechem.2021.115603
https://doi.org/10.1016/j.jelechem.2021.115603
https://doi.org/10.1016/j.bios.2022.114048
https://doi.org/10.1021/acsami.2c19198
https://doi.org/10.1016/j.snb.2019.02.007
https://doi.org/10.1016/j.snb.2019.02.007
https://doi.org/10.1021/acs.nanolett.3c01784
https://doi.org/10.1021/acs.nanolett.3c01784
https://doi.org/10.1016/j.snb.2015.06.078
https://doi.org/10.1021/acs.analchem.1c03362
https://doi.org/10.1016/j.carbpol.2022.120463
https://doi.org/10.1016/j.carbpol.2022.120463
https://doi.org/10.1149/2.054302jes
https://doi.org/10.1016/j.snb.2017.08.156
https://doi.org/10.1088/1361-6528/ab60ce
https://doi.org/10.1088/1361-6528/ab60ce
https://doi.org/10.1021/acs.analchem.1c04299
https://doi.org/10.1016/j.apsusc.2022.153454
https://doi.org/10.1016/j.apsusc.2022.153454
https://doi.org/10.1021/acsami.0c09254
https://doi.org/10.1021/acsami.0c09254
https://doi.org/10.1016/j.bios.2018.03.020
https://doi.org/10.1039/C4NR02294G
https://doi.org/10.1016/j.mtnano.2022.100211
https://doi.org/10.1016/j.mtnano.2022.100211
https://doi.org/10.1016/j.nantod.2023.101768
https://doi.org/10.3389/fimmu.2024.1392259
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Integrating Pt nanoparticles with 3D Cu2-xSe/GO nanostructure to achieve nir-enhanced peroxidizing Nano-enzymes for dynamic monitoring the level of H2O2 during the inflammation
	Introduction
	Experimental section
	Reagents and solutions
	Synthesis of Cu2-xSe NPs
	Fabrication of the Cu2-xSe/GO@Pt/SPCE Sensing Electrodes
	Characterization of Cu2-xSe/GO@Pt/SPCE sensing electrodes
	Electrochemical measurements
	Electrochemical detection of H2O2 released from cells

	Results and discussion
	Characterization of the As-prepared Cu2-xSe/GO@Pt/SPCE sensing electrode
	Electrochemical characterization of Cu2-xSe/GO@Pt/SPCE sensing electrode
	Detection of H2O2 released from living cells at Cu2-xSe/GO@Pt/SPCE

	Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


