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Enhancing the stability and sensitivity of electrochemical biosensors is highly significant for their practical
application. Herein, inspired by the formation of mussel foot protein, we proposed a strategy to construct a
hemoglobin-based biosensor for hydrogen peroxide detection using a hydrophobic ionic liquid (HIL) coordina-
tion assisted microfluidic technology. The active layer HIL@Hb was achieved by mixing BBimPFg (HIL) and Hb
via a microfluidic channel, in which HIL helps to maintain the conformational dynamic mobility of hemoglobin
(Hb), while the coordination process in a microfluidic reactor prevents aggregation of Hb. Further, the electrode
surface was modified with ultra-thin MXene-Ti3Cy nanosheets to ensure the effective adhesion of active layer and
collection of sensing signals, thus improving the sensitivity of the sensor by synergistic catalysis. Experimental
results demonstrate that our designed sensor has good repeatability and stability, which can retain 93% of the
initial current response after 30 uses and about 90.11% of its primary current response to HpO; after 30 days.
And it has a good linear response range of 1.996-27.232 uM, detection limit reaching 1.996 nM (signal-to-noise
ratio, S/N = 3), sensitivity of 52.08 pA-uM~'-.cm 2. Overall, this research offers a facile and effective strategy for

constructing a stable biosensor to effectively detect hydrogen peroxide.

1. Introduction

Hemoglobin (Hb), a special redox protein, has received widespread
attention because of its good selectivity to hydrogen peroxide, thus, has
been employed in numerous sensing technologies[1,2]. However,
because Hb is easily inactivated after being separated from the biolog-
ical environment, tremendous efforts have been devoted to enhance its
stability and application potential[3,4]. In recent years, a large number
of bioconjugation strategies have been developed to immobilize Hb,
such as using (bio-) polymers[5,6], metal organic framework materials
to encapsulate hemoglobin[7-9], sol-gel methods[10,11], porous ma-
terials to adsorb Hb[12-14], etc. Nevertheless, the factors affecting Hb
activity are not only related to the strength of the interaction force be-
tween the immobilized carrier and hemoglobin, but are also affected by
the immobilized microenvironment. Generally, the bio-friendly micro-
environment for preparing an enzyme-based biosensor should: (i)
maintain high intrinsic activity; (ii) limit exposure time to environ-
mental stress; and (iii) not hinder the conformational dynamic mobility
of the enzyme. While most traditional methods can improve the stability
of Hb and enhance catalytic activity[15-17], only a few can maintain
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the conformational dynamic mobility of immobilized Hb.

In addition, hemoglobin is generally “inactive” and exhibits a closed
form in aqueous media due to its active sites covered by hydrophobic
amino acid chains[18,19]. And the electroactive centers of Hb are
deeply buried in its hydrophobic cavity, delaying electron transfer and
subsequently limiting the practical application of hemoglobin sensors
[20,21]. HIL is composed entirely of anions and cations and takes on
liquid form at or near room temperature, also showing good solubility,
absorption, and stability[22,23]. Interestingly, HIL can act as a “two--
handed weapon.” On one hand, the imidazole cation of HIL coordinates
with the ferrous ion of Hb, realizing the effective immobilization of Hb
[24-26]. The combination of HIL and hemoglobin driven by hydro-
phobic and electrostatic interaction, which helps the expansion of the
temporal polypeptide of Hb and ensures the dynamic migration of its
conformation[27]. On the other hand, the hydrophobic surface of HIL
helps to “open” Hb, thereby exposing its active center — a process called
“interfacial activation” and enhancing its biocatalytic activity[28].
However, because of the strong trapping power of HIL, Hb can easily
aggregate in HIL, which greatly decreases its biocatalytic activity.

Inspired by the behavior of mussels, we came up with the idea of

Received 1 September 2022; Received in revised form 9 December 2022; Accepted 28 February 2023

Available online 11 March 2023

2666-0539/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:baoshj@swu.edu.cn
www.sciencedirect.com/science/journal/26660539
https://www.sciencedirect.com/journal/sensors-and-actuators-reports
https://doi.org/10.1016/j.snr.2023.100146
https://doi.org/10.1016/j.snr.2023.100146
https://doi.org/10.1016/j.snr.2023.100146
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snr.2023.100146&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

R. Gao et al.

using coordination assisted microfluidic technology to inhibit the ag-
gregation of Hb and enhance the repeatability and stability of enzyme
biosensor. It is reported that the shellfish first absorb iron and vanadium
ions from seawater and store them in metal storage sacs compounded
with catechol molecules in the cells[28]. The mussel foot protein is
secreted by the shellfish, the concentrated protein solution and the metal
were stored respectively. The two types of secretion capsules of ions are
mixed in the microfluidic channel-like duct network and form
protein-metal bonds in the newly formed bypass[29,30]. Metal coordi-
nation provides strong adhesion and enhances the mechanical stability
of silk protein. Herein, we used a microfluidic channel as a microreactor
to immobilize Hb in HIL and construct an active layer of HIL@Hb, which
can effectively prevent the aggregation of Hb. As shown in Scheme 1,
more wrinkles formed on the surface of the electrode surface synthesized
using the microfluidic channel, subsequently enhancing the effective
sensing area for more target molecules. Moreover, to obtain a sensitive
biosensor, the effective collection and rapid transfer of electrons be-
tween Hb and the electrode is also highly important. Thus, ultra-thin
MXene-Ti3Cy nanosheets were introduced to modify the electrode sur-
face[31-33]. The rough 2D structure of MXene-Ti3Cy is conducive to
adhere HIL@HDb on the electrode surface; while the excellent conduc-
tivity of MXene-Ti3Cy can effectively reduce contact resistance and
support fast electron transfer. Interestingly, the good selective sensing of
MXene-Ti3Cy to HpoO2 can improve the sensitivity of the sensor by syn-
ergistic catalysis[34]. Overall, this work proposes an effective strategy
to construct a stable and sensitive enzyme sensing platform, which is
promising for enhancing the sensor’s stability and sensitivity.

2. Experimental
All chemicals and apparatus are given in the Supporting Information.
2.1. Fabrication of MXene-TisCz nanosheets

The ultra-thin MXene-Ti3Cy nanosheets (1.0 mg mL’l) were pre-
pared following our previously reported method[4,35].
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2.2. Bulk solution synthesis of HIL@Hb

The Hb solution was prepared by dispersing 0.1 mg Hb in 1 mL
phosphate buffer solvent (PBS, pH = 7.24) at room temperature. 1.6 mL
BBimPFj ionic liquid, as the HIL, and Hb solution were mixed with good
shaking, then the mixture was left alone for 10 min. After the liquid
stratified, the supernatant was removed, and the solution was stored in a
refrigerator at 4 °C.

2.3. Microfluidic flow synthesis of HIL@HD active layer

BBimPFs ionic liquid and Hb solution (100 pg mL™') were intro-
duced into different inlets of a microfluidic chip (74,900 Cole-Parmer,
USA) by a syringe pump at room temperature. The flow rate of
BBimPFg was 80 pL min~!, and the injection speed of Hb solution was 50
L min~!. After 3 min, the product was collected from the outlet and
used as the active layer.

2.4. Preparation of HIL@Hb/MXene-TisC2/SPCE

As shown in Scheme 2, screen-printed carbon electrodes (SPCE) were
prepared by forming the working and counter electrodes with carbon
paste and the reference electrode with Ag paste, following our previ-
ously reported method. Next, the reaction cell was prepared by stably
fixing part of a 1 mL pipette tip (5-mm deep) on the end of SPCE to
perform cellular inoculation[36].

Subsequently, 2.5 pL ultra-thin MXene-Ti3Cy nanosheet solution
(1.0 mg mL™!) was dropped onto the surface of SPCE for modification.
Then, the HIL@HD active layer was dropped onto the surface of the
modified electrode and dried at room temperature. Before in situ cell
cultivation, the HIL@Hb/MXene-Ti3Cy/SPCE was sterilized with UV
irradiation for 30 min, followed by inoculation of 4T1 cells (1 x 10°
mL 1) in the prepared reaction cells. After the cells were cultured for 9 h
get the obtained 3D in situ fixed cells electrode and further used them for
electrochemical sensing to HyOo.

Bulk solution synthesis

- _fieglgg_lo_bi_n_ =t} Microfludic flow synthesis Electrode
€ © e N
H,0, H,0 HIL@Hb e

Scheme 1. Schematics of different mixing methods of Hb and HIL in (A) bulk solution and (B) microfluidic laminar flow.
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Scheme 2. Preparation of HIL@Hb/MXene-Ti3C,/SPCE.

3. Results and discussion
3.1. Selective extraction of Hb in BBimPFyg

Herein, BBimPFg was used as the HIL to extract hemoglobin from the
aqueous hemoglobin solution. As shown in Fig. 1a, the aqueous phase of
the HIL@Hb bulk solution before extraction was turbid due to the
presence of a high concentration of Hb. while the Hb after extraction
was almost transferred to the hydrophobic ionic liquid phase, and
becoming a clear and transparent water phase. It has been reported that
the high effective extraction of Hb by HIL is mainly driven by the
imidazole cationic fragment of HIL, which interacts with hydrophobic
residues in the substructure region of Hb[26]. Specifically, HIL can help
the hemoglobin polypeptide to unfold, causing the contact angle to
decrease (see Table S1). The fluorescence spectra in Fig. 1b shows the
effect of HIL on different concentrations of Hb under an excitation

a

HIL HIL@Hb

wavelength of 365 nm, where HIL is displayed blue. With increasing Hb
concentration, the fluorescence of the BBimPFy gradually weakened,
and finally the fluorescence is quenched, which is consistent with the
fluorescence spectrum (Fig. 1c).

Fig. 1c shows the fluorescence spectra before and after Hb extraction
by BBimPFg (from top to bottom, the concentration of Hb gradually
increases). When an excitation wavelength of 365 nm was used, an
obvious emission at 445 nm was observed, which is attributed to the
n-n* conjugate of N-C-N bonds in BBimPFg. With increasing Hb con-
centration, the emission peak intensity of BBimPFg gradually weakened
and red shifted from 445 nm to 500 nm, indicating the complete
extraction of Hb by HIL. Further, the enzyme activity was studied by UV-
Visible spectroscopy. It has been reported that Hb has an absorption
peak at 410 nm. As shown in Fig. 1d, as the Hb concentration increased
at 410 nm, the intensity of BBimPFg also increased (R? = 0.997). Which
calculated by using the reported method, the extraction efficiency of
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Fig. 1. a) Comparison photograph before and after Hb extraction with BBimPF¢. b) Sterilization of increasing concentrations of Hb (left to right) mixed with
BBsimPFg under UV irradiation. ¢) Fluorescence spectra of increasing concentrations of Hb mixed with BBimPFs under an excitation wavelength of 365 nm. d)
UV-Vis spectra of after extracted Hb with BBimPFg for 10 min (from top to bottom, the concentration gradually increases).
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BBimPFg to Hb is 97.3% in our work[25]. And the peak position of Hb
has not shifted, indicated Hb retained natural activity after extraction by
HIL.

3.2. Structural features of HIL@Hb/MXene-TisC2

The total activity of Hb immobilized by bulk synthesis and micro-
fluidic synthesis methods was evaluated by a reported method[37], as
shown in Fig. S1, and the results are listed in Table S2. The total activity
of Hb immobilized in the microfluid was 16% greater than that immo-
bilized in the bulk solution, which indicates the effectiveness of the
microfluidic reactor to inhibit Hb aggregation.

The morphology of HIL@Hb/MXene-TizCy was also observed by
field-emission scanning electron microscopy (FESEM). As shown in
Fig. 2, good HIL@HD film was formed with both methods due to the
good film-forming properties of BBimPFg and a strong interaction with
Hb[38,39]. As expected, the HIL@Hb/MXene-Ti3C; electrode prepared
by bulk solution synthesis (HIL@Hb/MXene-TizCy/BGCE, Fig. 2a)
exhibited a large number of HB molecules completely wrapped by the
HIL. Comparatively, due to a low Reynolds number of the flow inside the
microchannel, the HIL@Hb/MXene-Ti3C; electrode prepared using the
microfluidic reactor (HIL@Hb/MXene-Ti3Co/MGCE, Fig. 2¢) presented
a laminar flow phenomenon, which is very similar to the formation of
the mussel foot protein[40]. The two types of secretory capsules con-
taining concentrated protein stock solution and metal ions are mixed in
the microfluidic channel-like duct network, and protein-metal bonds are
formed in the new bypass. One after another tiny vesicles are mixed
through the microfluidic channel, and the coordination of the hydro-
phobic ionic liquid provides a strong adhesion force, which draws these
vesicles closer to the stack, thus forming more wrinkled structures. This
can enlarge surface-to-volume ratio and shortened diffusion distance of
Hb in HIL. While the thickness of the two electrodes was almost same
(Fig. 2b and d), the HIL@Hb/MXene-Ti3Co/MGCE surface was rougher,
which is also consistent with the above results. In summary, by imitating
the formation of mussel foot protein using a microfluidic reactor can
maintain the activity of Hb and effectively increase the substrate contact
area, reducing the substrate diffusion distance through the adjustment of
the mixing process parameters.

3.3. Electrochemical measurements

The electrochemical activity of HIL@Hb/MXene-TizCy sensing

Fig. 2. a) FESEM image of HIL@Hb/MXene-Ti3Co/BGCE. b) Middle cross-
sectional FESEM image of HIL@Hb/MXene-Ti3Co/BGCE. ¢) FESEM image of
HIL@Hb/MXene-Ti3Co/MGCE. d) Middle cross-sectional FESEM image of
HIL@Hb/MXene-TisCo/MGCE.
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electrode was first evaluated by cyclic voltammetry (CV) in PBS (0.01 M,
pH 7.24) at 50 mV s~ 1. As shown in Fig. 3a, the HIL@Hb/MXene-TisCy/
BGCE electrode exhibited a pair of un-conspicuous and asymmetry
redox peaks at —92 mV and —211 mV. The difference in peak potentials
(AEp) of about 121 mV suggests that the direct electron transfer (DET)
rate of Hb and GCE is extraordinarily slow, and merely few electroactive
centers of Hb can exchange electrons[41]. This can be attributed to the
fast synthesis of the bulk solution that causes Hb to embed inside and
realize DET. However, compared with HIL@Hb/MXene-Ti3Co/BGCE,
HIL@Hb/MXene-Ti3Co/MGCE showed a pair of clearly visible and
symmetrical redox peaks at —175 mV and —243 mV, corresponding to
the heme Fe (III/II) redox peaks of hemoglobin. The AEp value was
determined to be 68 mV, which is 53 mV less than that of
HIL@Hb/MXene-Ti3C2/BGCE. This value also indicates a
quasi-reversible and fast electron transfer characteristic, suggesting that
DET of Hb was achieved on the electrode surface. Overall, these findings
reveal that microfluidic mixing is more effective to construct a highly
sensitive electrode surface.

The change in anodic (i,.) and cathodic (i) peak currents of
HIL@Hb/MXene-Ti3Cy/MGCE with increased scan rate was measured.
Fig. 3b and 3c display a good linear relationship between the peak
currents, which indicates that the reaction on the HIL@Hb/MXene-
Ti3Ca/MGCE is a well surface-controlled process. This result further
confirms that our proposed HIL@Hb/MXene-Ti3Cy/MGCE electrode is a
promising electrochemical sensor.

The applicability of the different electrodes for detecting HoOy was
studied using CV in 0.01 M PBS with a pH of 7.4. As shown in Fig. 4, an
obvious polarization phenomenon was observed for the bare electrode
(Fig. 4a). After the electrode was modified with ultra-thin MXene-Ti3Cy
nanosheets, the polarization phenomenon disappeared, and a perfect
rectangle CV curve achieved due to the super conductivity of MXene-
Ti3Cy (Fig. 4c). In addition, both HIL@Hb/GCE and HIL@Hb/MXene-
Ti3Ca/MGCE exhibited redox peaks (Fig. 4b and d), which are attributed
to the electrochemical conversion between Fe (II) and Fe (III) of Hb.
However, the redox peak of HIL@Hb/MXene-Ti3Co/MGCE is more
obvious and symmetrical, whereby the electrical conductivity of MXene-
Ti3Cy can enhance the electron transport performance. Using 0.0196 pM
H30, solution, an obvious current response was observed for MXene-
Ti3Ca/GCE electrode, which suggested MXene-TisCy could accelerate
the reduction of hydrogen peroxide. Of course, as expected a more
obvious current response appeared for HIL@Hb/MXene-Ti3Cy/MGCE
electrode which from the contribution of Hb and MXene-Ti3Co,

Considering that selectivity is a very important indicator for evalu-
ating the feasibility of a biosensor, an anti-interference experiment was
carried out. As displayed in Fig. $3, MXene-Ti3Cy demonstrated a strong
catalytic performance for HyO, and excellent selectivity for electro-
chemical sensing of Hy0y. The electrochemical catalytic ability of
MXene-TizCy toward hydrogen peroxide was further confirmed by
UV-vis and electron paramagnetic resonance (EPR) spectroscopy. The
resulting spectra showed that MXene-Ti3C;, can completely reduce HoO,
to HpO (Fig. S4). Thus, compared with the HIL@Hb/GCE, HIL@Hb/
MXene-Ti3Co/MGCE has a greater electrocatalytic ability to reduce
H20, and selectivity for HoO,. This better performance can be owed to
MXene-Ti3Co, which supports the synergistic catalysis of HyOo, signal
amplification, and improved sensitivity of the sensor. Meanwhile,
excellent conductivity and small specific surface area can enhance
electron transmission and collection efficiency.

In practice, the stability and sensitivity of biosensor are particularly
important. Fig. 5a shows that a quick and continuous stepwise current
response appeared at —0.35 V by successively adding H2O; into an N»-
saturated 0.01 mol L ™! PBS solution. The calibration plots between Hy04
concentration and sensing current are displayed in Fig. 5b. A good linear
response range of 1.996-27.232 pM, detection limit reaching 1.996 nM
(signal-to-noise ratio, S/N = 3), sensitivity of 52.08 pA-uM*-cm ™2, and
fast response time of 3.0 s were achieved (Fig. 5c¢). Furthermore, the
reported hemoglobin-based H,O5 sensors and their sensitivity, detection
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limit, and detection range are listed in Table S3, among of these results,
the HIL@Hb/MXene-TizCo/MGCE sensor shows the highest sensitivity,
lower detection limit and good linear range. In addition, the Apparent
Michaelis-Menten constant (kﬁf,’p ) can be used to predict the enzyme-
substrate kinetics. As we all know that the smaller value of
kiPsuggested the enzyme activity is higher and affinity toward the
substrate is better, and the constant kj’ can be gained from the
electrochemical-version of the Lineweaver-Burk equation[42,43]:

1 k1

_ A &)
lmax

Lgs Upax €

where i is the steady-state current after substrate addition; iy is the

maximum current tested under saturated substrate conditions; and ¢
refers to the HyO; concentration. Using Eq. (2), k3’ of HIL@Hb/MXene-
Ti3Ca/MGCE was calculated to be 2.24 pM, which is smaller than 16.86
pM of HIL@Hb/MXene-Ti3Co/BGCE, suggesting that Hb immobilized on
HIL@Hb/MXene-Ti3C2/MGCE can maintain a higher enzyme activity,
and also represent it has a greater biological affinity and catalytic per-
formance to HyO5. Therefore, the plot of amperometric response versus
the detected HoO, concentration illustrates a well-defined and typical
behavior of an enzymatic kinetic reaction. Further, compared with
HIL@Hb/MXene-Ti3Ca/BGCE (Fig. S5), the current response of
HIL@Hb/MXene-Ti3Co/MGCE showed to be stronger and more stable.
Comparatively, HIL@Hb/MXene-TizC2/BGCE exhibited a fluctuating i-t
curve, low sensitivity, and narrow response range. Several reasons for
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the better performance of HIL@Hb/MXene-Ti3Co/MGCE are subse-
quently described. Firstly, the unique and rich ridge-like fold structure
of the microfluidic reactor enhances the contact area for detecting the
target molecules. And in which, hydrophobic ionic liquid can help Hb
gradually unfolds, the distance of electron transfer was shortened, and
the electroactive center was exposed, so accelerates the speed of electron
transfer. Secondly, ultra-thin MXene-Ti3Cy nanosheets were introduced
to modify the electrode surface, greatly increasing the effective area and
enhancing the stability of the electrode interface. Moreover, MXene-
Ti3Cy promotes the electron transport efficiency, thereby obtaining an
amplified electrochemical response signal. Thirdly, the synergistic
catalysis of enzyme and non-enzyme enhances the sensitivity and cata-
lytic efficiency of the biosensor. In general, because of these advantages
of HIL@Hb/MXene-Ti3Co/MGCE that it has rapid response to HoO, and
outstanding linear range, so the HIL@Hb/MXene-TizCo/MGCE is used
for further research in determination of HyO; released by cells.

3.4. In situ detection of hydrogen peroxide released from living cells

H0 is closely correlated with signal transduction and cell fate de-
cisions, this sensitively monitoring intracellular HyoO levels has a great
significance[44]. Considering the excellent performance of
HIL@Hb/MXene-Ti3Cy/MGCE for HoO, detection, we designed a 3D situ
fixed cells electrode to detect HpO; released from living 4T1 cells. Pro-
pylene glycol monomethyl ether acetate (PMA) was used as stimulating
drugs. Fig. 5d shows the response current of 4T1 cells aroused by 20 pg
mL~! PMA. In contrast, no current response was observed in the control
experiments either without PMA or with PMA-catalase (CAT) mixture,
which confirms that the current responses were attributed to the drug
induced Hy0; released from living cells. Fig. S6 displays the current
response collected from 3 chips, indicating that HIL@Hb/MXene--
Ti3Ca/MGCE chip can be used to actually measure HyO5 released by
living cells.
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3.5. Selectivity, reproducibility, and stability of biosensor

In order to better evaluate the feasibility and practical application of
the HIL@Hb/MXene-Ti3C2/MGCE biosensor, we carried out selectivity,
repeatability, and stability tests. To evaluate its selectivity, potentially
interfering ions (0.5 mM of Glu, UA, AA, DA, NaCl, and KO3) and H,0,
solution were added into 0.01 M PBS at pH of 7.24 and —0.35 V. In
Fig. S7, the six interferents (3.98 pM) did not cause any current step,
while a sharp current step was observed for H,O5 (3.98 pM), demon-
strating that the HIL@Hb/MXene-Ti3Co/MGCE biosensor has excellent
selectivity toward HoO,. To evaluate the stability of HIL@Hb/MXene-
Ti3Co/MGCE, the biosensor was continuously used 30 times. As seen in
Fig. 5e, the peak value of the CV curves did not exhibit any noticeable
change, and 93% of the initial current response, was retained, which
indicates that this sensing electrode has a good cycle stability. the
Subsequently, the long-term stability of the biosensor was analyzed
based on the current response after different storage times (Fig. 5f). The
modified electrode was kept in a 4 °C refrigerator when not in use.
Results showed that HIL@Hb/MXene-Ti3Cy/MGCE retained about
90.11% of its primary current response to HyO5 after 30 days. The
biocompatibility of HIL@Hb/MXene-Ti3Cy was further evaluated by
live/dead double-staining assay using 4T1 cells. From Fig. S8, the 4T1
cells incubated with 0-100 pg/mL HIL@Hb samples exhibited negligible
cell death, and those incubated with 200 pg/mL HIL@Hb showed only a
small amount of cell death. This result indicates that HIL@Hb/Mxene-
TizCo/MSPCE has good biocompatibility. All findings suggest that the
designed HIL@Hb/MXene-Ti3Co/MGCE biosensor possesses excellent
selectivity, good reproducibility, and long-time stability.

4. Conclusion

In this study, a method to prepare a hemoglobin-based biosensor is
proposed, using BBimPFg as HIL and MXene-Ti3C, nanosheets. Initially,
an electrode was constructed with an HIL@HDb active layer and MXene-
Ti3Cy modification layer, namely HIL@Hb/MXene-Ti3Co/MGCE. In
which, the HIL@Hb active layer was formed via microfluidic control can
effectively prevent aggregation and improve the stability and electro-
chemical activity of Hb, while MXene-Ti3Cy nanosheets can enhance the
catalytic activity and stability of the biosensor. Compared with the
electrode prepared with bulk HIL@HDb solution, HIL@Hb/MXene-TizCy/
MGCE retained 93% activity after 30 uses and 90% activity after 30
days. In addition, we further found that the developed HIL@Hb/MXene-
Ti3Co/MGCE biosensor has a good linear response range of
1.996-27.232 pM, detection limit reaching 1.996 nM (signal-to-noise
ratio, S/N = 3), sensitivity of 52.08 pA-uM~'-cm~2. Which can detect
hydrogen peroxide produced by cells in situ. This demonstrates that our
proposed method can be effectively used to improve the stability of
biosensors that have application significance in clinical diagnosis.
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