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ABSTRACT: Hydrogen peroxide (H2O2) has been reported to mediate a
variety of physiological and pathological processes in living systems. In this
work, a biosensor for determination of H2O2 was prepared by using an HRP/
Ti3C2/Nafion film-modified glassy carbon electrode (GCE). Ti3C2 nanosheets
with remarkable conductivity and high specific surface area were chosen as
carriers for HRP. Moreover, this biosensor modified with HRP has a specific
catalytic effect on H2O2. The difference in peak current could reflect the
quantitative change of H2O2. The linear range of the biosensor is 5−8000 μM,
and the detection limit is 1 μM (S/N = 3). This biosensor was used to detect
H2O2 in clinical serum samples of normal controls and patients with acute
myocardial infarction (AMI) before and after percutaneous coronary
intervention (PCI). The results showed that the difference between normal
controls and patients is significant (P < 0.05), as well as the difference for
patients before and after PCI (P < 0.01), but no significant difference existed
between postoperative patients and normal controls. This biosensor has the advantages of simple preparation, high sensitivity, and
quick detection, showing potential application in clinical diagnosis.
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1. INTRODUCTION

In living systems, H2O2 is produced by aerobic respiration, acts
as a messenger for various signal transduction pathways, and
also serves as an important indicator for molecular diagnosis.1

The accumulation of overgenerated H2O2 in oxidative stress
status is presented in many cardiovascular diseases, such as
acute myocardial infarction (AMI).2 AMI is an event of
myocyte necrosis caused by rupture or erosion of unstable
coronary atherosclerotic plaque. As a common cardiac
emergency, it has the potential for substantial morbidity and
mortality worldwide.3 Percutaneous coronary intervention
(PCI) is the evidence-based standard and an effective
treatment for AMI patients.4 This reperfusion therapy
significantly relieves angina symptoms and reduces mortality
in such patients.5−7 There is an imbalance between oxidants
and antioxidants in AMI, which is manifested by the reduction
of such species as superoxide dismutase (SOD) and catalase
(CAT). This alteration resulted in a reduced antioxidant ability
on decomposing superoxide anion and H2O2, leading to
oxidative damage in the myocyte.8 PCI effectively reduced
biochemically assessed oxidative stress and myocardial damage.
AMI often began quickly and was characterized by a sudden
burst of crushing heart pain and a feeling of near-death. H2O2

may be an important indicator of AMI. Thus, the measurement
of H2O2 levels is of great significance for an in-depth
understanding of the pathogenesis underlying AMI and clinical
effects of reperfusion therapy by PCI.
Electrochemical sensors use electrodes as signal converters

to measure electric potential or current. It usually consists of
two parts: molecular recognition and information conversion.9

Biosensors, especially electrochemical enzyme biosensors, have
excellent selectivity, high sensitivity, and easy operation, which
can realize in situ real-time detection.10 However, the
biological enzyme, which has poor stability and a short life,
is usually sensitive to temperature and pH. Therefore, the
signal from the enzyme sensor is easily disturbed by the
external environment and affected by the change of analysis
conditions.11−13 Hence, we should try to find a simple and
reliable immobilized enzyme scheme to overcome these

Received: February 18, 2021
Accepted: April 26, 2021
Published: May 4, 2021

Articlepubs.acs.org/journal/abseba

© 2021 American Chemical Society
2767

https://doi.org/10.1021/acsbiomaterials.1c00242
ACS Biomater. Sci. Eng. 2021, 7, 2767−2773

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
M

B
R

ID
G

E
 o

n 
A

ug
us

t 1
1,

 2
02

1 
at

 2
1:

56
:5

7 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marwan+Sakran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianwen+Fei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyun+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenyuan+Weng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guomin+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanying+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanying+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuemin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsbiomaterials.1c00242&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00242?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00242?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00242?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00242?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00242?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/abseba/7/6?ref=pdf
https://pubs.acs.org/toc/abseba/7/6?ref=pdf
https://pubs.acs.org/toc/abseba/7/6?ref=pdf
https://pubs.acs.org/toc/abseba/7/6?ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsbiomaterials.1c00242?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org/journal/abseba?ref=pdf


shortcomings.14−16 The development of new immobilized
platforms to improve the stability of enzymes to the
environment is an important research topic to realize the
commercialization of enzyme sensors.17−20

As a new type of 2D nanomaterial, MXene has received
extensive attention because of its advantages such as superior
conductivity, good hydrophilicity, a large surface, and easy film
formation.21,22 The general formula of MXene is Mn+1XnTx,
where M represents the transition metal, X represents C or N,
n could be between 1 and 3, and Tx represents different
functional groups on the surface of MXene.23 MXene is
considered to be an appreciable nanomaterial because of its
distinct layered structure and good biocompatibility.24,25

Compared with other types of 2D nanomaterials, MXene has
the benefits of predominant surface electrochemical activity,
high metal conductivity, and good dispersion in aqueous
solution. Ti3C2 is the most typical representative of MXene; it
has attracted extensive attention from electrochemical
researchers due to its excellent electrochemical response,
catalytic performance, and electron conduction ability.26

Thereby, MXene could serve as an excellent immobilization
platform. The combination of MXene with the biological
enzyme can improve the stability of the biological enzyme and
the sensitivity of the determination, which is a good strategy to
solve the shortcomings of biological enzyme sensors.
In this work, a novel electrochemical biosensor based on

HRP/Ti3C2/Nafion film was prepared for the determination of
H2O2. Compared to numerous hydrogen peroxide sensors
reported in recent years,27,28 the advantages of HRP/Ti3C2/
Nafion-modified electrochemical biosensor include the follow-
ing points. First, the high conductivity of Ti3C2 nanosheets can
promote the electron transfer at the electrode surface and
amplify the H2O2 signal, improving the sensitivity of the
electrochemical biosensor. Second, the biosensor modified
with HRP has a specific catalytic effect on H2O2. Moreover, the
HRP/Ti3C2/Nafion-modified electrochemical biosensor has
good stability. Last, the biosensor is easy to operate and can
realize in situ real-time detection, which has high clinical
application value. The electrochemical biosensor provided an
important reference index for clinical workers in real-time
diagnosis of AMI and evaluation of a therapy effect. In
addition, the designed HRP/Ti3C2/Nafion biosensor showed
good sensitivity and selectivity to H2O2, and it was therefore
first used for H2O2 detection of serum samples from AMI
patients. The changes in H2O2 levels of patients before and
after PCI were analyzed and compared. This work has an
important application prospect in real-time diagnosis of acute
myocardial infarction disease and evaluation of a surgical
treatment effect.

2. EXPERIMENTAL PROCESS
2.1. Reagents and Materials. Horseradish peroxidase (HRP)

was purchased from Aladdin Reagent (Shanghai, China). Hydrogen
peroxide (H2O2, 30%) was purchased from Shanghai Lingfeng
Chemical Reagent Co., Ltd. (Shanghai, China). Ti3AlC2 MAX was
purchased from Jilin 11 Technology Co. Lysozyme (Lys) (Jilin,
China). Lithium fluoride (LiF), hydrochloric acid (HCl), ascorbic
acid (AA), uric acid (UA), glucose (Glu), citric acid (CA), and urea
were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Nafion (5%) was purchased from Sigma−Aldrich.
The ultrapure water used in all processes comes from the Millipore
water purification system.
2.2. Apparatus. The electrochemical measurement was per-

formed on a traditional three-electrode battery using a CHI 660D

workstation (Shanghai Chenhua Co., China). The platinum electrode
is the counter electrode, and the saturated calomel electrode (SCE) is
the reference electrode. GCE (glassy carbon electrode, D = 5 mm)
was purchased from Tianjin Incole Union Technology Co., Ltd.
(Tianjin, China). The JEM-2100 instrument (JEOL, Japan) was used
for the transmission electron microscope (TEM) and high resolution
transmission electron microscope (HRTEM) images. The phase
structure of the samples was characterized by a Rigaku Smartlab X-ray
diffractometer.

2.3. Synthesis of Ti3C2. Ti3C2 was prepared using the previously
reported method.29 As shown in part A of Scheme 1, 1 g of LiF was

dissolved completely in 20 mL of 6 M HCl, and this was stirred at
room temperature to obtain a LiF/HCl solution. Then, 1 g of Ti3AlC2
was slowly added to the LiF/HCl solution. The temperature of the
suspension was increased to 35 °C, and stirring continued for 24 h.
The reaction solution was repeatedly washed with ultrapure water and
centrifuged at 1100g until the supernatant was neutral. After that, the
suspension was centrifuged at 6000g to take Ti3C2 in the supernatant
for later use.

2.4. Fabrication of the HRP/Ti3C2/Nafion/GCE Biosensor.
The GCE was first polished using Al2O3 powder and then washed
with ultrasonic water three times. As shown in part B of Scheme 1, 6
μL of HRP solution (10 mg mL−1) was mixed with 16 μL of Ti3C2
solution (1.25 mg mL−1), followed by 16.6 μL of PBS (5 mM, pH
7.4). Finally, 1.4 μL of Nafion was mixed and shaken at 37 °C 800
rpm for 30 min. A 15 μL portion of the resultant HRP/Ti3C2/Nafion
mixture was dropped to the previously prepared standby GCE surface.
The prepared electrodes (HRP/Ti3C2/Nafion/GCE) were dried and
stored at 4 °C prior to usage.

2.5. Determination of H2O2. As shown in part C of Scheme 1,
for the H2O2 electrochemical determination, we added different
concentrations of H2O2 to a mixed solution of 200 μL of KCl (1 M)
and 200 μL of PBS (0.5 mM) and diluteded this to 2 mL. Next, HRP/
Ti3C2/Nafion/GCE was slowly inserted into the mixed solution.
Then, a differential pulse voltammetry (DPV) measurement was
performed in the scan range −0.8 to 0.2 V at a scan rate of 100 mV
s−1, and the pulse width, pulse period, and quiet time were 0.025, 0.1,
and 2 s, respectively.

2.6. Analysis of H2O2 from Serum. We explored the application
of this method to the determination of H2O2 in human serum from
normal controls and AMI patients (preoperation and postoperation of
PCI). First, 100 μL serum samples were mixed with 300 μL of
methanol and centrifuged at 15 000g for 5 min. Then, 200 μL of the
supernatant was taken to perform the determination according to the
method described in “Determination of H2O2”. The results were
statistically analyzed by an independent t test or paired t test. A P
value less than 0.05 indicates that the sample data are significantly
different.

Scheme 1. Construction of HRP/Ti3C2 Biosensor and the
Determination of H2O2
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3. RESULTS AND DISCUSSION
3.1. Characterization of Ti3C2. TEM characterization

indicated the typical 2D exfoliation morphology of Ti3C2 after
LiF + HCl etching. As shown in the TEM image (Figure 1A),

the Ti3C2 nanosheets showed an obvious two-dimensional
lamellar structure. In addition, the HRTEM image further
reveals the crystal characteristics of Ti3C2. The adjacent lattice
fringe with an internal plane spacing of 1.9 nm was found
(inset of Figure 1A).30 As shown in Figure 1B, for the Ti3C2
samples,31 the adsorption peak at 1052 cm−1 was related to the
C−F bond, while the peak at 1272 cm−1 was related to the C−
O bond. The adsorption peak at 1631 cm−1 represented the
bending vibration of −OH, while the peak at 3456 cm−1 was
related to the asymmetric stretching of −OH. In addition, we
used XRD to study the crystal structure of Ti3C2. We can see
from Figure 1C that when the MAX phase reacted with LiF/
HCl solution, the strongest diffraction peak of Ti3AlC2 (104)
disappeared in the XRD spectrum of Ti3C2.

32 The XRD
pattern of the Ti3C2 further confirmed the successful synthesis
of the material as the observed diffraction peaks were
consistent with the literature values.33 Moreover, the EDS
pattern (Figure 1D) displayed the successful etching of
elemental Al and the coexistence of elements Ti and C in
the electrode surface. We also used AFM to analyze the
morphology and thickness of Ti3C2. As shown in Figure S1,
obvious lamellar structures were observed. We can see from
Figure S1B that the height of Ti3C2 nanosheets was about 2.5
nm, in agreement with the reported literature.34

3.2. Characterization of HRP/Ti3C2/Nafion/GCE Bio-
sensor. Ti3C2 has a graphene-like two-dimensional nanosheet
structure, which is convenient for HRP to combine with it.
Meanwhile, Ti3C2 has good electron transfer ability, making it
an excellent material for fabricating a H2O2 electrochemical
biosensor. Studies have shown that Nafion is a good film
forming material, which can form a unique film on the surface
of the electrode. The electrochemical performance of the
biosensor was studied. The CV and DPV responses of GCE,
Ti3C2/GCE, HRP/Ti3C2/Nafion/GCE, and HRP/Nafion/
GCE in the 1 mM K3[Fe(CN)6] and 0.1 M KCl were
shown in Figure 2A,B. The voltammetric peaks of the HRP/

Ti3C2/Nafion-modified electrochemical biosensor were de-
rived from the oxidation and reduction reaction of K3[Fe-
(CN)6]. The results showed that Ti3C2/GCE (curve b) had a
higher redox peak than bare GCE (curve a), indicating that
Ti3C2 could enhance electron transfer. When HRP/Nafion was
attached (curves c and d), the peak current decreased, because
the biomolecules fixed at the electrode interface hinder the
electron transfer.
We could see from Figure 1B that HRP demonstrated

characteristic peaks at 2957, 1651, 1532, and 1071 cm−1.35 The
adsorption peak at 1651 cm−1 was related to the α-helical
conformation of the HRP. Meanwhile, the peak at 1532 cm−1

was related to the β-sheet conformation of the HRP. Following
immobilization of HRP onto the two-dimensional Ti3C2
nanosheets, the major bands of HRP could be observed on
the FT-IR spectra of HRP/Ti3C2, indicating a successful
immobilization process without any conformational change in
the secondary structure of HRP.

3.3. Principle of the Analytical Methods. The principle
of this experiment was based on the specific effect of HRP on
H2O2. In this paper, an HRP/Ti3C2/Nafion/GCE biosensor
was prepared using Ti3C2 as the base material, and Nafion as a
film forming material with good performance. Ti3C2 can
accelerate the electron transfer between the active center of the
enzyme. Nafion facilitated the dispersion of Ti3C2 and helped
to form a uniform and stable film on the surface of the
electrode. The biosensor can detect H2O2 with high sensitivity.
The electrochemical performance of the HRP/Ti3C2/

Nafion/GCE biosensor was analyzed by DPV. The voltam-
metric peaks of the HRP/Ti3C2/Nafion-modified electro-
chemical biosensor derived from HRP catalyze H2O2 to
produce electron transfer. As shown in Figure 3A, the peak
current significantly increases in the presence of Ti3C2, which
proves that Ti3C2 has excellent conductive properties. ΔIp
represents the current difference measured by the biosensor for
H2O2 and blank solution, respectively. As shown in Figure 3B,
ΔIp changes further proved that Ti3C2 has a good electro-
chemical response and catalytic performance. This is because
Ti3C2 has a high specific surface area and excellent electro-
chemical properties, that are conducive to the occurrence of
the oxidation reaction.

3.4. Optimization of the Proportion of Film Compo-
sition and Reaction Conditions. The performance of the
biosensor was optimized by adjusting the dosage of Ti3C2,
HRP, and Nafion; the pH of the buffer; and the incubation
time. In Figure 4A,B, the change of the peak current of the
biosensor at different component concentration ratios showed
that the peak current reached its maximum value at 1/3/60 of

Figure 1. (A) TEM image of the Ti3C2. Inset: HRTEM image. (B)
FT-IR of the biosensor. (C) XRD pattern of Ti3C2. (D) EDS
spectrum of the Ti3C2.

Figure 2. (A) CV and (B) DPV of the biosensor; curves a−d
represent bare GCE, Ti3C2/GCE, HRP/Ti3C2/Nafion/GCE, and
HRP/Nafion/GCE, respectively. The experiments were carried out in
PBS (pH 7.4) containing 1 mM K3[Fe(CN)6] and 0.1 M KCl.
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Ti3C2/HRP/Nafion. In addition, as shown in Figure 4C, the
peak current of the biosensor increased from pH 6, reached the
maximum value at pH 7.4, and decreased at pH 8. Finally, the
incubation time also has a great influence on the peak current.
We could see from Figure 4D that when the reaction time was
30 min, the peak current was maximized. Therefore, the mass
concentration ratio of Ti3C2/HRP/Nafion = 1:3:60, PBS (pH
7.4), and an incubation time of 30 min were used to prepare
the biosensor and analyze the reaction system.
3.5. Linearity, Selectivity, and Storage Stability of the

Biosensor. In order to illustrate the analytical performance of
this biosensor, we measured different concentrations of H2O2
under optimal conditions. We can see from Figure 5A,B that
the current response displayed a linear range of 5−8000 μM,
and a detection limit of 1 μM. As shown in Figure 5C, the
selectivity of the fabricated HRP/Ti3C2/Nafion/GCE bio-
sensor was evaluated using potentially interfering substances
including AA, UA, urea, CA, and Glu. The concentration of
interfering substance is 10 times that of the target substance.
The results show that the biosensor has good selectivity to
H2O2. The HRP/Ti3C2/Nafion/GCE biosensor can maintain
about 98% of its original performance at 4 °C for 48 h, but the
HRP/Nafion/GCE biosensor drops to about 40% of its
original performance (Figure 5D). The results show that the

HRP/Ti3C2/Nafion film has more advantages in stability. In
order to verify the precision of the biosensor, different batches
of biosensors were used for the determination of H2O2 (Figure
S2). The RSD was calculated to be 1.6%, indicating that the
biosensor we built has high precision.

3.6. Analysis of H2O2 in Human Serum. The application
of this method was explored by detecting serum H2O2 in
normal controls and patients with AMI. As shown in Figure 6,

serum samples from 17 normal controls, 13 preoperative
patients, and 11 postoperative patients (2 patients did not
perform PCI) were measured. An unpaired t test conducted
between normal controls and preoperative patients (P =
0.0131) suggested that the level of H2O2 in the serum of
preoperative patients was higher than that of normal controls,

Figure 3. (A) Ip curves a and b represent HRP/Nafion/GCE and
HRP/Ti3C2/Nafion/GCE in PBS (pH 7.4), respectively. The curves c
and d represent HRP/Nafion/GCE and HRP/Ti3C2/Nafion/GCE in
PBS (pH 7.4) comprising 1 mM H2O2, respectively. (B) The ΔIp of
the peak current of H2O2 catalyzed by HRP/Nafion/GCE and HRP/
Ti3C2/Nafion/GCE, respectively.

Figure 4. Effects of various conditions on the determination of H2O2:
(A) mass concentration ratio of Ti3C2 and HRP; (B) mass
concentration ratio of Ti3C2, HRP, and Nafion; (C) the pH value
of the sensing system; (D) incubation time.

Figure 5. (A) DPV response of the biosensor to the detection of
different concentrations of H2O2 in PBS (pH 7.4). (B) The
corresponding regression graph illustrates the peak oxidation current
of different concentrations of H2O2. (C) Selectivity of H2O2
detection. (D) Stability of the HRP/Ti3C2/Nafion/GCE biosensor
(red) and stability of the HRP/Nafion/GCE biosensor (black).

Figure 6. Serum H2O2 levels in group of normal controls,
preoperative AMI patients, and postoperative AMI patients. *P <
0.05, **P < 0.01. The dots of the same color represent the
preoperative and postoperative H2O2 levels of the same person.
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which was consistent with literature studies that have been
reported.36,37 The reason may be that oxidative stress leads to
excess production of H2O2.

38 This result indicates that H2O2
may be an important indicator of AMI. The paired t test
between preoperative and postoperative patients (P = 0.0040)
showed a dramatic reduction of the serum H2O2 level after
PCI, suggesting that the reperfusion therapy for PCI improved
the stress status as well as a responsive reduction of oxidative
substances in the body. These results suggested that H2O2 can
be used as an index for evaluating the therapeutic effect of
coronary intervention in clinical practice.
We could see from Table 1 that the concentration of H2O2

in normal controls was 8.16 μM. Three normal control samples

were taken and added with 50%, 100%, and 150% H2O2 of the
previously measured concentrations. The sample recovery rate
was 97.80%−98.43%, which verified the accuracy and
reliability of the method in actual samples. Moreover, we
compared this method with two different commercially
available hydrogen peroxide detection kits. As shown in Figure
S3, the results of the biosensor were consistent with the results
of the hydrogen peroxide detection kits.
As shown in Table 2, the fabricated biosensor has an

excellent performance compared with those of several typical

enzyme-catalyzed H2O2 sensors previously reported. This may
be because Ti3C2 has a large specific surface area and good
electrochemical activity. Therefore, the HRP/Ti3C2/Nafion/
GCE could be used for the detection of H2O2 in human serum.

4. CONCLUSIONS
In summary, we prepared a new electrochemical biosensor
based on HRP/Ti3C2/Nafion film for the determination of
H2O2. Combining Ti3C2 with enzymes can improve the
stability and sensitivity of the biosensor. Moreover, the
fabricated biosensor exhibited a wide linear range from 5 to
8000 μM and a detection limit of 1 μM. Because of its high
sensitivity and simple operation, this method has a good
clinical application prospect. This study is the first to use the
electrochemical biosensors based on HRP/Ti3C2/Nafion film
for the H2O2 level analysis of serum samples from patients with

AMI before and after the operation. The clinical evaluation of
PCI is generally based on the relief of patients’ symptoms, but
this study may provide a molecular level evaluation method of
the therapeutic effect. The important application prospect of
this method in the real-time diagnosis of AMI disease and
evaluation of the surgical treatment effect is suggested.
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