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Abstract

Inosine monophosphate (IMP) was considered to be an important component of meat flavor and an important indicator for
evaluating the quality of meat products. This paper developed a novel dual-enzyme biosensor for the quantitative detection of
inosinic acid to assess meat quality. Using the conductivity of MXene materials and the ability of Au@Pt nanoflowers to catalyze
the oxidation of H,O,, a dual-enzyme biosensor was assembled and prepared for sensitive and rapid detection of IMP. The
MXene-TizC,Tx material had 2D nanostructure similar to that of graphene, as well as metal conductivity and good biocompat-
ibility. MXene was used as a carrier for 5'-nucleotidase and xanthine oxidase, with good biological environment and stable
microenvironment. Bimetallic nanoflowers with a core-shell structure had better ability to catalyze H,O, than the single metal.
The double-enzyme hydrolyzed IMP to produce the H,O,. The Au@Pt nanoflowers of the sensor can catalyze the decomposition
of H,O,, which causes electron transfer to produce current change. Therefore, the content of IMP is indirectly obtained by
monitoring the current change. The results showed that the linear range of the double-enzyme biosensor was 0.04~17 g L™, the
correlation coefficient was 0.9964, and the detection limit was 2.73 ng mL™'. The biosensor had great reproducibility and
stability. Compared with high-performance liquid chromatography, biosensors could quickly and accurately detect the content
of inosine monophosphate in meat, and provided a better method to detect the quality index of meat products.
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Highlights

1. Developed a new dual-enzyme biosensing system for the determination
of IMP.

2. Design and synthesis of a novel Mxene(Ti;C,Tx)-Pt@Au nanoflower
composite film with conductivity and biocompatibility.

3. The results showed that the enzyme biosensor had a good linear
relationship in the range of from 0.04 to 17 g L™", the correlation
coefficient was 0.9964, and the detection limit was 2.73 ng mL".

4. A novel enzyme biosensor was developed to assess meat quality and
freshness.
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Introduction

The meat quality is closely related to the components of the
flavor substances such as inosinic acid, intramuscular fat, and
free fatty acid, and the intensive taste of inosinic acid is the
strongest (Zhang et al. 2019a, b). Inosinic acid (IMP), a hy-
poxanthine nucleotide, has an important influence on the wa-
ter holding capacity, physical properties, and sensory proper-
ties of meat. It is one of the important umami substances in
animal tissues and is closely related to the umami taste of meat
products (Ngapo and Vachon 2016). IMP increases the umami
taste of foods by 40 times stronger than that of sodium gluta-
mate. The formation of IMP in the meat is accompanied by the
decomposition of ATP in the muscle; the inosine acid contin-
uously increased and then is decomposed by the action of
phospholipase and nucleoside hydrolase to produce inosine
and hypoxanthine (Ramalingam et al. 2019). The accumula-
tion of hypoxanthine nucleotides and other decomposition
products in the meat can make the umami rich, and the heating
of IMP in water or fat can produce a distinct umami taste
(Clausena et al. 2018). At present, IMP is an important indi-
cator for meat quality assessment. The determination of IMP
content in muscle tissue has been widely used in the quality
assessment of various animal meat products. It has been rec-
ognized internationally as an important indicator for detecting
meat umami taste. Conventionally, IMP is detected by thin-
layer chromatography, high-pressure electrophoresis and ul-
traviolet spectrophotometry, and high-performance liquid
chromatography. However, these methods require complicat-
ed processes and are low in sensitivity, time consuming, and
costly. Therefore, there is an urgent need to develop a simple,
rapid, and sensitive method for determining inosine.

With the increasing interest in low-dimensional
nanomaterials, two-dimensional (2D) transition metal carbide
or nitride has attracted more and more attention because of its
unique form (Shukla et al. 2019; Guo et al. 2019; Li et al.
2017). MXene-TizC,Tx is a new type of two-dimensional
nanomaterial that is similar to graphene. Due to its striking
physical and chemical properties, such as high specific surface
area, high conductivity, high stability, and good dispersion in
water, it has been widely used in electrochemical energy stor-
age, catalysis, sensing, electromagnetic shielding, membrane
separation technology, and so on (Tran et al. 2018; Wu et al.
2019; Li et al. 2018a, b, ¢).

MXene material is produced by etching the sp element
layer from the corresponding three-dimensional (3D) MAX
phase that is ternary metal carbide, nitride, and carbon nitride
(Feng et al. 2017). TizAlC, is one of over 70 ternary carbides
and nitride (M,,;;AX,,). MXene-Tiz;C,Tx can be obtained by
stripping Al using hydrofluoric acid. Because of the unsatu-
rated surface with unpaired electrons (Li et al. 2015), it is easy
to use various functional groups (such as —O, —OH, or —F
groups) to seal the MXene-Ti;C,Tx surface by etching

process without changing the conductivity of the metal
(Zhang et al. 2019a, b; Xu et al. 2018).

So far, MXene nanoparticles have been used in catalysis,
sensing, and biosensors, as well as the adsorption of a large
number of chemical substances (Lorencova et al. 2017). For
example, glucose biosensor was developed by implanting
nafion-AuNP-MXene nanocomposite onto a glassy carbon
electrode (GCE). In the development of the biosensor matrix,
MXene (Tiz;C,Tx) shows high conductivity and improves
electron transfer between the active redox center and the elec-
trode interface of GOx. The sensing performance of the bio-
sensor is greatly improved by Au nanoparticles, which re-
duces the over-potential of detecting hydrogen peroxide
(H,0,), and H,0, is a by-product produced during glucose
oxidation (Lorencova et al. 2018). Recent studies have
showed that the original form of MXene based on Tiz;C,Tx
or combined with TiO, nanoparticles constructs a
hemoglobin-based medium-free biosensor for detecting
NaNO, (LOD = 120 nM) (Su et al. 2018; Chekem et al.
2019); the nanolayer has great biocompatibility and can
achieve lower detection limits (Wang et al. 2015). Recently,
the construction of the nanolayer has good biocompatibility
and can achieve a low detection limit. In addition to biomol-
ecule biosensors, MXene materials have good application
prospects in environmental and agricultural fields. For exam-
ple, MXene biosensors are used in pesticide detection. An
acetylcholinesterase biosensor based on amperometric meth-
od is used for the detection of organophosphorus pesticides
(Zhou et al. 2017). The enzyme is immobilized on MXene
nanosheets, and can achieve rapid and specific detection of
malathion pesticides. The developed sensor has high stability,
high reproducibility, low detection limit, and excellent anti-
interference ability for malathion oxidation detection; it pro-
vides a new platform for food safety monitoring. MXene ma-
terials have applicability in environmental and agricultural
safety.

Au@Pt nanoflowers are synthesized on Ti;C,Tx by reduc-
tion method. By using the ultra-high conductivity of Ti;C,Tx
material and the large specific surface area of the accordion
structure, nanoparticles can obtain better catalytic effect, and
the constructed Au@Pt nanoflowers have core-shell bimetal-
lic open structures and abundant active sites. On the surface of
the bimetallic catalyst, the Au particles are positively charged.
The addition of a negatively charged second active metal
(such as Pt) to the Au catalyst increases the negative charge
region of the entire catalyst surface, facilitating the hydrogen
peroxide decomposition reaction. The interaction with the
electrons shows better catalytic activity with their single metal
counterparts. 5'-nucleotidase and xanthine oxidase have good
electrocatalytic activity for IMP, and the catalytic oxidation
peroxidation of Au@Pt nanoflowers is monitored at the bio-
sensor by using the by-product hydrogen peroxide produced
in the two-step catalytic process. The current signal of
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hydrogen is used as the detection target to achieve the purpose
of qualitative and quantitative detection of IMP. The use of
double-enzyme two-step catalysis has great advantages due to
the good properties of biosensor, such as good specificity, low
detection limit, and more obvious signals. MXene-Ti;C,Tx
with graphene structure has proven to be a robust electro-
chemical sensing platform for enzyme-based biosensors and
has broad application prospects in biomedical monitoring and
environmental analysis. Therefore, in this paper, MXene ma-
terial loaded with Au@Pt nanoflowers is applied as sensing
platform for the specific detection of IMP.

Experiment
Materials

5'-Nucleotidase, IMP, chloroplatinic acid, H,PtClg,
HAuCl;3H,0 (99.9%), and xanthine oxidase were obtained
from Sigma-Aldrich (USA). Hydrogen peroxide, uric acid,
acetic acid, and bovine serum albumin (BSA) were bought
from Macklin (China). Phosphate buffer solution (PBS) was
prepared by mixing stock standards of Na,HPO, and
NaH,POy; all other chemicals were of analytical grade and
used as received, all prepared in ultrapure deionized water
(DW).

Instruments and Methods

XRD images of MXene solution were obtained by X-ray dif-
fractometer (PANalytical, Netherlands); scanning electron mi-
croscope (SEM) images of synthetic materials were obtained
by field emission scanning electron microscope JSM-7800F
(JEOL, Japan). Electrochemical impedance spectroscopy was
performed using an electrochemical workstation (ZAHNER,
Germany) in 5 mM [Fe(CN)]* ’*", the solution containing
0.5 M KCl, scanning the frequency is 1 Hz - 1 x 10* Hz and
10 mV amplitude. Electrochemical measurements were per-
formed using a CHI660E electrochemical workstation
(Shanghai Chenhua, China) based on a three-electrode system
including a modified GCE electrode as a working electrode,
an Ag/AgCl electrode was used as a reference electrode (3 M
KCI concentration), and a platinum wire was used as an aux-
iliary electrode. Cyclic voltammetry (CV) measurements had
a potential window of — 0.6 to 0.1 V at 100 mV/s. For the
chronoamperometry(it) measurement, the potential was se-
lected to — 0.15 V.

Preparation of MXene-Au@Pt nanoflower material
Etching method: 1.6 g lithium fluoride was dissolved slowly

in 20 mL 9 M hydrochloric acid with stirring for 5 min, then
added 1 g TizAlC, (for 10 min) slowly and stirred it for 24 h at
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room temperature. Then, deionized water was used to wash it
and centrifuged about 6-8 times with a 3500 rpm speed for
5 min each time, so that the pH of the solution was larger than
6. The precipitate was collected and dissolved in 100 mL
water, then sonicated for 3 h under the argon-protected atmo-
sphere. At last, the supernatant was Tiz;C,Tx collected after
centrifuging for 1 h with a speed of 3500 rpm. The resulting
precipitate added with deionized water was sonicated in an ice
bath for 1 h to delaminate the Tiz;C,Tx flakes. Finally, the
obtained supernatant was collected after centrifuged at
8000 rpm for 1 h. The obtained supernatant was vacuum dried
to obtain a black powder, a certain amount of Ti;C,Tyx was
weighed into a 5 mM solution, and 3 mL chitosan (0.5%) was
added to 30 mL Ti;C,Tx solution (0.5 M). H,PtClg (3 mM)
solution and 2.5 mL HAuCl, (5 mM) and 2.5 mL of 0.1 M of
ascorbic acid (AA) were stirred for 0.5 h to prepare MXene-
Au@Pt nanoflower solution. The synthesis process is shown
in Fig. 1.

Construction of Enzyme Biosensor Based
on Ti;C,Tx-Au@Pt Nanoflowers

The construction of an enzyme biosensor based on Ti;C,Tx-
Au@Pt nanoflowers was mainly prepared by a drop coating
method. Before the electrode was constructed, the GC electrode
was sequentially polished on a polishing cloth using 0.3 pm and
0.05 wm alumina powders, respectively, and was washed by
ultrapure water, then was separately sonicated in alcohol and
ultrapure water, and finally was blown dry with nitrogen. A
multilayer film of GCE/TizC,Tx-Au@Pt nanoflowers/5"-nucle-
otidase-xanthine oxidase/bovine serum albumin (BSA) was pre-
pared at 25 °C room temperature according to the following
procedure. The 5 uL Tiz;C,Tx-Au@Pt nanoflower solution was
dropped onto the surface of the GCE and dried in the air. Then, 5
pL nucleotide oxidase-xanthine oxidase solution (5'-
nucleotidase:xanthine oxidase = 1:1) was immobilized on the
surface of GCE/TizC,Tx-Au@Pt nanoflowers and dried.
Finally, 5 uL BSA (1%) solution was added dropwise and dried,
and the obtained sensor was thoroughly washed with PBS and
stored at 4 °w. The assembly process of the enzyme biosensor is
shown in Fig. 2.

Preparation of Samples

Five-gram meat sample was homogenized with 20 mL 5%
perchloric acid at 10,000 rpm for 3 min using a homogenizer
(JRA-35S, China) and then diluted it to 25 mL with 5%
perchloric acid. The homogenate was placed in a centrifuge
(Allegra, USA) and centrifuged with a 15,000 rpm speed for
10 min at 4 °C, and supernatant was collected. The superna-
tant was adjusted to pH 5.5 with KOH, and then centrifuged at
15,000 rpm for 10 min at 4 °i, and the supernatant was col-
lected for high-performance liquid chromatography analysis.
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Fig. 1 Schematic illustration for the preparation of Au@Pt/GO nanocomposites

Comparative Analysis Results

The sample was chromatographed at 30 °h using a C18 col-
umn. Mobile phases A and B were phosphate buffer and
100% methanol. After 5S-min isocratic run with 100% elution
solvent A, the ratio of elution solvent B increased linearly
from 3 to 10 min to 35%, from 10 to 15 min to 50%, and kept
10 min. Thereafter, the column was washed with 100% elu-
tion solvent B for 10 min. The column was equilibrated with
95% eluting solvent A for 30 min. Ten-microliter sample was
filtered through a 0.45-um PESU filter and then injected into
the column at a flow rate. The detection wavelength was set at
254 nm per minute at 1.5 mL. The peak was detected at
254 nm with a Water 2998 PDA detector. Peaks were identi-
fied by comparing retention times with standards, and the
concentration of IMP was determined by the peak area.

Results and Discussion
SEM and XRD Characterization of MXene

In this experiment, MXene-Ti;C,Tx nanosheets were synthe-
sized by stripping Al layers from the original Ti3AlC, phase
with a mixed solution of HF and HCI at room temperature
(Zhang et al. 2017). The prepared MXene-Ti;C,Tx nano-
sheets were characterized by SEM and XRD (Fig. 3).

It could be clearly seen from Fig. 3 (A) that the synthesized
MXene-Ti;C,Tx material exhibited graphene-like multilayer
nanostructures and had its unique lamellar structure, which

provided a large number of attachment sites for Au@Pt
nanoflowers. At the same time, its 2D graphene-like nano-
structures provided an ultra-large specific surface area for
the immobilization of 5'-nucleotidase-xanthine oxidase, and
the 5'-nucleotidase-xanthine oxidase which could be absorbed
by the surface functional groups of MXene. As shown in Fig.
3 (B), MXene/Au@Pt nanoflower composite film was formed
on the GCE electrode. The 2D nanolayer structure provided
by MXene material was beneficial to retain the entrapped
enzyme biological activity and promote the transport of en-
zymes and products. At the same time, MXene/Au@Pt
nanoflower composite membrane had good electron transfer
effect. With good catalytic properties, the enzymatic hydroly-
sate H,O, could monitor the electrical signal changes in the
enzymatic hydrolysis process in time, and could achieve qual-
itative and quantitative detection of IMP. MXene-TizC,Tx
was scanned in the 20 range of 0—100° to identify the crystal
structure. As shown in Fig. 3 (C), there were several very
sharp diffraction peaks indicating the crystalline structure.
The main diffraction characteristic peaks observed at 8.9°,
13.7°, and 27.5°, respectively, which were very consistent
with the XRD spectrum of the previously reported MXene-
TizC,Tx (Scheibe et al. 2019). It was indicated that crystalline
material MXene-TizC,Tx had a —OH surface ligand. During
the etching process, the unsaturation of unpaired electrons was
easily bonded by various functional groups (—O, —F, or -OH)
(Sinha et al. 2018). Because MXene-TizC,Tx material was
prepared in water, the surface part of MXene-Ti;C, Ty mate-
rial was combined with —OH functional group, which made it
good dispersibility in water. Since the surface of the material

MXene/Au@Pt nanoflowers

Bare electrode
film on the electrode.

Enzymatic hydrolysis of
IMP to produce H,O,

xanthine v

Time-current response curves of
different concentrations of IMP

Fig. 2 GCE/TizC,Tx-Au@Pt nanoflowers/5"-nucleotidase-xanthine oxidase modification process
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Fig. 3 (A) Typical SEM image of
MXene. (B) SEM image of
MXene/Au@Pt nanoflower film
on the electrode. (C) XRD image
of MXene. (D) Dispersion
photograph of 0.5 mg mL ™"
MXene-TizC,Tx in an aqueous
solution
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was rich in hydroxyl groups, Fig. 3 (D) showed that MXene-
TizC,Tx was uniformly dispersed in the aqueous phase, which
brought great convenience to the preparation of the enzyme
biosensor and also changed the stability and reproducibility of
the sensor.

Characterization of MXene/Au@Pt Nanoflower
Composites

The morphology, composition, and structure of MXene/
Au@Pt nanoflower composites were characterized by SEM,
TEM, and EDS. As shown in Fig. 4 (A) and (B), the surface of
the GCE electrode was modified with black MXene-Ti;C,Tx.
The dandelion-like nanosphere was composed of Pt particles
centered around the Au particles (Yang et al. 2018). Therefore,
it may be the different reduction potentials of AuCI*”/Au and
PtClg” /Pt that caused the shell-core structure between the
center and the shell (Shima et al. 2019). Figure 4 (C) and
(D) showed the EDS spectra of MXene/Au@Pt nanoflowers,
confirming the existence of C, Ti, Au, and Pt elements and
demonstrating the successful synthesis of MXene/Au@Pt
nanoflower conductive films.

@ Springer

Electrochemical Characterization of MXene/Au@Pt
Nanoflower Modification Materials

The surface of the modified electrode was examined in a so-
lution containing 5 mM [Fe(CN)s]* " and 0.1 M KCI. The
stability of the modified MXene material compared with the
modified Au@Pt-MXene material under the same conditions
for 4 cycles is shown in Fig. 5 (A). The results showed that
only the CV image of the electrode of MXene material was
modified. As the number of scanning turns increasing, the
redox peak gradually decreased. It was reported that
TizC,Tx would be gradually oxygenated to TiO, after energi-
zation (Peng et al. 2017). Based on the observation and the
data published in the literature, oxidized Ti;C,Tx meets the
following formula during exposure to the anode potential:
TizC,Fx + 8H,0 = 3TiO, + 2CO + 16H" + (16-x)e- + xF~
The conductivity of TiO, in the oxidation product was
reduced relative to Ti;C,Tx. However, the stability of the
MXene material with Au@Pt nanoflowers greatly enhanced
and the redox peak was more obvious. The reduction peak
appeared at 0.2 V, and the oxidation peak appeared at 0.27
V. It could be seen from Fig. 5 (B) that the oxidation peak of
the MXene/Au@Pt nanoflower modified electrode was
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Fig. 4 (A) SEM image of
MXene/Au@Pt nanoflower
composite. (B) TEM image of
MXene/Au@Pt nanoflower
composite. (C) MXene/Au@Pt
nanoflower composite EDS
layered image. (D) MXene/
Au@Pt nanoflower composite
material spectrum image
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basically the same after four cycles, and the steady state value
of the MXene/Au@Pt nanoflower modified material was
much higher than that of the original MXene material (85%
of initial current). In the original case, the gradual decreasing
of MXene conductivity was caused by the formation of TiO,
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nanoparticles and subsequent dissolution of MXene (Shahzad
et al. 2018). This indicated the great stability of MXene/
Au@Pt nanoflower modified material on anode potential win-
dow of various electrochemical sensing platforms. AC imped-
ance (EIS) was a kind of technique for characterizing the
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interfacial properties of nanocomposite-modified GCE elec-
trodes. Figure 4 (C) showed the impedance spectra of GCE/
MXene/Au-MXene/Pt-MXene/Au@Pt-MXene modified ma-
terials in solution which contained 5 mM [Fe(CN)6]37/ 4 and
0.1 M KCL. In the Nyquist diagram, the high-frequency semi-
circular portion corresponds to the electron transfer process
and its diameter was equal to the electron transfer resistance
(Ret) (Camacho et al. 2017). As shown in Fig. 5 (C), bare
electrode resistance was the largest, indicating that the resis-
tance of the bare electrode was up to 5.7 k2. When the MXene
material was modified on the electrode, the diameter of the
semicircle was significantly reduced to 1.1 k€2, indicating that
the MXene material had excellent conductivity. When
modificated separately by Au particles and Pt particles and
Au@Pt nanoflowers, the conductivity of MXene material
was similar, which proved that modified Au@Pt nanoflowers
cannot affect the conductivity of MXene and it also had good
conductivity. At the same time, the corresponding modified

@ Springer

i MXene

{- MXene/Au@Pt nanoflowers

Current (uA)

2 3
Cylinder number

= Bare
2 —— AwMXene
—— MXene
= PUMXene
15 — PUAwMXene
;E.
b4
et
= 104
=
2
3
5
04
T v T T T T T T T
-0.000, 0.200, 0.400, 0.600
potential (V)

MXene/Au@Pt-MXene modified material EIS map. (D) GCE/MXene/
Au-MXene/Pt-MXene/Au@Pt-MXene modified material DPV chart

electrode was detected by differential pulse voltammetry
(DPV). As shown in Fig. 5 (D), the current peaks of the dif-
ferent modified materials at the 0.27-V point were different
and the peak potential of the bare electrode was at 1.3¢ >, With
the difference of the modified materials, modified MXene-
Au@Pt nanoflowers had the highest peak electrode current,
reaching 1.8 >, which verified the detection result in the
Nyquist diagram. Based on the above characterization results,
the electrode modified by MXene-Au@Pt nanoflowers had a
good conductivity in K3[Fe;(CN)g] solution and could be used
as a nanolevel electrode to promote electron transfer to the
electrode surface.

Optimization of Experimental Parameters
The activity of the enzyme was affected by temperature, and

the effect of temperature on the activity of the enzyme was
studied (Matyushov 2018). The experiments were carried out
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at5°C, 15°C,25°C, 35°C, 45 °C, and 55 °Crespectively. As
shown in Fig. S1, the peak current of the DPV was the highest
when the temperature of the electrolyte was 35 °C. Thus, 35
°C was chosen as the optimum temperature in the following
experiment.

The change of pH not only affected the activity of enzyme
but also changed the conductivity of the material which mod-
ified electrode (Li et al. 2018a, b, ¢). Therefore, the effect of
pH on biosensors was studied. DPV image of enzyme biosen-
sor in inosine in solution with pH range of 3.0-9.0 was stud-
ied. It showed that the peak value of current increased with the
increasing of pH value, as shown in Fig. S2. But the peak
value drops when pH was 6.0, so pH 6.0 was selected as the
optimum pH value of the electrolyte.

Different ratios of 5'-nucleotidase and xanthine oxidase
also affected the electrochemical behavior of IMP, because
xanthine oxidase would act on the product of 5'-nucleotidase.
The DPV peak current of the sensor was observed based on 5'-
nucleotidase in different proportions. In Fig. S3, the peak cur-
rent was the highest when ratio of double enzyme was 1:1, so
the 1:1 was chosen as the best ratio.

Electrochemical Characteristics of Biosensor Based
on MXene

To verify the bioelectrochemical activity of the MXene-
Au@Pt/5"-nucleotidase-xanthine oxidase/BSA biosensor, the
prepared electrode was characterized by CV in the presence of
IMP with a potential window ranging from — 0.6 to 0.6 V.
Figure 6 (A) showed CV image obtained from various scan-
ning rates of MXene-Au@Pt/5'-nucleotidase-xanthine
oxidase/BSA biosensor in deoxygenated PBS buffer (0.01
M, pH 6.0). As shown in Fig. 6 (B), the cathode and anode
peak currents increased linearly as the scan rate increasing,
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which indicated that electron transfer between the 5'-nucleo-
tidase-xanthine oxidase and the GCE electrode can be carried
out on the MXene-Au@ Pt nanoflower composite membrane.
According to the Laviron equation to carry out electrochemi-
cal characterization, the peak current was proportional to the
scan rate and increased with scan rate increasing. And cathode
and anode peak potentials were independent of scan rate
(Laviron 1997).

In the presence of oxygen, IMP can be hydrolyzed by the
relevant enzymes to hypoxanthine and hydrogen peroxide
(Sun et al. 2016). Here, IMP performs qualitative and quanti-
tative detection by changing the electrical signal generated by
the oxidation of hydrogen peroxide with horseradish peroxi-
dase. In this experiment, IMP was hydrolyzed to hypoxan-
thine and hydrogen peroxide by using nucleotidase, and in
addition, hypoxanthine was further hydrolyzed to xanthine
and hydrogen peroxide by xanthine oxidase. Au@Pt
nanoflowers on the electrodes can catalyze the oxidation of
hydrogen peroxide sensitively (Sanzo et al. 2017). Table 1
compares this work with the literature for H,O, testing. By
detecting changes in the electrical signal of hydrogen peroxide
during the two-step enzymatic hydrolysis process, the detec-
tion limit of IMP is lower at 4.54 uA mM ' cm ? Figure 7
shows the presence and absence of a CV image of IMP (b).
When 3 uM of IMP was injected, the oxidation current and
the reduction current increased significantly. An increase in
the redox current indicates that the enzyme catalyzed reaction
occurs on the surface of the electrode, and the 5'-nucleotidase/
xanthine oxidase immobilized on the electrode is highly bio-
catalytic to IMP.

Differential pulse voltammetry (DPV) applied a step poten-
tial to the electrode, which was more sensitive and had a
higher resolution ratio than CV image. It had a good detection
capability, with detection concentration as low as 1 pe L'
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Fig. 6 (A) CV curve of MXene-Au@Pt/5'-nucleotidase-xanthine oxidase/BSA biosensor in PH = 6.0 PBS with different scanning rates (from inside to
outside: 40, 80, 120, 160 mV/s). (B) Cathode and anode peak current versus scan rate calibration curves
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Table 1  Comparison between this work and the literature regarding H,O, detection

Sensor Sensitivity pAmM ' cm 2 Linear range uM LOD uM Refs
GF/C0304-NPs/GCE 1.14 0.2-211.5 0.06 (Karuppiah et al. 2014)
MNPs@MOFs/ERGO - 4-1.1 % 10* 0.18 (Lietal 2018a, b, c)
Cu,0-1GOp, 20.07 30-12,800 21.7 (Xu et al. 2013)
Cat/AuNPs/graphene-NH2/GCE 13.4 0.3-600 0.05 (Huang et al. 2011)
Au-Pd-Pt/MoS, - 0.001-0.1 0.0003 (Dou et al. 2018)
RGO/ZnO/GCE 13.49 0.02-22.48 0.02 (Palanisamy et al. 2012)
Au/rGO 1238.00 0.02-10.00 0.10 (Dhara et al. 2016)
Fe3;04 nanodots - 2.5-6.5 % 10° 1.1 (Bas et al. 2018)
GRO/Pt-AgNPs/GCE 699.6 5-1500 0.04 (Zhang et al. 2016)
PDDA/ERGO-ATP-Pd/GCE 492.09 0.1-1000 0.016 (You et al. 2013)
Mxene-Ti;C,Tx/Pt@Au/GCE 4.54 0.5-1200 0.00085 This work

(Chng et al. 2014). Figure 8 (A) showed the DPV (b) curve
with the addition of IMP had a higher current peak compared
with the DPV (a) curve without the addition of IMP. The
current peak was around — 0.15 V, indicating that maximum
response current of enzyme biosensor to IMP can be observed
near the relatively low potential of — 0.15 V. In order to reduce
the background interference factor effectively and have a low-
er detection limit, — 0.15 V was used as a fixed voltage for
further amperometric electrochemical characterization.
Compared with the CV method, amperometric method was
an electrochemical method that was more sensitive to the de-
tection of IMP. Figure 8 (B) showed the time-current curve of
the MXene-Au@Pt/5'-nucleotidase-xanthine oxidase/BSA
biosensor at a fixed potential of — 0.15 V in PBS (50 mM);
the test was carried out under constant agitation in the buffer.
The MXene-Au@Pt/5'-nucleotidase-xanthine oxidase/BSA
biosensor was used to detect IMP, and a gradient curve was
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Fig. 7 MXene-Au@Pt/5"-nucleotidase-xanthine oxidase/BSA biosensor
in the presence of 3 uM IMP (a) and in the absence of IMP (b) at 50 mM
PH 6.0 CV plot at a scan rate of 100 mV/s in PBS buffer
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showed when 3 uL IMP (3 uM) was added every 30 s, indi-
cating 5'-nucleotidase/xanthine oxidase was immobilized on
the electrode and still retained biocatalytic activity. The re-
sponse time of the electrode modified by MXene-Au@Pt/5'-
nucleotidase/xanthine oxidase/BSA was less than 5 s (98% of
steady state current was reached). The rapid response of
MXene-Au@Pt/5'-nucleotidase/xanthine oxidase/BSA bio-
sensor could be attributed to the diffusion of IMP from the
external solution to the 5'-nucleotidase/xanthine oxidase
immobilized on the MXene nanosheets and its rapid biocata-
lytic reaction, which could produce hydrogen peroxide. The
gradient current curve was generated via the change of current
signal generated by the rapid catalytic oxidation of hydrogen
peroxide. A typical calibration curve for the response current
of the enzyme biosensor and IMP concentration is shown in
Fig. 8 (C). As the concentration of IMP increasing, the current
increased. Based on the MXene-Au@Pt/5"-nucleotidase/xan-
thine oxidase/BSA biosensor, the linear range was from 0.2 to
210 ng mL ™", and it showed a good linear relationship with a
correlation coefficient 0f0.9964. The detection limit (LOD) of
MXene-Au@Pt/5'-nucleotidase/xanthine oxidase/BSA bio-
sensor was 0.224 ng mL ™', which was superior to the enzyme
biosensor constructed by polypyrrole-Au (Dervisevic et al.
2017). MXene-Au@Pt/5'-nucleotidase/xanthine oxidase/
BSA biosensor with low LOD and wide linear range had a
great biosensor performance which was attributed to the fol-
lowing aspects: firstly, MXene had a 2D lamellar structure
similar to graphene, provided abundant binding sites for
Au@Pt nanoflowers, and increased the loading of
nanoflowers. In addition, it also had good electrical conduc-
tivity, providing favorable conditions for the transmission of
electrons and amplifying electrical signal. That made it more
sensitive. At the same time, its good biocompatibility provid-
ed a favorable microenvironment for the immobilization of
related enzymes to maintain their activity and stability. The
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Fig. 8 (A) MXene-Au@Pt/5'-nucleotidase-xanthine oxidase/BSA
biosensor in the presence of 3 uM IMP (a) and in the absence of IMP
(b) scanning DPV. (B) Time-current response curves of different
concentrations of IMP at MXene-Au@Pt/5’-nucleotidase-xanthine

MXene-Au@Pt biosensor could be a promising and powerful
biosensing platform for hypersensitivity and rapid detection of
IMP.

Performance of Biosensor

Studies have shown that IMP is associated with purines and
pyrimidines, especially inosine diphosphates and inosine tri-
phosphates, which can be considered possible interfering
compounds (Matsumoto et al. 1998; Bakshi et al. 2006). As
shown in Fig. 9, when the IMP was added to the PBS bulffer,
the current signal became larger, indicating that there was a
catalytic reaction. However, there was no current response
when the interference was added, indicating that the sensor
had a good specificity and anti-interference. The stability of
the constructed biosensor was further tested by square wave
voltammetry (SWV). The standard deviation of MXene-
Au@Pt/5"-nucleotidase/xanthine oxidase/BSA biosensor was
3.4% after continuous measurement (10 times), which showed

©)

oxidase/BSA biosensor at a potential of — 0.15 V. All tests were
detected at a rate of 100 mV/s in 50 mM PH 6.0 PBS buffer agitation.
(C) Corresponding calibration curve for steady state current versus
inosine concentration
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Methionine IMP
Inosine
eh diphosphate P

IMP I
Cysteine

25 A J A J J
0 20 40 60 80 100 120

Time (s)
Fig. 9 Adding inosine triphosphate (1 g L"), cysteine (1 g L"), inosine

diphosphate (1 g L"), methionine (1 g L™"), inosine (0.1 g L™"). The
ampere response of the sensor in PBS buffer was constant at — 0.15 V

Inosine
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Current (1e-SA)
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Table2  Comparison of IMP content in actual samples by two methods

Sample Chicken Pork Beef Lamb

LC (mg/g)

Biosensor (mg/g)

1.88+0.17 097+021 244+0.15 1.17+0.19
1.86+0.07 0.94+0.06 2.40+0.05 1.07+0.09

Relative deviation — 1% -3% - 1.6% -8.5%

great stability. In addition, the sensor was stored in a 4 °C
refrigerator for 2 weeks and the response remained at 95%
of its original activity. The results showed that the reproduc-
ibility of the biosensor was satisfactory.

Application of Biosensor

In order to further demonstrate the utility of the constructed
sensor, four different meat samples were analyzed via the
constructed biosensor, including chicken, pork, beef, and
lamb. LC was used as a reference method (Table 2).
Compared with the electrochemical detection results of LC
detection, the partial error data is basically the same, the error
comes from the same sample time difference, and the error is
within a reasonable range, indicating that the constructed bio-
sensor can be effectively applied to the actual sample.

Conclusions

In this paper, MXene-Au@Pt nanoflower composites with
conductivity and biocompatibility were prepared by one-step
synthesis. The MXene-Au@Pt/5'-nucleotidase/xanthine
oxidase/BSA double-enzyme biosensor was prepared for the
detection of IMP in fresh meat. The qualitative and quantita-
tive detection of IMP is achieved by the by-product H,O,
produced after enzymatic hydrolysis. The sensor uses dual
enzymes to quantitatively detect IMP in fresh meat. The
double-enzyme biosensor has good catalytic activity for
IMP. The H,0, further increased in the enzymatic hydrolysis
process to increase the detection signal. The core-shell
nanoflowers formed by Au@Pt can effectively catalyze the
by-product H,O, produced by oxidation, without being dis-
turbed by environmental conditions. The MXene-Au@Pt
nanoflower enzyme biosensor has the advantages of wide lin-
ear range, high sensitivity, and rapid detection of IMP. The
sensor with good application prospects was prepared for the
method proposed in this paper, which can be used for meat
quality evaluation.
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