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1 Introduction

The incidence of “three highs”, referring to hy‐
perglycemia, hypertension, and hyperlipidemia, has
been increasing rapidly all over the world (Dey and
Raj, 2013; Gao et al., 2019). These illnesses may be
attributed to the perturbations of blood metabolites
which are small molecules within biofluids (Patil et
al., 2018). Among them, the presence of cholesterol
and glucose in blood at abnormal levels highly in‐
creases the risk of cardiac and brain vascular diseases,
and diabetes (Li et al., 2019). Furthermore, it has
been confirmed that high glucose concentration is one
of the main causes of atherosclerosis, by causing the
accumulation of cholesterol in macrophages (Henry et
al., 2002). Therefore, for early diagnosis of these dis‐
eases, the development of a low-cost, simple, and effi‐
cient strategy for simultaneous, accurate, and rapid de‐
tection of multiple metabolites is greatly needed for
on-site disease monitoring in-home healthcare.

Electrochemical biosensors are widely involved
in the detection of glucose and cholesterol due to their
simplicity, low cost, and high sensitivity (Shumyant‐
seva et al., 2004; Li et al., 2005; Fan et al., 2017). In
particular, enzymatic biosensors with the prominent
features of specificity and fast response have been
widely used. These biosensors are modified with at

least one type of enzyme, glucose oxidase (GOx) or
cholesterol oxidase (ChOx) (Jaime et al., 2017; Gao
et al., 2019; Phetsang et al., 2019; Wu et al., 2019).
Also, because of the complicated immobilization pro‐
cedure and high environmental sensitivity of enzyme-
based biosensors, non-enzymatic biosensors are in
high demand for their compromise between sensing
performance and the practical aspects of low cost, re‐
producibility, operational simplicity, and robustness
(Yang et al., 2012; Raj et al., 2014). Recent decades
have witnessed the development of enzyme-free bio‐
sensors for determination of a single analyte. Howev‐
er, little work has been aimed at developing enzyme-
free biosensors that can realize simultaneous detec‐
tion of multiple analytes with satisfactory perfor‐
mance (Bairagi and Verma, 2018; Ahmad et al.,
2020). Therefore, more research devoted to develop‐
ing non-enzymatic electrodes with high surface area
and physical rigidity, coupled with chemical stability,
is very worthwhile.

MXene, a new member of the 2D material fami‐
ly, composed of transition metal carbides, carboni‐
trides, and nitrides, was discovered in 2011 (Naguib
et al., 2011). MXenes have inherently tunable surface
functional groups (Khazaei et al., 2013), ultra-high
water solubility (Sinha et al., 2018), and intercalation
ability (Mashtalir et al., 2013), and have displayed
great potential for electrochemical catalysis. MXenes
are formed by selective etching of the A element lay‐
ers from the ternary carbides and nitrides Mn+1AXn,
where M stands for an early transition metal, X stands
for C and/or N, and A stands for a group IIIA or IVA
element (Naguib et al., 2011; Dong et al., 2018). As a
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typical and the most studied case, Ti3C2Tx exhibits
great biocompatibility and metallic conductivity (up
to 6500 S/cm), where T stands for a surface function‐
al group, typically F−, O2−, or OH− (Liang et al., 2015;
Lu et al., 2018), which can easily induce an oxidation
reaction in water and an oxygen environment at posi‐
tive potential (Wang et al., 2016; Anasori et al.,
2017). Moreover, MXene (Ti3C2) can be easily assem‐
bled with conducting polymers for enhanced electri‐
cal conductivity (Ling et al., 2014), of which chitosan
(CTS), a non-toxic, biologically compatible, and
chemically versatile polymer composite can further
greatly enhance the mechanical properties of elec‐
trodes (Oh et al., 2009).

Recently, a group of transition metal oxides and
sulfides has also attracted much attention as biosen‐
sors because of their ease of preparation, good repro‐
ducibility and reversibility, high stabilities, and fast re‐
sponse (Li ZJ et al., 2016; Li X et al., 2019). The gold
working electrode, modified by NiO nanosheets, es‐
tablished abundant active sites for glucose sensing
with no enzymes (Bairagi and Verma, 2018; Ahmad
et al., 2020). The NiO/graphene (Rengaraj et al.,
2015) and Cu2S/Cu (Ji et al., 2014) exhibited excel‐
lent detection of cholesterol with a combined effect.
Cuprous oxide (Cu2O), a p-type semiconducting mate‐
rial with a cubic lattice (Grozdanov, 1994; Pagare and
Torane, 2016), has demonstrated superior catalytic
abilities towards cholesterol detection at a negative
potential range (Khaliq et al., 2020), which can be
separated from a glucose conventional sensing poten‐
tial in the positive.

Herein, a free-standing and non-enzymatic
MXene/CTS/Cu2O electrode for simultaneous detec‐
tion of glucose and cholesterol was fabricated by tak‐
ing full advantage of MXene, CTS, and Cu2O nano‐
materials. The as-prepared electrode was formed
through electrostatic interaction of MXene and CTS
with opposite charges, followed by the electrodeposi‐
tion of Cu2O, and was utilized directly as the working
electrode in a three-electrode electrochemical system.
MXene demonstrated excellent bio-compatibility and
electrical conductivity, acting as a steady substrate for
electrochemical sensing with the combination of
CTS. Cu2O nanoparticles provided more catalytic ac‐
tive edges to enhance the sensitivity while contribut‐
ing to the separation of the reaction potential. Effec‐
tive interfacial junctions were formed through the syn‐
ergistic effect of three components, facilitating charge

transfer during reactions and providing easy access to
detected species. The as-synthesized electrode was
characterized by scanning electron microscopy
(SEM), transmission electron microscope (TEM),
X-ray diffraction data (XRD), and X-ray photoelec‐
tron spectroscopy spectra (XPS), and the sensing per‐
formance was examined by cyclic voltammetry (CV).
This work offered a reliable approach for multi-
metabolite sensing, and demonstrated remarkable sen‐
sitivity, selectivity, and repeatability for the simultane‐
ous determination of glucose and cholesterol, with a
great potential for clinical application.

2 Results and discussion

2.1 Structural characterization of MXene/CTS/
Cu2O

The schematic illustration for the prepared
MXene/CTS/Cu2O film is shown in Fig. 1 (details are
provided in Figs. S1–S5 of electronic supplementary
materials). A self-assembled ternary enzyme-free glu‐
cose and cholesterol electrocatalyst was successfully
fabricated through a simple vacuum filtering and elec‐
trodepositing method, which was cheap and robust.
The morphology of the as-synthesized film was char‐
acterized by TEM and SEM (Figs. S1a–S1e), reveal‐
ing single and a few MXene layers of flat sheets, and
verifying the successful mixture of CTS and the Cu2O
modification by electrodeposition (details are provid‐
ed in Fig. S6). Furthermore, the crystal structure of
the as-prepared samples and the chemical states and
valence of composites were investigated by XRD and
XPS, respectively (details are provided in Figs. S1f–
S1h, S7, and S8).
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Fig. 1 Schematic illustration for the fabrication process
of the self-assembled MXene/CTS/Cu2O
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2.2 Electrocatalytic characterization

The CV technique was used to investigate the
electrocatalytic performance of the modified elec‐
trode towards the oxidation of glucose and cholester‐
ol. Sodium hydroxide (NaOH) solution of 1 mol/L
was chosen as the electrolyte (Fig. S4). To investi‐
gate the potential range, a series of tests was per‐
formed with the high potential from 0.35 to 0.80 V.
As shown in Fig. S5, the range of −0.80 to 0.40 V
was proved to be an appropriate range with a rela‐
tively high current response. To assess the electrocat‐
alytic characteristics towards glucose and cholesterol
sensing, CV curves of binary and ternary electrodes
are compared in Fig. 2. The MXene/CTS electrode
did well in glucose sensing, whereas it had no current
response to cholesterol. As shown in Fig. 2b, with the
aid of Cu2O, the ternary electrode can establish a clear
current change with the addition of cholesterol and
glucose at peak I and peak VI, respectively, which
were selected as the detection peaks (details are pro‐
vided in Figs. S6, S7, and S9).

For the simultaneous detection of glucose and
cholesterol in biofluids, non-interference between
substances is essential for the multi-analyte electro‐
chemical electrode. As shown in Fig. 3, the mutual
interference between glucose and cholesterol was in‐
vestigated in a mixture solution under the optimized
experimental conditions, where the concentration of
one analyte was changed while that of the other was
kept constant. The results show that the currents (I)
at peak VI increase linearly with increasing concen‐
trations (C) at a constant cholesterol concentration of
0.1 mmol/L, resulting in a corresponding linear regres‐
sion equation:

I (mA)=0.0573×C (mmol/L)+0.370 (R2=0.99207). (1)

This shows a good linear fitting curve with a sen‐
sitivity of 60.295 μA·L/(mmol·cm2) in the linear range
of 52.4 to 2000 μmol/L with the limit of detection
(LOD) at 52.4 μmol/L (signal-to-noise ratio (SNR)=3).
Similarly, the currents at peak Ⅰ of cholesterol sens‐
ing are determined at a constant glucose concentra‐
tion of 1 mmol/L. The linear regression equation is as
follows:

I (mA)=0.205×C (mmol/L)−0.444 (R2=0.99838). (2)

The LOD is 49.8 μmol/L (SNR=3) and the sensi‐
tivity reaches 215.71 μA·L/(mmol·cm2) in the linear
range of 49.8 to 200 μmol/L. It is shown that the
MXene/CTS/Cu2O electrode can discriminate the
potentials of glucose and cholesterol for electrochemi‐
cal detection in the mixture with no synergistic effect,
thus ensuring the validity of the sensor.

As shown in Fig. 4, the ability for simultaneous
determination by the MXene/CTS/Cu2O electrode
was further investigated by CV measurements with
the concentrations of the two analytes varying at the
same time. Both the peak currents increase gradually
with increasing concentrations of glucose and choles‐
terol, which confirms that the proposed electrode can
be used as an electrocatalyst and dual-function biomi‐
metic nanoenzyme, showing good sensitivity and se‐
lectivity for the detection of glucose and cholesterol.

Fig. 2 CV curves of MXene/CTS (a) and MXene/CTS/
Cu2O (b) electrodes for 1 mmol/L glucose and 0.2 mmol/L
cholesterol detecting with labeled peaks (peaks (1) and
(2): pseudocapacitance of MXene; peak (3): Ti2+ to Ti4+ at
0.35 V; peak I: Cu+ to Cu; peak II: Cu to Cu+ ; peak III:
Cu2+ to Cu+ ; peak IV: Cu+ to Cu2+ ; peak V: Ti4+ to Ti2+ ;
peak VI: Ti2+ to Ti4+ at 0.35 V) (Wang et al., 2015; Boota et
al., 2017)
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2.3 Electrocatalytic mechanism

The obtained results demonstrate that the terna‐
ry MXene/CTS/Cu2O electrode exhibits superior

electrocatalytic performance towards glucose and
cholesterol sensing and so has the potential for on-site
and real-time multi-analyte monitoring. The irrever-
sible oxidation of MXene upon exposure to an anodic
potential over 0.2 V is overcome by the addition of
CTS (Lorencova et al., 2017), which is attached to
MXene layers through electrostatic and hydrogen-
bonding interactions between its active amino groups
and the OH, O, and F groups on the surface of the
MXene nanosheets (Song and Wang, 2020). The in‐
creased specific surface area ensures the reversible re‐
dox action of elemental Ti for glucose detection.
Based on the results, we propose the following equa‐
tion for the oxidation of glucose at peak VI:

2TiO2+C6H12O6 (glucose)+2H2O→
2Ti3++6OH−+C6H10O6 (glucolactone). (3)

For cholesterol sensing, Cu2O nanoparticles act
as the electrocatalyst and play vital roles in efficient
electron transport. The predominance of transition

Fig. 4 CV responses of MXene/CTS/Cu2O for simultaneous
detection of glucose and cholesterol (adding 0.5 mmol/L
glucose and 0.05 mmol/L cholesterol each time). The inset
plots are corresponding peak current fitted lines (top:
glucose; bottom: cholesterol)

Fig. 3 CV curves of MXene/CTS/Cu2O with 0.1 mmol/L cholesterol towards glucose sensing (glucose: from 0 to 2 mmol/L
at 0.5 mmol/L interval) (a) and with 1 mmol/L glucose towards cholesterol sensing (cholesterol: from 0.0 to 0.2 mmol/L
at 0.05 mmol/L interval) (c); plotted relationship curves of MXene/CTS/Cu2O between electrocatalytic current and
glucose concentration (b), and between electrocatalytic current and cholesterol concentration (d)
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metal species in electrocatalysts arises because of
their unpaired d-electrons and unfilled d-orbitals
which are available for forming bonds with absorbates,
which can be considered as ligands to the central transi‐
tion metal ion acting as the catalyst center (Pletcher,
1984). Moreover, the low redox potential for cholester‐
ol sensing at peak I can greatly reduce the interference
of other common species in biofluids, increasing the
practicality of the biosensor for clinical application.
There is published work supporting the view that hy‐
droxyl radicals (·OH) can initiate the cholesterol auto-
oxidation to produce oxysterols (Lee et al., 1997;
Khaliq et al., 2020). Through the analysis of experi‐
mental phenomena (details are provided in Figs. S8
and S10), the redox action can be deduced as follows:

Cu++OH−+e−→Cu+·OH, (4)
·OH+Cholesterol→Oxysterol. (5)

In short, well-dispersed Cu2O nanoparticles on
an MXene/CTS substrate can provide abundant metal
active edges and promote heterogeneous charge trans‐
fer and reactivity. With increasing concentrations of
cholesterol, more Cu2O particles are consumed, lead‐
ing to a decreased signal. MXene/CTS film with high
specific surface area supplies more channels for diffu‐
sion of ions and establishes easy access for glucose
and cholesterol, accelerating the electron transfer rate
and enhancing the conductivity of the composite. The
positively charged CTS acts as an effective binder to

enhance the interfacial interaction between the nega‐
tively charged MXene sheets, greatly improving the
mechanical strength of the electrode (Fig. S9). The
synergistic effect among these three components
contributes to the particular electrocatalytic perfor‐
mance of the MXene/CTS/Cu2O electrode. Table S1
shows the comparison of key performance indica‐
tors between our electrode and other biosensors. Evi‐
dently, the coupling and coordinated nanoarchitec‐
ture exhibits competitive electrocatalytic perfor‐
mance, and meets the need for non-enzymatic multi-
analyte detection. The CV curves measured at dif‐
ferent scan rates from 10 to 60 mV/s are shown in
Fig. S10, illustrating the diffusion-controlled process
for glucose and cholesterol detection.

2.4 Interference studies and practical applications

Interference tests were conducted to evaluate the
selectivity of the MXene/CTS/Cu2O towards glucose
and cholesterol. The experiments were conducted
with additions of 0.5 mmol/L sucrose (SC), uric acid
(UA), acetaminophen (APAP), lactose (LT), NaCl,
ascorbic acid (AA) or L-cysteine (L-c). The ampero‐
metric response curves were recorded at peak VI and
peak I (vs. Ag/AgCl) with 0.5 mmol/L glucose and
0.05 mmol/L cholesterol as the final addition, respec‐
tively. The peak current value of 1 mol/L NaOH elec‐
trolyte was selected as the blank current. As shown
in Fig. 5, considering the excessive concentration of
interfering species added, the current responses of
glucose and cholesterol are still the most significant,
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Fig. 5 Current responses of the MXene/CTS/Cu2O electrode to the addition of interfering agents (0.5 mmol/L): sucrose,
uric acid, acetaminophen, lactose, NaCl, ascorbic acid, and L-cysteine at the potential for: (a) glucose sensing (0.5 mmol/L);
(b) cholesterol sensing (0.05 mmol/L)
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demonstrating selectivity toward glucose and choles‐
terol detection.

The practical application of MXene/CTS/Cu2O
biosensor was investigated by testing the glucose and
cholesterol concentrations in human serum samples
which were provided by Zhongda Hospital in Nanjing,
China. The normal concentrations of glucose and cho‐
lesterol in the human body are 5.0 and 5.2 mmol/L,
respectively. The total cholesterol contains a mixture
of free and esterified cholesterol in serum. Less than
10% of cholesterol exists in the free state (Shih et al.,
2009; Raj et al., 2014) and it can be oxidated directly
by the proposed non-enzymatic sensor without the
need for cholesterol esterase and cholesterol oxidase
(Huang et al., 2011; Dey and Raj, 2013; Patil et al.,
2018). Therefore, the serum sample can be tested
within the linear range at 20-fold dilution, ensuring
minimal sample requirements. The spike and recov‐
ery method was employed and the analytical results
are listed in Table 1. The results obtained suggest that
the developed biosensor based on MXene/CTS/Cu2O
electrode exhibits suitability for simultaneous detec‐
tion of glucose and cholesterol in actual samples and
offers high potential for practical applications in clini‐
cal diagnosis.

3 Conclusions

In summary, a free-standing MXene/CTS/Cu2O
electrode was formed through electrostatic interaction
of MXene and CTS with opposite charges, followed
by the electrodeposition of Cu2O. Taking advantage of
the synergistic function of MXene/CTS layers and
Cu2O nanoparticles, this ternary electrode exhibits ex‐
cellent sensing capabilities for glucose and cholester‐
ol with preferable linear ranges that can cover the full
concentration range in clinical diagnosis. For glucose

sensing, the sensitivity was 60.295 μA·L/(mmol·cm2)
with LOD being 52.4 μmol/L (SNR=3), while a sensi‐
tivity up to 215.71 μA·L/(mmol·cm2) and LOD low
to 49.8 μmol/L (SNR=3) were achieved for cholester‐
ol detection. Additionally, this biosensor possesses su‐
perior anti-interference ability and reproductivity, and
thus exhibits great potential for genuine sample analy‐
sis. Accordingly, the as-prepared enzyme-free MXene/
CTS/Cu2O electrode acts as a biomimetic electrocata‐
lyst with excellent performance for analysis of multi‐
ple metabolites, and overcomes the disadvantages of
an enzyme-based biosensor. This work has proposed a
versatile strategy for designing and fabricating self-
assembled nanocomposite materials with tuned struc‐
tural and functional properties. It is a first attempt
which could be easily integrated into portable electro‐
chemical devices, facilitating effective routine moni‐
toring of blood metabolites and paving the way for
commercialization and point-of-care testing.
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Table 1 Simultaneous detection of glucose and cholesterol

samples in 5% human serum with the MXene/CTS/Cu2O

electrochemical biosensor

Sample

1

2

Metabolite

Glucose

Cholesterol

Glucose

Cholesterol

Concentration (mmol/L)

Added

0.5

0.1

0.5

0.1

Measured

0.505

0.098

0.494

0.103

Recovery
(%)

100.92

98.04

98.71

102.94

584



J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(7):579-586 |

References
Ahmad R, Khan M, Tripathy N, et al., 2020. Hydrothermally

synthesized nickel oxide nanosheets for non-enzymatic
electrochemical glucose detection. Journal of the Elec‐
trochemical Society, 167(10):107504.
https://doi.org/10.1149/1945-7111/ab9757

Anasori B, Lukatskaya MR, Gogotsi Y, 2017. 2D metal car‐
bides and nitrides (MXenes) for energy storage. Nature
Reviews Materials, 2(2):16098.
https://doi.org/10.1038/natrevmats.2016.98

Bairagi PK, Verma N, 2018. Electrochemically deposited den‐
dritic poly (methyl orange) nanofilm on metal-carbon-
polymer nanocomposite: a novel non-enzymatic electro‐
chemical biosensor for cholesterol. Journal of Electroan‐
alytical Chemistry, 814:134-143.
https://doi.org/10.1016/j.jelechem.2018.02.011

Boota M, Pasini M, Galeotti F, et al., 2017. Interaction of
polar and nonpolar polyfluorenes with layers of two-
dimensional titanium carbide (MXene): intercalation and
pseudocapacitance. Chemistry of Materials, 29(7): 2731-
2738.
https://doi.org/10.1021/acs.chemmater.6b03933

Dey RS, Raj CR, 2013. Redox-functionalized graphene oxide
architecture for the development of amperometric bio‐
sensing platform. ACS Applied Materials & Interfaces,
5(11):4791-4798.
https://doi.org/10.1021/am400280u

Dong XW, Zhang YD, Ding B, et al., 2018. Layer-by-layer
self-assembled two-dimensional MXene/layered double
hydroxide composites as cathode for alkaline hybrid bat‐
teries. Journal of Power Sources, 390:208-214.
https://doi.org/10.1016/j.jpowsour.2018.04.058

Fan Y, Liu JT, Wang Y, et al., 2017. A wireless point-of-care
testing system for the detection of neuron-specific eno‐
lase with microfluidic paper-based analytical devices. Bi‐
osensors and Bioelectronics, 95:60-66.
https://doi.org/10.1016/j.bios.2017.04.003

Gao J, Huang WZ, Chen ZP, et al., 2019. Simultaneous detec‐
tion of glucose, uric acid and cholesterol using flexible
microneedle electrode array-based biosensor and multi-
channel portable electrochemical analyzer. Sensors and
Actuators B: Chemical, 287:102-110.
https://doi.org/10.1016/j.snb.2019.02.020

Grozdanov I, 1994. Electroless chemical deposition technique
for Cu2O thin films. Materials Letters, 19(5-6):281-285.
https://doi.org/10.1016/0167-577X(94)90171-6

Henry P, Thomas F, Benetos A, et al., 2002. Impaired fasting
glucose, blood pressure and cardiovascular disease mor‐
tality. Hypertension, 40(4):458-463.
https://doi.org/10.1161/01.HYP.0000032853.95690.26

Huang QL, An YR, Tang LL, et al., 2011. A dual enzymatic-
biosensor for simultaneous determination of glucose and
cholesterol in serum and peritoneal macrophages of dia‐
betic mice: evaluation of the diabetes-accelerated athero‐
sclerosis risk. Analytica Chimica Acta, 707(1-2):135-141.
https://doi.org/10.1016/j.aca.2011.09.003

Jaime J, Rangel G, Muñoz-Bonilla A, et al., 2017. Magnetite

as a platform material in the detection of glucose, etha‐
nol and cholesterol. Sensors and Actuators B: Chemical,
238:693-701.
https://doi.org/10.1016/j.snb.2016.07.059

Ji R, Wang LL, Wang GF, et al., 2014. Synthesize thickness
copper (I) sulfide nanoplates on copper rod and it’s ap‐
plication as nonenzymatic cholesterol sensor. Electrochi‐
mica Acta, 130:239-244.
https://doi.org/10.1016/j.electacta.2014.02.155

Khaliq N, Rasheed MA, Cha G, et al., 2020. Development of
non-enzymatic cholesterol bio-sensor based on TiO2

nanotubes decorated with Cu2O nanoparticles. Sensors
and Actuators B: Chemical, 302:127200.
https://doi.org/10.1016/j.snb.2019.127200

Khazaei M, Arai M, Sasaki T, et al., 2013. Novel electronic
and magnetic properties of two-dimensional transition
metal carbides and nitrides. Advanced Functional Mate‐
rials, 23(17):2185-2192.
https://doi.org/10.1002/adfm.201202502

Lee JH, Shoeman DW, Kim SS, et al., 1997. The effect of su‐
peroxide anion in the production of seven major choles‐
terol oxidation products in aptoric and protic conditions.
International Journal of Food Sciences and Nutrition,
48(2):151-159.
https://doi.org/10.3109/09637489709006975

Li G, Liao JM, Hu GQ, et al., 2005. Study of carbon nano‐
tube modified biosensor for monitoring total cholesterol
in blood. Biosensors and Bioelectronics, 20(10): 2140-
2144.
https://doi.org/10.1016/j.bios.2004.09.005

Li X, Ren KB, Zhang M, et al., 2019. Cobalt functionalized
MoS2/carbon nanotubes scaffold for enzyme-free glu‐
cose detection with extremely low detection limit. Sen‐
sors and Actuators B: Chemical, 293:122-128.
https://doi.org/10.1016/j.snb.2019.04.137

Li ZJ, Qiao KJ, Shi WC, et al., 2016. Biosynthesis of poly
(glycolate-co-lactate-co-3-hydroxybutyrate) from glu‐
cose by metabolically engineered Escherichia coli. Meta‐
bolic Engineering, 35:1-8.
https://doi.org/10.1016/j.ymben.2016.01.004

Liang X, Garsuch A, Nazar LF, 2015. Sulfur cathodes based
on conductive MXene nanosheets for high-performance
lithium-sulfur batteries. Angewandte Chemie Internation‐
al Edition, 54(13):3907-3911.
https://doi.org/10.1002/anie.201410174

Ling Z, Ren CE, Zhao MQ, et al., 2014. Flexible and con‐
ductive MXene films and nanocomposites with high ca‐
pacitance. Proceedings of the National Academy of Sci‐
ences of the United States of America, 111(47):16676-
16681.
https://doi.org/10.1073/pnas.1414215111

Lorencova L, Bertok T, Dosekova E, et al., 2017. Electro‐
chemical performance of Ti3C2Tx MXene in aqueous me‐
dia: towards ultrasensitive H2O2 sensing. Electrochimica
Acta, 235:471-479.
https://doi.org/10.1016/j.electacta.2017.03.073

Lu X, Tao L, Song DD, et al., 2018. Bimetallic Pd@Au nano‐
rods based ultrasensitive acetylcholinesterase biosensor

585



| J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(7):579-586

for determination of organophosphate pesticides. Sensors
and Actuators B: Chemical, 255:2575-2581.
https://doi.org/10.1016/j.snb.2017.09.063

Mashtalir O, Naguib M, Mochalin VN, et al., 2013. Intercala‐
tion and delamination of layered carbides and carboni‐
trides. Nature Communications, 4:1716.
https://doi.org/10.1038/ncomms2664

Naguib M, Kurtoglu M, Presser V, et al., 2011. Two-dimensional
nanocrystals produced by exfoliation of Ti3AlC2. Advanced
Materials, 23(37):4248-4253.
https://doi.org/10.1002/adma.201102306

Oh JK, Lee DI, Park JM, 2009. Biopolymer-based microgels/
nanogels for drug delivery applications. Progress in Poly‐
mer Science, 34(12):1261-1282.
https://doi.org/10.1016/j.progpolymsci.2009.08.001

Pagare PK, Torane AP, 2016. Band gap varied cuprous oxide
(Cu2O) thin films as a tool for glucose sensing. Microchi‐
mica Acta, 183(11):2983-2989.
https://doi.org/10.1007/s00604-016-1949-6

Patil SB, Dheeman DS, Al-Rawhani MA, et al., 2018. An in‐
tegrated portable system for single chip simultaneous
measurement of multiple disease associated metabolites.
Biosensors and Bioelectronics, 122:88-94.
https://doi.org/10.1016/j.bios.2018.09.013

Phetsang S, Jakmunee J, Mungkornasawakul P, et al., 2019.
Sensitive amperometric biosensors for detection of glu‐
cose and cholesterol using a platinum/reduced graphene
oxide/poly(3-aminobenzoic acid) film-modified screen-
printed carbon electrode. Bioelectrochemistry, 127: 125-
135.
https://doi.org/10.1016/j.bioelechem.2019.01.008

Pletcher D, 1984. Electrocatalysis: present and future. Jour‐
nal of Applied Electrochemistry, 14(4):403-415.
https://doi.org/10.1007/BF00610805

Raj V, Johnson T, Joseph K, 2014. Cholesterol aided etching
of tomatine gold nanoparticles: a non-enzymatic blood
cholesterol monitor. Biosensors and Bioelectronics, 60:
191-194.
https://doi.org/10.1016/j.bios.2014.03.062

Rengaraj A, Haldorai Y, Kwak CH, et al., 2015. Electrodepo‐
sition of flower-like nickel oxide on CVD-grown gra‐
phene to develop an electrochemical non-enzymatic bio‐
sensor. Journal of Materials Chemistry B, 3(30): 6301-

6309.
https://doi.org/10.1039/c5tb00908a

Shih WC, Yang MC, Lin MS, 2009. Development of dispos‐
able lipid biosensor for the determination of total choles‐
terol. Biosensors and Bioelectronics, 24(6):1679-1684.
https://doi.org/10.1016/j.bios.2008.08.055

Shumyantseva V, Deluca G, Bulko T, et al., 2004. Cholesterol
amperometric biosensor based on cytochrome P450scc.
Biosensors and Bioelectronics, 19(9):971-976.
https://doi.org/10.1016/j.bios.2003.09.001

Sinha A, Dhanjai, Zhao HM, et al., 2018. MXene: an emerg‐
ing material for sensing and biosensing. TrAC Trends in
Analytical Chemistry, 105:424-435.
https://doi.org/10.1016/j.trac.2018.05.021

Song PA, Wang H, 2020. High-performance polymeric mate‐
rials through hydrogen-bond cross-linking. Advanced
Materials, 32(18):1901244.
https://doi.org/10.1002/adma.201901244

Wang XF, Kajiyama S, Iinuma H, et al., 2015. Pseudocapaci‐
tance of MXene nanosheets for high-power sodium-ion
hybrid capacitors. Nature Communications, 6:6544.
https://doi.org/10.1038/ncomms7544

Wang Y, Dou H, Wang J, et al., 2016. Three-dimensional po‐
rous MXene/layered double hydroxide composite for
high performance supercapacitors. Journal of Power
Sources, 327:221-228.
https://doi.org/10.1016/j.jpowsour.2016.07.062

Wu Q, He L, Jiang ZW, et al., 2019. CuO nanoparticles de‐
rived from metal-organic gel with excellent electrocata‐
lytic and peroxidase-mimicking activities for glucose
and cholesterol detection. Biosensors and Bioelectron‐
ics, 145:111704.
https://doi.org/10.1016/j.bios.2019.111704

Yang J, Lee H, Cho M, et al., 2012. Nonenzymatic cholester‐
ol sensor based on spontaneous deposition of platinum
nanoparticles on layer-by-layer assembled CNT thin
film. Sensors and Actuators B: Chemical, 171-172:374-
379.
https://doi.org/10.1016/j.snb.2012.04.070

Electronic supplementary materials
Table S1, Fig. S1, Fig. S2, Fig. S3, Fig. S4, Fig. S5, Fig. S6,
Fig. S7, Fig. S8, Fig. S9, Fig. S10

586


