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A B S T R A C T

The environmental stability, water-processibility and life-span of black phosphorene (BP) severely limit the
application of its electronic devices in aqueous system containing oxygen. We reported the controllable pre-
paration of in-situ reduction and deposition of silver nanoparticles on the BP surface and its amino-functiona-
lized multi-walled carbon nanotubes (NH2-MWCNT) nanocomposite. With the addition of both NH2-MWCNT
and Ag+, the BP-based nanocomposite was prepared by ultrasonic-assisted liquid-phase exfoliation and was
dispersed in carboxymethyl cellulose sodium (CMC) aqueous solution. The morphology, microstructure, and
electrochemical properties of the nanohybrid were characterized. NH2-MWCNT-BP-AgNPs showed high en-
vironmental stability, good water-processibility, satisfactory life-spans, superior electrocatalytic capacity with
enzyme-like kinetic characteristics. The nanohybrid was applied as electrochemical sensors for single/simulta-
neous analysis of uric acid (UA), xanthine (XT) and hypoxanthine (HX). Excellent voltammetric responses for
simultaneous determination in linear ranges of 0.1–800 μM with a limit of detection (LOD) of 0.052 μM for UA,
0.5–680 μM with a LOD of 0.021 μM for XT, and 0.7–320 μM with a LOD of 0.025 μM for HX under optimal
conditions. Besides, the developed nanozyme sensor was employed for simultaneous voltammetric analysis of
UA, XT and HX in real samples with acceptable recoveries. This work will provide theoretical guidance and
experimental support for the preparation and application of two-dimensional materials, nanozymes and sensing
devices.

1. Introduction

Black phosphorus, an allotrope of phosphorus, was synthesized by
Bridgman (1914) at first more than a century ago. It has attracted a
great deal of scientific and technological attention since 2014, when
Zhang and co-workers (Li et al., 2014) prepared few-layer BP na-
nosheets from bulk black phosphorus crystal, and inspired the en-
thusiasm of researchers in various fields to explore/develop potential
application of BP (Batmunkh et al., 2016; Goswami and Gawande,
2015). Now, it has been proved that BP exhibits outstanding properties
such as layer dependent band gap (Gusmão et al., 2018a), high carrier
mobility (Rudenko et al., 2016), large specific surface area, and

excellent ON/OFF ratio (Zhu et al., 2018). However, bare BP can
readily convert to oxides (PxOy) in the presence of O2 and/or H2O and
further decompose into acids or salts within minutes or hours (Abate
et al., 2018), thus the real success of practical application of BP is
seriously challenged due to its low stability. There is thereby an urgent
need but it is still a significant challenge to enhance the stability of BP
under ambient conditions. Several strategies so far have been developed
to overcome the limitations, including capping layer protection (Wan
et al., 2015; Kim et al., 2016; Doganov et al., 2015), covalent aryl
diazonium functionalization (Ryder et al., 2016), hetero atoms doping
(Yang et al., 2016), ligand surface coordination (Zhao et al., 2016) and
hybridization with other chemicals (Sun et al., 2014, 2015; Lei et al.,
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2017). The recent success in preparation and modification for few-layer
BP suspension triggers the applications of BP in electronic sensors,
especially in electrochemical chem/bio sensors (Table S1). Previously,
we investigated the film-forming properties of BP-PEDOT:PSS compo-
site and its environmental stability (Zhang et al., 2016). Subsequently,
we developed a molecular imprinted polymer nanocomposite composed
of BP quantum dots and PEDOT nanorods in sensing of vitamin C
(Zhang et al., 2018). Then, a stable BP nanosensor with anti-fouling
property was fabricated to detect ochratoxin A (Xiang et al., 2018) and
a highly stable BP-nafion composite was applied in sensing of clenbu-
terol (Ge et al., 2018). Cui and cooperators established a high-sensitive
sensing platform based on BP-doped helical carbon nanofibers for the
determination of carbendazim (Cui et al., 2017). These BP-based elec-
trochemical sensors (Zhang et al., 2016, 2018; Xiang et al., 2018; Ge
et al., 2018; Cui et al., 2017; Niu et al., 2018; Ding et al., 2018; Cai
et al., 2019) are capable of detecting analytes and have good anti-
fouling capability, but their electrocatalytic activity still remains a
problem for sensing sensitivity. Therefore, the discovery of high-sensi-
tive BP-based electrochemical sensors is essential.

Nanozymes, emerging types of enzyme mimics, refer to nanoma-
terials with intrinsic enzyme-like capability, which can effectively cat-
alyze the conversion of substrate and accord the same mechanism and/
or kinetics of natural enzymes (Gao and Yan, 2016). In 2007, Yan's
group first proposed that inert Fe3O4 magnetic nanoparticles (Gao et al.,
2007) have inherent peroxidase-like performance, which quickly
aroused widespread attention in nanotechnology and nanomaterials.
From that time, about 50 kinds of inorganic/organic nanomaterials
have been confirmed to have intrinsic catalytic performance similar to
natural enzymes, including vanadium pentoxide nanoparticles
(Ganganboina and Doong, 2018), gold nanoparticles (Darabdhara et al.,
2019), platinum nanoparticles (Liu et al., 2018), copper oxide nano-
particles (Liu et al., 2019), cerium oxide nanoparticles (Singh and
Singh, 2019), graphene oxide (Tian et al., 2018) and carbon nanotubes
(Song et al., 2010). These nanozymes have shown great potential in
biomimetic sensors, cancer diagnostics and therapy, immunoassay, and
environmental engineering. Wei and Wang reviewed nanomaterials
with enzyme-like characteristics (nanozymes) for next-generation arti-
ficial enzymes again after a lapse of six years (Wei and Wang, 2013; Wu
et al., 2019), suggested that nanozymes have become the new star in
the field of nanotechnology and hot topics of the new artificial mimic
enzymes. Rapid development of preparation and surface modification
of nanozymes (Liu and Liu, 2017; Wang et al., 2018a) conversely pro-
mote the extensive concern of the nanozymes in academia and business.
Meanwhile, nanozymes were further introduced into electrochemical
sensors. Xu et al. established a dual nanozyme based on AuPd alloy
nanoparticles and graphene quantum dots for electrochemical detection
in clinic cancer samples (Xu et al., 2018). Qiu and co-authors designed
an amino acid conjugated nanozyme and successfully used in electro-
chemical detection of three organophosphorus pesticides (Qiu et al.,
2019). Wang et al. designed a novel nanozyme based on Fe3O4 nano-
particles@thionine-imprinted polydopamine (Wang et al., 2017), which
could be used in electrochemical detection of hydrogen peroxide,
acetylthiocholine chloride, acetylcholinesterase and choline oxidase.

Herein, inspired by these progress, a simple strategy was established
thorough the in-situ reduction of Ag ions (Ag+) and deposition of Ag
nanoparticles (AgNPs) on phosphorene and its nanohybrid with NH2-
MWCNT to enhance environmental stability, life-span, and water-dis-
persibility of BP nanosheets. NH2-MWCNT-BP-AgNPs nanocomposite
was prepared by ultrasonic-assisted liquid-phase exfoliation with the
co-addition of both NH2-MWCNT and AgNO3 in organic solvent 1-me-
thyl-2-pyrrolidinone (NMP), and subsequently dispersed in carbox-
ymethyl cellulose sodium (CMC) aqueous solution. NH2-MWCNT-BP-
AgNPs nanocomposite with superior electrocatalytic capacity and spe-
cial enzyme-like characteristics was applied as a novel nanoenzyme
sensor for single/simultaneous electrochemical determination of three
ATP metabolites (UA, XT and HX) (Scheme S1) by different pulse

voltammetry (DPV).

2. Experimental

2.1. Reagents

UA, XT, HX and NMP (99.5% purity, anhydrous) were purchased
from Shanghai Aladdin Biochem. Tech. Co. Ltd., China. NH2-MWCNT
(8–15 nm, outer diameter, 50 μm length) and high-quality black phos-
phorus crystal (BP crystal, 99.99% purity) were obtained from Nanjing
XFNANO Mater. Tech. Co. Ltd., China. CMC (n=500) was attained
from TCI (Shanghai) Development Co., Ltd. Other reagents were ana-
lytical grade and used as received. 0.1M phosphate buffer solutions
(PBS) were used as the supporting electrolyte and prepared by 0.1M
Na2HPO4 and 0.1M NaH2PO4. Deionized water (DI water) was ob-
tained from a Milli-Q water purification system.

2.2. Apparatus

Electrochemical measurements were performed though CHI 660D
electrochemical workstation (Chen-Hua, Shanghai, China). A common
three-electrode system consisted of a saturated calomel electrode (SCE),
a platinum electrode (Pt) and a glass carbon electrode (GCE, 3mm) was
used in electrochemical measurements. The three electrodes served as
reference electrode, counter electrode and working electrode, respec-
tively. The surface morphology and composition characterization have
been achieved using scanning electron microscopy (SEM, FEI Company,
United States), transmission electron microscope (TEM, FEI Company,
United States) energy-dispersive X-ray spectroscopy (EDS, EDAX
Company, United States) and X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB 250Xi, United States).

2.3. Fabrication of the nanocomposite and modified electrode

Liquid-phase exfoliation is a promising strategy to fabricate various
ultra-thin 2D materials due to large-scale, highly efficient and solution
process-ability. In this experiment, 5× 10−3 M AgNO3 (Fig. S1) in
10mL of NMP were added to a three-necked flask and continuously
introduced N2 into the solution at pre-treatment step, about 5mg of
grinding black phosphorus crystal and 10mg of NH2-MWCNT powder
were submitted into the NMP solution then. This system was ultra-
sonically treated at N2 atmosphere for 6–8 h, and the mixture solution
was centrifuged at 12000 rpm for 0.5 h to remove the extra NMP. After
that, collected the precipitate and added CMC aqueous solution
(0.3 mg/mL) to obtain NH2-MWCNT-BP-AgNPs aqueous dispersion
(Fig. S3).

The GCE was mirror-fine polished with 0.05 μm alumna slurry on
chamois leather prior to modification, and ultrasonically washed using
nitric acid (1:1), ethanol, and DI water, then 5 μL of NH2-MWCNT-BP-
AgNPs mixture was dropped on the surface of GCE and dried under
infrared light.

2.4. Real sample preparation

The bovine serum was collected from the college of animal science
and technology in Jiangxi Agricultural University and diluted with
0.1 M PBS (pH=7.0). Subsequently, an aliquot 5mL of the test solu-
tion was added into the electrolytic cell for simultaneous determination
of UA, XT and HX by DPV method using NH2-MWCNT-BP-AgNPs/GCE.

3. Results and discussion

3.1. Morphological and spectra characterization of NH2-MWCNT-BP-
AgNPs

The morphology and microstructure of ultrasonic-liquid phase
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exfoliated BP-AgNPs and NH2-MWCNT-BP-AgNPs were further char-
acterized by SEM, TEM combined with EDS. Large and ultra-thin BP
nanosheets can be readily observed (Fig. 1A) and the nanosheets
formed visible wrinkled structure comprising few-layer sheets (Fig. 1B)
due to an-isotropic performance of intrinsic black phosphorus (Li et al.,
2014; Wood et al., 2014). The special structure supported an ideal
condition for anchoring of different small molecules to improve the
defects of BP and thus giving potential functionalism to BP nanosheets
(Gusmão et al., 2018b). As seen in Fig. 1F, AgNPs were successfully
anchored and well-dispersed on the surface of BP nanosheets. Corre-
sponding EDS image (Fig. S2) certificated that the volume of O element
was negligible with the presence of AgNPs in BP nanosheets, suggesting
that after the redox reaction between BP and Ag+ (Cho et al., 2017;
Wang et al., 2018b), AgNPs anchored on the BP surface and the for-
mation of AgPxOy kept the BP from decomposition. The morphology of
the NH2-MWCNT-BP-AgNPs was shown in Fig. 1C, NH2-MWCNT had
successfully covered on the surface of BP nanosheets. When simulta-
neously introduced Ag+ and NH2-MWCNT into the modification pro-
cess, thin flake-like sheet structure originated from BP and twisted
tubular structure originated from NH2-MWCNT can be clearly observed
(Fig. 1G), the few-layered BP nanosheets with large surface area served
as a two-dimension substrate for the composition and growth of NH2-
MWCNT.

XPS spectra were also carried out to certificate the surface compo-
sition of the BP-AgNPs and NH2-MWCNT-BP-AgNPs nanohybrid. As
shown in Fig. 1I, none of Ag, P and O can be observed in initial NH2-
MWCNT while Ag, P, C, and O were all detected in NH2-MWCNT-BP-
AgNPs. Besides, the high-resolution Ag 3d spectrum of NH2-MWCNT-
BP-AgNPs located at 367.7 eV (Ag 3d5/2) and 373.7 eV (Ag 3d3/2) and
the slitting of the 3d doublet of Ag was 6.0 eV, which ascribed to me-
tallic silver (Ag0) and well confirmed the presence and statue of Ag in
the nanocomposite. Interestingly, the complex of NH2-MWCNT-BP-
AgNPs was evidenced through the decrease in the binding energy

values of 3d doublet when compared to their initial values in BP-AgNPs
as 368.4 eV and 374.4 eV, respectively (Fig. 1J). Fitting analysis showed
that the P 2p peaks of NH2-MWCNT-BP-AgNPs could be deconvoluted
into four peaks at 129.5, 130.4, 133.3 and 134.3 eV. The peaks at 129.5
and 130.4 eV were relative to P 2p3/2 and P 2p1/2 of the P═P bonds,
which are typical characteristic of crystalline BP. In addition, the peaks
at 133.3 and 134.3 eV were ascribed to P─O─P and O─P─O, which
originated from oxygen defects or surface suboxides on the BP surfaces.
Moreover, the two changed O1s peaks in both BP-AgNPs and NH2-
MWCNT-BP-AgNPs at binding energy of 530.9 and 532.4 eV were as-
signed to P═O and P─O─H while the weak oxidation peak at 533.5 eV
may rise from P─Ag. (Fig. 1L). These results revealed that the collective
introduce of Ag nanoparticles and NH2-MWCNT will constitute a pro-
tective layer that prevented degradation of BP under the condition
containing water and consequently leading to excellent stability.

3.2. Water dispersibility, electrochemical characterization and stability

The dispersibility of BP-AgNPs and NH2-MWCNT-BP-AgNPs in or-
ganic solvent and aqueous solution can be seen in Fig. S3, both BP-
AgNPs and NH2-MWCNT-BP-AgNPs showed good dispersibility at first,
after being place for a while, the composites in NMP solution pre-
cipitated but kept the initial statue in water or CMC solution, demon-
strating that BP-AgNPs possessed satisfactory dispersibility in water.
What's more, CMC served as an exceeding dispersant and stabilizing
agent not only prevented the aggregation but also improved the water
dispersibility and stability of NH2-MWCNT-BP-AgNPs.

To investigate the interface properties of the modified electrode,
electrochemical impedance spectroscopy (EIS) was carried out in 5mM
[Fe(CN)6]3−/4− containing 0.1 M KCl. The electron transfer kinetics of
[Fe(CN)6]3−/4− at bare GCE (a), BP-AgNPs/GCE (b), NH2-MWCNT/
GCE (c) and NH2-MWCNT-BP-AgNPs/GCE (d) were displayed in
Fig. 2A. EIS curve usually includes a semicircle part and a linear part,

Fig. 1. Typical SEM (A–D) and TEM (E–H) images of BP-AgNPs and NH2-MWCNT-BP-AgNPs at different scales and corresponding XPS spectra (I–L).
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the former at high frequencies relates to the electron transfer limited
process, in conformity to the charge transfer resistance (Rct), while the
latter at low frequencies relates to the diffusion process. The Rct could
be estimated by the diameter of the semicircle in Nyquist plots of EIS
and ordered as below: GCE > BP-AgNPs > NH2-MWCNT≈NH2-
MWCNT-BP-AgNPs, which demonstrated that NH2-MWCNT-BP-AgNPs
was smoothly immobilized on the surface of GCE and had better elec-
trochemical property. In terms of the rate-limiting step (diffusion or
adsorption) and heterogeneous electron-transfer rates in 5mM [Fe
(CN)6]3−/4− containing 0.1 M KCl could be seen in Fig. S4, both peaks
kept practically unchanged shapes from 10 to 500mV s−1. The anodic
and cathodic currents of the faradaic process increased linearly with
square roots of scan rate (v1/2) and the plots of Ip,a vs v1/2, Ip,c vs v1/2

were found to linear with slopes of 1.030 (R2=0.982) and −0.885
(R2=0.988), respectively, which revealed a diffusion-controlled pro-
cess.

Besides, the cycle stability of BP-AgNPs and NH2-MWCNT-BP-
AgNPs were compared by performing successive CV for 100 cycles in
5mM [Fe(CN)6]3−/4− containing 0.1M KCl. It's obvious to see the
significantly changing CVs of BP-AgNPs and almost unchanged CVs of
NH2-MWCNT-BP-AgNPs during the 100 cycles tests (Fig. 2B and C). For
BP-AgNPs, the relative standard deviation (RSD) values of Ip,a and Ip,c
were 1.36% and 1.22%, while the RSD values of Ip,a and Ip,c belonged to
NH2-MWCNT-BP-AgNPs were 0.37% and 0.35%, respectively. The

negligible variation suggested the superior cycle stability of NH2-
MWCNT-BP-AgNPs, which is consistent with the observation from the
overlap figures (Fig. S5) about the first cycle and the 100th cycle of BP-
AgNPs and NH2-MWCNT-BP-AgNPs. To investigate the long-term sta-
bility of NH2-MWCNT-BP-AgNPs nanocomposite in ambient environ-
ment, the modified electrode was stored at 4 °C and tested every day,
while subsequent oxidation peak current analysis yielded more than
90% of their initial values, indicated that the as-prepared sensors had
good storage stability and did not undergo surface fouling. All these
results suggested that NH2-MWCNT-BP-AgNPs nanocomposite had
better electrochemical cycle stability in aqueous solution containing
oxygen and showed long-term stability.

3.3. Electrochemical behavior of UA, XT and HX

The sensing performance of bare GCE (a), BP-AgNPs/GCE (b), NH2-
MWCNT/GCE (c), and NH2-MWCNT-BP-AgNPs/GCE (d) in 0.1M PBS
(pH=7.0) by DPV (Fig. 3). At bare GCE, only a broad peak at 0.72 V
can be seen while the oxidation peaks corresponding to UA and HX
cannot be identified clearly. Thus, it is almost impossible to use bare
GCE for simultaneous determination of these analytes even in high
concentration (curve a). When modified with BP-AgNPs, HX can be
identified and the Ep,a of UA and XT both shift negatively (curve b). In
addition, outstanding signal amplification capacity for UA, XT, HX can

Fig. 2. (A) Nyquist plots of bare GCE (a), BP-AgNPs/GCE (b), NH2-MWCNT/GCE (c) and NH2-MWCNT-BP-AgNPs/GCE (d); Cathodic scan 100 CVs of (B) BP-AgNPs
and (C) NH2-MWCNT-BP-AgNPs at 50mV s−1 within the potential window. (D) The oxidation peak currents of NH2-MWCNT-BP-AgNPs/GCE in 15 days. All the tests
were done in 5mM [Fe(CN)6]3−/4− containing 0.1M KCl.
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be observed at NH2-MWCNT/GCE (curve c) and NH2-MWCNT-BP-
AgNPs/GCE (curve d), both overpotential at the modified electrodes
reduced, which is consistent with the performance of nanozyme (Nasir
et al., 2017). Compared with NH2-MWCNT/GCE, the peak-to-peak
spacing of UA-XT, XT-HX and UA-HX were 0.39 V, 0.34 V and 0.72 V,
indicated that it could be used in selective and simultaneous determi-
nation of the three analytes in their mixture.

3.4. Parametric optimization of NH2-MWCNT-BP-AgNPs nanosensor

The effects of scan rate (v) on the peak currents (Ip,a) were in-
vestigated to study the kinetics of the electrode reaction. Fig. S6 showed
the CVs of UA (60 μM), XT (60 μM) and HX (60 μM) at NH2-MWCNT-
BP-AgNPs/GCE in 0.1M PBS (pH=7.0) with the scan rates from 10 to
100mV s−1. In pace with the increase of scan rate, the oxidation peak
current increased obviously and the relevant potential shifted towards a
more positive potential as well (Fig. S6A). Apart from this, three
bending curves of v-Ip,a that belonged to UA, XT, and HX in Fig. S6B and
corresponding linear curves between v1/2-Ip,a in Fig. S6C revealed that
there was a diffusion-controlled process for the three analytes on the
electrode (Zhang et al., 2015). Besides, the linear relationship between
Ep,a and lnv of UA, XT and HX could be expressed as: Ep,a=0.011 lnv +
0.260 (R2=0.951), Ep,a=0.022 lnv + 0.260 (R2= 0.994),
Ep,a = 0.024 lnv + 0.905, (R2= 0.993), respectively (Fig. S6D), and
Ep,a could be calculated from the equation of Laviron theory (Laviron,
1979):

⎜ ⎟= + ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

+ ⎛
⎝

⎞
⎠

Ep a E RT
αnF

RTk
αnF

RT
αnF

v, ln ln0
0

where Ep,a is the peak current potential (V), α is the transfer coefficient,
k0 is the rate constant of the reaction, v is the scan rate, E0 is the formal
standard potential, n is the electron-transfer number, R, T, and F are
constant and have their usual meanings (R=8.314 Jmol−1 K−1,
T=298 K, and F=96,485 Cmol−1). So the value of αn can be calcu-
lated from the slope of Ep,a-lnv, which were 2.33, 1.16, 1.06 and cor-
responding to UA, XT, and HX. According to the Tafel plot (Fig. S7, Fig.
S8), α were evaluated as 0.60, 0.56 and 0.58. Thus, the electron-

transfer numbers during the whole process were 4, 2, 2 for UA, XT and
HX, which was accord with the previous reports (Struck and Elving,
1965; Dryhurst, 1972).

3.5. Oxidase -like characteristic of NH2-MWCNT-BP-AgNPs for UA, XT,
and HX

DPV method was used to examine the determination of UA, XT, and
HX using NH2-MWCNT-BP-AgNPs modified electrode. With the con-
centrations of the objects increased, the oxidation peak current re-
sponses showed a linear increasing tendency at first and then displayed
a gradual deviation from linearity. Moreover, the reciprocal of peak
response currents was proportional to the reciprocal of analyte con-
centrations, suggesting that NH2-MWCNT-BP-AgNPs has the oxidase-
like characteristic (nanozyme) for the electrocatalytic oxidation of UA,
XT, and HX.

The apparent Michaelis-Menten constant Km is a characteristic of
biological enzymes, which depicts the enzyme-substrate kinetics of
electrochemical enzyme sensors (Liu et al., 2011; Wen et al., 2012) Km

was calculated from the Lineweaver-Burk equation as follows:

= +
I

K
I C I

1 1 1m

max max

where I is the response current, C is the concentration of the analyte,
and Imax is the apparent maximum response current. From the curve of
Lineweaver-Burk graphs obtained by obtained by1/I versus 1/C plots,
Km and Imax was estimated.

Take UA as an example, the peak oxidation current increased along
with the increase of the concentration of UA from 0.1 to 800 μM
(Fig. 4A), while the increments become less and gradually trend to be
gentle (inset in Fig. 4B). Then the graphs of was plotted (Fig. 4B), values
of Km and Imax of NH2-MWCNT-BP-AgNPs for UA were estimated as
522.14 μM and 45.45 μA. Similarly, from 0.5 to 680 μM of XT, values of
Km and Imax of NH2-MWCNT-BP-AgNPs were 1160.125 μM and 125 μA
(Fig. 4D) while values of Km and Imax of NH2-MWCNT-BP-AgNPs were
for HX were 28.39 μM and 4.74 μA (Fig. 4F) from 1 to 300 μM. The Imax

is a measure of enzymatic affinity for its substrates, which is inversely
proportional to enzymatic affinity for its substrates, indicating that the

Fig. 3. DPVs of UA (60 μM), XT (60 μM) and HX (60 μM) at bare GCE (a), BP-AgNPs/GCE (b), NH2-MWCNT/GCE (c) and NH2-MWCNT-BP-AgNPs/GCE (d) in 0.1M
PBS (pH=7.0).
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effectiveness of this approach in creating high affinity synthetic cavities
with binding sites for target molecules due to the interaction between
NH2-MWCNT-BP-AgNPs and analyte.

3.6. NH2-MWCNT-BP-AgNPs nanozyme for simultaneous sensing of UA,
XT and HX

The determination of three analytes was performed in a range from

0 to 1.4 V in 0.1 M PBS (pH=7.0), when the concentration of one
molecular increased and kept the other two subjects unchanged. As
shown in Fig. 5A, while maintaining the concentration of XT and HX
steadily as 30 and 40 μM respectively, the oxidation peak current of UA
increased with the increase of its concentration from 0.3 to 500 μM. No
obvious interference can be found for the determination of UA with the
coexisting of other two analytes. Similarly, the trend of both XT from
0.3 to 500 μM in the presence of 30 μM UA and 40 μM HX, and HX from

Fig. 4. DPVs of different concentration levels (A) UA (0.1–800 μM), (C) XT (0.5–680 μM), and (E) HX (0.7–320 μM) at NH2-MWCNT-BP-AgNPs/GCE in 0.1M PBS
(pH=7.0). Scatchard plots of (B) UA (2–800 μM), (D) XT (1–680 μM) and (F) HX (1–320 μM), respectively. Insets: relationships between Ip,a and various con-
centrations of UA, XT and HX.
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0.7 to 320 μM in the presence of 40 μM UA and 40 μM XT are same as
UA. The LOD of UA, XT and HX were estimated to be 0.052, 0.021, and
0.025 μM (S/N=3), and the regression equations have been deduced
as: Ip,a = 0.028C + 0.092 (R2=0.993) for UA from 0.3 to 250 μM
(Fig. 5B), Ip,a = 0.077C + 0.042 (R2=0.996) for XT from 0.3 to
120 μM (Fig. 5D) and Ip,a = 0.047C + 0.068 (R2=0.990) from 1 to
100 μM (Fig. 5F), respectively, and the sensitivity was assessed by the

slope of calibration plot, their sensitivities were 0.028 μA μΜ−1 for UA,
0.077 μA μΜ−1 for XT, and 0.047 μA μΜ−1 for HX. What's more,
electrochemical sensors for simultaneous detection of UA, XT and HX
were compared between LOD, linear range and sensitivity (Table S2).
Accord with Lineweaver-Burk equation and process biomattic enzyme
characteristics, it's clearly that NH2-MWCNT-BP-AgNPs can be used as a
novel nanozyme to detect UA, XT and HX.

Fig. 5. DPVs obtained for various concentrations of (A) UA (0.3–500 μM) in the presence of 30 μM XT and 40 μM HX, (B) XT (0.5–500 μM) in the presence of 30 μM
UA and 40 μMHX and (C) HX (0.7–320 μM) in the presence of 40 μM UA and 40 μM XT at NH2-MWCNT-BP-AgNPs/GCE in 0.1M PBS (pH=7.0). Fig. 5D–F shows the
Ip,a against the concentration of UA (0.3–250 μM), XT (0.3–120 μM) and HX (0.7–320 μM), respectively. Insets: relationships between Ip,a and various concentrations
of UA, XT and HX.
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The DPV responses of the three species were recorded by simulta-
neously changing concentrations of UA, XT and HX in the mixture (Fig.
S10A). In concentration ranges of 1–150 μM each at NH2-MWCNT-BP-
AgNPs/GCE in 0.1M PBS (pH=7.0), plots of anode peak currents (Ip,a)
and concentrations of the corresponding substance (Fig. S10B) showed
similar tendency to that in single determination process, indicating the
enzyme-like characteristic (nanozyme) of NH2-MWCNT-BP-AgNPs for
UA, XT, and HX. The values of Km and Imax were 247.87 μM and
33.22 μA for UA (Fig. S10C), 96.25 μM and 31.25 μA for XT and
63.28 μM and 13.69 μA for HX.

3.7. Repeatability and reproducibility

The repeatability of the as-prepared nanozyme sensor was carried
out by measuring the peak current response of the modified electrode in
the mixed solution containing 20 μM UA, 40 μM XT and 60 μM HX in
5mL PBS (pH=7.0). RSD values for anodic peak currents of three
substances in 25 successive measurements were 2.72%, 2.69% and
2.24%, respectively (Fig. S11A). Similarly, the reproducibility was in-
vestigated by taking seven modified electrodes independently in the
mixture containing 60 μM UA, XT and HX, the results yielded RSD va-
lues of 2.03%, 1.22% and 2.31% for UA, XT and HX, respectively (Fig.
S11B).

3.8. Real sample analysis

Additionally, the practical application of the prepared NH2-
MWCNT-BP-AgNPs nanozyme for simultaneous determination of UA,
XT and HX was performed in the samples of bovine serum by utilizing
the standard addition method. The three analytes of UA, XT and HX
were simultaneously detected using DPV method and the recoveries
obtained from spiked samples were between 90.9% and 109.7%
(Table 1), which suggested that the proposed method can be utilized in
determination of UA, XT and HX in real samples valid with acceptable
results.

4. Conclusion

Here, by using Ag+ and NH2-MWCNT as the modifiers, high en-
vironmental stable and water-processable NH2-MWCNT-BP-AgNPs na-
nocomposite was fabricated, which was then characterized using SEM,
TEM, EDS and XPS and further applied in single and simultaneous de-
termination of UA, XT and HX through electrochemical method. The
NH2-MWCNT-BP-AgNPs with high conductivity and electrocatalytic
capacity not only solved the common and urgent problems of BP na-
nosheets but also displayed enzyme-like kinetics and characteristics as
natural enzymes. Remarkable increase of oxidation peak currents and
negative-shift potentials at NH2-MWCNT-BP-AgNPs/GCE clearly de-
monstrated that the nanocomposite could be used as an effective ad-
ditive to promote the kinetics of UA, XT and HX in the electrochemical
process. Moreover, the NH2-MWCNT-BP-AgNPs modified electrode
showed exceptional cycle stability, reproducibility and repeatability in
the electrochemical process, combined with the acceptable recoveries
of real samples, the nanocomposite provided a promising alternative in
routine sensing applications of UA, XT and HX.
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