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g r a p h i c a l a b s t r a c t
� 2D bimetallic NiZn-MOF NSs with
tunable Ni/Zn ratios were
synthesized.

� NiZn-MOF NSs were for the first time
utilized to construct a tyrosinase
biosensor.

� The fabricated biosensor exhibited a
high sensitivity and an ultralow
phenol detection limit.

� Zn element significantly enhanced
the enzyme immobilization and bio-
sensing activity of the bimetallic
MOFs.
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a b s t r a c t

Environmental monitoring of pollutants is essential to guarantee the human health and maintain the
ecosystem. The exploration of both simple and sensitive detection method has aroused widespread at-
tentions. Herein, 2D bimetallic metal organic framework nanosheets (NiZn-MOF NSs) with tunable Ni/Zn
ratios were synthesized, and for the first time employed to construct a tyrosinase biosensor. It is revealed
that Zn element not only tuned the porosity structure and electronic structure of MOF NSs, but also
modified their electrochemical activity. As a result, enzyme immobilization and electrochemical sensing
performance of the NiZn-MOF NSs based biosensor were significantly enhanced by a suitable Zn addi-
tion. The fabricated tyrosinase biosensor exhibited excellent analytical detections, with a wide linear
range from 0.08 mM to 58.2 mM, a high sensitivity of 159.3 mA M�1, and an ultralow detection limit of
6.5 nM. In addition, the proposed biosensing approach also demonstrated good repeatability, superior
selectivity, long-term stability, and high recovery for phenol detection in the real tap water samples.

© 2020 Elsevier B.V. All rights reserved.
i), wangjing@th.btbu.edu.cn
1. Introduction

Phenol is an important reagent that has been widely used for
production of various chemicals, including plastics, pharmaceuti-
cals, petrochemicals, pesticides, and so on [1,2]. However, phenol
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that released from chemical plants or landfill leachate pollutes the
ground and surface water. Phenol has been marked as a dangerous
material towards both nature and living organisms, since even a
trace amount of phenol could cause muscular retardation, dizzi-
ness, vomiting, or liver and kidney damage [3]. The US Environment
Protection Agency (EPA) and the European Union (EU) assigned the
maximum amount of phenol compounds in fresh water as
0.5 mg L�1 and 0.1 mg L�1, respectively [4]. For this reason, the rapid
and accurate detection of phenol in water is significantly crucial for
the sustainable management of water resources in the whole
society.

Traditional analytical methods, such as high performance liquid
chromatography-fluorescence detector [5,6], liquid chromatog-
raphy mass-spectrometry [7], and gas chromatography-mass
spectrometry [8], have been adopted for the detection of phenol
compounds. However, these methods require experienced techni-
cians, time-consuming sample preparations or expensive equip-
ment, largely hindering their applications in emergent detections
and on-site monitoring. In this connection, electrochemical bio-
sensors are more advantageous for their low cost, fast response,
and simplified operation [9]. With the aid of tyrosinase (Tyr,
enzyme), phenol can be oxidized into quinone species and then
reduced on the electrodes, generating characteristic electro-
chemical signals for the biosensor detection [10]. When con-
structing a electrochemical biosensor, electrode materials are
essential to amply the electrochemical signals and enhance the
detection performance [11]. Hence, various nanomaterials (such as
graphene [12], carbon nanotubes [13] and noble metal particles
[14]) have been explored, with good electrocatalytic activity, par-
ticle homogeneity, binding affinity with electrodes, and biocom-
patibility. However, their inadequate anchoring sites or low
detection sensitivity significantly impede practical applications for
these biosensors.

Metal-organic frameworks (MOFs) are a rising class of porous
nanomaterials constructed by metal ions/clusters and organic
linkers, and have shown their promising applications in the gas
sorption and separation, catalysis, energy storage, chemical sen-
sors, cancer therapy, and drug delivery [15e17]. Notably, owing to
their large specific surface area, multiple chemical functionality,
adjustable pore size, and strong affinity toward biomolecules,
MOFs-based biosensors have been widely explored for the detec-
tion of various analytes [18]; plus, apparent interactions, including
p-p stacking, hydrogen bonding, and electrostatic force, can be
formed between the functional groups (-NH2 or eCOOH) in MOFs
linkers and probe biomolecules, making MOFs excellent platforms
for biomolecules and drug delivery systems in the environment or
medicine applications. Up to date, a wide range of MOFs have been
applied in the electrochemical biosensors, mainly focusing on the
zeolitic imidazolate frameworks [19] (ZIF-70, ZIF-7, ZIF-8, ZIF-67,
ZIF-68), MIL series (MIL-53 [20], MIL-100 [21], MIL-101 [22]), UiO
series (UiO-66 [23]), BDC MOFs [9] and so on. Nevertheless, their
biosensing applications are largely limited by their inherent
drawbacks, including unsatisfactory catalytic activity and un-
steadiness in water environments [24].

Recently, bimetallic MOFs have been widely studied in the
electrochemical biosensors and shown promising catalytic activity.
For example, Guo et al. prepared a CoMn-based MOFs/carbon
nanofibers composite for detection of a-synuclein oligomers, which
exhibited an excellent electrochemical activity and selectivity due
to the synergistic effect of Co and Mn elements [25]; Wang et al.
constructed a Tb-MOF-on-Fe-MOF conjugate as the platform for
ultrasensitive detection of carbohydrate antigen 125, presenting an
ultralow detection limitation and a high selectivity for the target
analytes [26]; Gu et al. fabricated a bimetallic ZrHf-MOFs/carbon
dots composite, which displayed remarkable sensing performance
towards HER-2 cells [27]. It is revealed that the combination of
diverse metal elements can introduce additional functionalities,
while the synergistic effect of different metals improves the bio-
catalytic activity of MOFs. However, the rational design of bime-
tallic MOFs for electrochemical biosensors is still in its infancy, and
more significantly, few bimetallic MOFs have been adopted to
detect the phenol compounds.

In particularly, Ni-based MOFs usually show high stability, cat-
alytic activity, low toxicity and good biocompatibility when used in
the electrochemical biosensors [28]. Previous work also reported
that Ni ions are conducive to adsorb strongly with the amino group
in the enzymes, benefiting for the immobilization and steadiness of
enzyme on the electrodes [29]. On the other hand, Zn ions is a non-
toxic, highly stable and biocompatible element in the MOFs mate-
rials, which has been widely used as a heterometal to modify the
morphology and catalytic activity in the alloys [30] or MOFs [16,31].
Therefore, in this work, the novel bimetallic NiZn-based MOF NSs
were prepared and, for the first time, utilized to construct a
tyrosinase biosensor. By constructing a two-dimensional (2D)
nanostructure, the 2D MOF nanosheets could render a fast mass
transport and charge transfer, as well as sufficient active sites
accessible to catalytic reactions; by tuning the Ni/Zn ratios in the
bimetallic MOFs, the promoted effect of Zn elements on the
porosity structure, electronic structure, enzyme immobilization
and phenol detection was revealed and optimized. More impor-
tantly, the fabricated biosensor exhibited remarkable detection
performance, indicating that the obtained NiZn-MOF NSs can be a
novel robust and versatile platform with a wide potential applica-
tion in biomedical detection and environmental analysis.

2. Experimental section

2.1. Reagents

Chitosan (Chi, from shrimp shells, � 75% deacetylated), tyrosi-
nase (Tyr, from mushroom, lyophilized powder, > 1000 uni-
ts$mg�1), phenol, potassium hexacyanoferrate (III) and potassium
hexacyanoferrate (II) trihydrate were purchased from Sigma-
Aldrich (USA). Nickel(II) acetate tetrahydrate (Ni(OAc)2$4H2O),
zinc(II) sulfate heptahydrate (ZnSO4$7H2O), N,N-dimethylaceta-
mide (DMAC), terephthalic acid (1,4-H2BDC), etc. were purchased
from Energy Chemical Co., Ltd. (Shanghai, China). 50 mM phos-
phate buffer solution (PBS, pH ¼ 6.0) was prepared by mixing
standard solutions of Na2HPO4 and NaH2PO4. Milli-Q water
(18 MU cm) was used throughout all electrochemical experiments.

2.2. Apparatus

The scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) were taken with a Hitachi SU8010.
Transmission electron microscopy (TEM) was performed on a JEM
2100 LaB6. Powder X-ray diffraction (XRD) patterns were obtained
on a Bruker D8 Advance instrument with a Cu Ka irradiation source
at a scanning rate of 1� per min. X-ray photoelectron spectroscopy
(XPS) was collected on a PHI5000 Versaprobe using an Al Ka X-ray
source, with the binding energies calibrated to C 1s peak at
285.0 eV. The specific surface areas and pore size distribution of
samples were evaluated on the ASAP2460 Surface Area and
Porosity Analyzer (Micromeritics), calculated by N2 sorption iso-
therms using a Brunauer-Emmett-Teller (BET) method.

All electrochemical measurements were performed on a
CHI660D electrochemical workstation (Shanghai CH Instrument,
China) using a standard three-electrode system. A modified glassy
carbon (GC, 3 mm in diameter) electrode was used as the working
electrode, an Ag/AgCl electrode as the reference electrode, and a
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platinum foil as the counter electrode. Electrochemical impedance
spectroscopy (EIS) was studied in 1 mM K3[Fe(CN)6]/K4[Fe(CN)6]
(1:1) containing 0.5 M KNO3 on a Metrohm Autolab PGSTAT 302 N
Potentioatat/Galvanostat (Eco Chemie, Netherlands) with a fre-
quency range from 0.1 Hz to 10 kHz.
2.3. Preparation of bimetallic NiZn-MOF NSs

To prepare the bimetallic NiZn-MOF NSs, 0.1 mmol
Ni(OAc)2$4H2O and 0.03 mmol ZnSO4$7H2O were first dissolved in
6mLwater. Then, 6mL DMAC solution containing 0.05mmol of 1,4-
benzenedicarboxylic acid (1,4-H2BDC) was added into the above
solution and stirred for 30 min. The well-mixed solution was then
transferred to a Teflon-lined stainless-steel container (20 mL) and
heated at 150 �C for 3 h. The obtained product, assigned to NiZn-
MOF NSs, was collected by centrifugation, washed with ethanol
and water, and dried at 60 �C for 12 h. For comparison, another two
NiZn-MOF products were also synthesized using the same method
but with different amounts of ZnSO4$7H2O (0.01 mmol and
0.05 mmol), designated as NiZn-MOF-1/3 and NiZn-MOF-5/3,
respectively. Plus, the monometallic Ni-MOF and Zn-MOF were
also prepared. A similar experimental procedure was adopted
without the addition of ZnSO4$7H2O to prepare the Ni-MOF and
without the addition of Ni(OAc)2$4H2O for Zn-MOF.
2.4. Fabrication of tyrosinase biosensor

The tyrosinase biosensor was fabricated via a facile casting
method. GC electrodewas first polishedwith alumina powders (1.0,
0.3, and 0.05 mm, sequentially), washed with Milli-Q water and
ethanol, and dried with purified nitrogen stream. Then, the tyros-
inase biosensor was prepared as follows: 20 mL of catalyst sus-
pension (NiZn-MOF, 0.8 mg mL�1) was added to 10 mL of chitosan
solution (Chi, 6 mg mL�1, dissolved in 2% acetic acid aqueous so-
lution and adjusted to pH 5.0 using 10% NaOH solution), followed
by sonication for 20 min; 10 mL of tyrosinase solution (Tyr,
10 mg mL�1 in PBS) was added to the above solution and sonicated
for 5 min. 5 mL of the above mixture was cast onto the newly pol-
ished GC electrode, producing a uniform Tyr-NiZn-MOF-Chi/GC
electrode. For storage, the fabricated GC electrode was kept in a
refrigerator at 4 �C. Before electrochemical measurements, the
prepared enzyme electrodewas immersed in 50mMPBS (pH¼ 6.0)
for 30 min to remove residual components. In the fabricated Tyr-
NiZn-MOF-Chi/GC biosensor, chitosan was added to produce a
good composite film and improve the stability of the biosensor,
owing to its excellent film-forming ability, adhesion ability, non-
toxicity and high mechanical strength properties [32]; The NiZn-
MOF served as the matrix, facilitating enzyme immobilization
owing to its high surface area and plentiful grafting groups (mainly
eCOOH on the surface [16]) to form chemical bindings or electro-
static adsorption with the enzymes.
2.5. Detection of phenol

Cyclic voltammetry (CV) measurements were conducted in pH
6.0 PBS solution at a scan rate of 100 mV s�1 ranging fromþ0.4 V to
� 0.4 V. The amperometric current-time (I-t) curves for phenol
were performed to investigate the detection performances of
different electrodes. Under an applied potential value of � 0.05 V,
the I-t curves were performed in 30mL PBS stirring with successive
addition of standard phenol solution at appropriate time intervals
at room temperature. Real water samples were also detected by
similar amperometric I-t tests.
3. Results and discussion

3.1. Characterization of bimetallic NiZn-MOF NSs

The bimetallic NiZn-MOF NSs were synthesized via a facile one-
step solvothermal method, as illustrated in Scheme 1. During this
solvothermal process, Ni2þ, Zn2þ, and 1,4-H2BDC ligands were first
nucleated, formed the NiZn-MOF nanosheets and then further
assembled into the flower-like clusters. It is noting that the flower-
like structure assembled from nanosheets renders open structure
with high specific surface areas and fast electron/mass transfer
channels, which is more favorable for high enzyme loadings and
catalytic activities (will be discussed later); plus, the plentiful
grafting groups, mainlyeCOOH, on theMOF ligands can easily form
chemical bindings or electrostatic adsorption with the enzymes,
significantly enhancing the enzyme immobilization [16].

The as-prepared NiZn-MOF NSs were first analyzed by powder
X-ray diffraction (XRD) patterns, as shown in Fig. 1A. The main
peaks are centered at 9.3�, 15.6�,18.3� and 19.1�, in good agreement
with those of nickel hydroxide terephthalate hydrate phase (JCPDS
No.035e1677) [16], indicating the successful synthesis of MOF
material. The XRD patterns in Fig. S1 show that the monometallic
Ni-MOF and NiZn-MOF share the similar XRD patterns, indicating
that the introduction of Zn2þ does not affect the crystal structure of
Ni-MOF. The morphology of NiZn-MOF NSs was then investigated
by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), revealing the flower-like cluster structure of
NiZn-MOF NSs. The clusters are a few microns in size, consisting of
ultrathin nanosheets assembled together, as shown in Fig. 1BeC.
TEM image in Fig. 1D further confirms the flower-like structure of
NiZn-MOF NSs and shows that the edges of these nanosheets tend
to curl or blend, revealing their flexible nature.

The elemental composition of NiZn-MOF NSs was subsequently
studied by energy dispersive X-ray spectroscopy (EDS, Table S1),
indicating a molar ratio of Ni/Zn is calculated to be 1.74/1. Further,
X-ray photo-electron spectroscopy (XPS) was also investigated, in
which Ni, Zn, C, and O elements were clearly identified (Fig. S2A),
confirming the synthesis of bimetallic MOF. Fig. S2B and S2C
display the high-resolution Ni 2p and Zn 2p XPS spectra, with Ni
2p3/2 at 855.6 eV and Zn 2p3/2 at 1021.8 eV, respectively. It should be
noted that all binding energies were calibrated to C 1s peak at
285.0 eV. Compared to the monometallic Ni-MOF, a clear shift to
higher energy (0.3 eV) is observed for the Ni 2p peaks in the
bimetallic NiZn-MOF NSs; whereas, a negatively shift is observed
for the Zn 2p spectra, indicating the charge transfer between the
metal ions and the surrounding atoms, causing Ni2þ more posi-
tively charged and Zn2þ less positively charged. It is speculated that
the charge transfer may be resulted from the interaction or syn-
ergistic effect of these two metal ions. Similar phenomena were
also reported in previous NiFe-LDH/MXene work [33] and noble
metal supported CoO(OH), which could significantly prompt the
catalytic activity of samples [34].

A series of NiZn-MOF were also studied by adopting a fixed Ni2þ

amount (0.1 mmol) and varied Zn2þ amounts (0.01e0.05 mmol) in
the precursors (see Experimental section). NiZn-MOFs withlower
Zn2þ loadings (NiZn-MOF-1/3 and NiZn-MOF) present a similar
nanosheet structure as the Ni-MOF (Fig. S3A-B, Fig. 1C), indicating
the evenly incorporation of Zn2þ ions in the Ni-MOF crystal;
however, the NiZn-MOF with higher Zn2þ loading (NiZn-MOF-5/3)
shows a much thicker sheet structure (Fig. S3C), revealing that high
concentration of Zn2þ increases the thickness of the nanosheets in
MOF. To further analyze the porosity features of samples, nitrogen
adsorption/desorption isotherms were carried out (Fig. S4). The
MOF samples show type IV isotherms with obvious hysteresis loops
at a range of 0.4e1.0 in the relative pressure, suggesting the



Scheme 1. (A) Schematic diagram of the synthetic procedure for NiZn-MOF NSs and the tyrosinase biosensor. (B) Electrochemical reactions occurred in the NiZn-MOF NSs modified
GC electrode.

Fig. 1. (A) XRD patterns of NiZn-MOF NSs. Typical SEM (BeC) and TEM (D) images of NiZn-MOF NSs.
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existence of mesopores in these materials [35,36]. The specific
surface areas (SBET) are as follows: 30.3 m2 g�1 for Ni-MOF,
37.6 m2 g�1 for NiZn-MOF-1/3, 40.1 m2 g�1 for NiZn-MOF,
16.6 m2 g�1 for NiZn-MOF-5/3, and 11.2 m2 g�1 for Zn-MOF.
These values indicate that the inclusion of Zn2þ slightly increased
the SBET of the MOFs, with NiZn-MOF sample having the largest
value. The SBET results are consistent with the morphologies of the
MOF NSs (SEM characterizations in Fig. 1 and Fig. S3).

3.2. Electrochemical performance of NiZn-MOF NSs based biosensor

The electrochemical activity and electron transfer properties of
as-constructed biosensor are largely affected by its conformation
and structure. Therefore, cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) measurements were first
conducted in 1 mM Fe(CN)63�/4� solution (containing 0.5 M KNO3),
revealing the interfacial properties of the nanocatalyst-modified
electrode. As shown in Fig. 2A, an apparent pair of redox peaks
(0.1e0.35 V) are observed at the bare GC electrode, attributing to
the fast redox reaction of Fe(CN)63�/4� ions. However, the peak
currents are significantly suppressed at the Tyr-Chi/GC electrode,
mainly resulted from the formation of a thick Tyr-Chi film on the
electrode and the blocked conductivity [37]. When adding NiZn-
MOF NSs into the Tyr-Chi film, the current responses are signifi-
cantly enhanced, indicating the high biocatalytic activity of NiZn-
MOF nanocatalyst.

Fig. 2B displays the EIS plots of the electrodes, which can be
divided into a semicircular part at the high frequency and a linear
part at the low frequency. The linear part links to the diffusion
process, and the semicircular part discloses the electron transfer
process [38e40]. The diameter of the semicircular part equals to
the electron transfer resistance, and reveals the blocking behavior
of the redox couple at themodified electrode [41,42]. The plot of the
bare GC electrode is nearly a straight line, indicating a diffusion-



Fig. 2. (A) CV curves of different electrodes in 1 mM Fe(CN)63�/4� solution containing 0.5 M KNO3 at a scan rate of 100 mV s�1. (B) Nyquist plots of different electrodes in 1 mM
Fe(CN)63�/4� containing 0.5 M KNO3.
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limited process and a fast electron transfer rate. The Tyr-Chi/GC
electrode shows a large semicircle in the EIS plot, indicating a
significantly impeded electron transfers between Fe(CN)63�/4� and
the electrode surface due to the formation of a Tyr-Chi layer. Even
though the chitosan could reduce the electron transfer rate on the
electrode surface, it is still an indispensable component for enzyme
biosensors when the good film-forming ability and a biocompatible
microenvironment are required [43]. Nevertheless, after adding
NiZn-MOF NSs into the Tyr-Chi layer, a much smaller semicircle of
the plot is observed than that of the Tyr-Chi/GC electrode, revealing
significantly improved electron transfer on the electrode by the
modification of NiZn-MOF NSs.

The electrochemical activity of the Tyr-NiZn-MOF-Chi/GC elec-
trode was then characterized by CV in the presence of phenol.
Fig. S5A is the CV plots of the Tyr-NiZn-MOF-Chi/GC in N2-saturated
PBS aqueous solution at various scan rates. It is clear that the ob-
tained cathodic and anodic peak currents increase linearly with the
increase of scan rates from 40 to 200 mV s�1 (Fig. S5B), implying a
surface-controlled electrochemical process and fast electron
transfer between the enzyme and GC electrode [44]. Fig. 3 presents
CV curves of the Tyr-NiZn-MOF-Chi/GC biosensor with and without
the addition of phenol in air-saturated PBS solution. After adding
phenolaqueous solution. After the addition of phenol, the redox
currents increase obviously, suggesting that the tyrosinase cata-
lyzed redox reaction occurred on the surface of electrode with a
high biocatalytic activity for phenol substrate. Note that a large
Fig. 3. CV curves of the Tyr-NiZn-MOF-Chi/GC biosensor with and without the addi-
tion of phenol (3 mM) in air-saturated 50 mM pH 6.0 PBS at 100 mV s�1.
current response toward phenol was detected from the potential
of �0.05 V vs. Ag/AgCl. To reduce background noises and obtain a
low detection limit, we selected �0.05 V vs. Ag/AgCl as the detec-
tion potential for further amperometric measurements.

The current response of the electrochemical biosensors strongly
relies on the experimental conditions, such as pH value, nano-
catalyst loaded or enzyme mass [45]. For this reason, the effect of
pH on the biosensor response was examined in the 10 mM
phenolþ50 mM PBS system (Fig. S6A). The maximum current
response of the biosensor reaches at pH 6.0 and the current
response decreases at pH > 6 or pH < 6 conditions. Thus, a neutral
condition (pH 6.0) is selected in the further experiments to achieve
a higher enzyme activity. Plus, biosensor responses towards the
enzyme concentrations were also studied (Fig. S6B). The biosensor
current increases as the tyrosinase concentration increases,
achieving a maximum value at 10 mg mL�1; whereas, the current
decreases gradually with the tyrosinase concentration further in-
creases. As we know, a low enzyme loading is insufficient to cover
the surface of the electrode entirely, weakening the whole catalytic
reaction; however, a large enzyme loading would increase the
thickness of the composite film and impede electron transfer in the
catalytic reaction. Fig. S6C discloses the effect of NiZn-MOF con-
centration on the biosensor response. When the concentration of
NiZn-MOF nanocatalyts increase from 0.2 to 0.8 mg mL�1, the
current response is significantly enhanced; on the other hand, the
current response of the biosensor decreases after the concentration
of NiZn-MOF is beyond 0.8 mg mL�1. It is speculated that the NiZn-
MOF amount affects the porous structure in the composite film,
which would change the electron transfer process and the bio-
catalytic activity of the biosensor, showing an optimized current
response towards the NiZn-MOF amounts. In the composite film,
chitosan was added to improve the film-forming ability of the
biosensor and to facilitate the enzyme immobilization. According to
Fig. S6D, the optimized concentration of chitosan in the composite
film is 6 mgmL�1. Lower chitosan amount is not benefit for the film
formation; while larger amount increases the thickness of the film
and hinders the electron transfer in the film. In sum, 10 mg mL�1 of
tyrosinase, 0.8 mg mL�1 of NiZn-MOF and 6 mg mL�1 of chitosan
were utilized in the subsequent experiments.

The detection mechanism of the nanocatalyst-based tyrosinase
biosensor has been reported in previous works [32,46,47]. With the
presence of oxygen and tyrosinase, phenol is first oxidized into the
corresponding o-diphenol, which would be further oxidized into o-
quinone. Then, o-quinone is electrochemically reduced to o-
diphenol on the electrode surface to cyclically amplify the elec-
trochemical signals. Based on this mechanism, a detection mech-
anism of the NiZn-MOF based tyrosinase biosensor was plotted in
Scheme 1B. It is worth noting that the ultrathin nanosheet
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structure and the plentiful grafting groups (mainly eCOOH [16]) of
the NiZn-MOF are favorable for the enzyme immobilization, while
the sufficient catalytic sites (metal ions) promote catalytic re-
actions, making NiZn-MOF an excellent platform for biosensors.

Fig. 4A shows the amperometric current-time responses of the
Tyr-NiZn-MOF-Chi/GC and Tyr-Chi/GC biosensors at �0.05 V with
the successive additions of phenol in PBS under constant stirring.
Both electrodes present quick and clear current response with the
increase of phenol concentrations. It is notable that the current
response of Tyr-NiZn-MOF-Chi/GC electrode is significantly larger
than that of Tyr-Chi/GC electrode, verifying that the NiZn-MOF NSs
modified electrode processes much a high biocatalytic activity. The
response time of Tyr-NiZn-MOF-Chi/GC is less than 5 s (achieving
94% of steady state current), indicating a fast mass transport and
charge transfer process can be accomplished between the enzyme
and phenol substrate. The open structure of NiZn-MOF could aid
the diffusion of phenol on the tyrosinase surface, realizing a rapid
bio-electrocatalytic reaction (see Scheme 1). The corresponding
calibration curves of steady-state currents versus phenol concen-
trations were plotted in Fig. 4B. The currents linearly increase with
the growing of phenol contents, with a wide linear range from
0.08 mM to 58.2 mM, and the responding sensitivity is 159.3mAM�1.
These data are apparently much better than the previous metal
particles [48], carbon nanotube [14] or graphene [12] modified
tyrosinase electrodes, as listed in Table 1. The detection limit is
another indicator for the biosensor properties. The estimated
detection limit for NiZn-MOF NSs based biosensor is only 6.5 nM at
a signal-to-noise ratio of 3, which is significantly much lower than
the reported values (Table 1), demonstrating the remarkable
detection performance of NiZn-MOF NSs in this work.

To better understand the catalytic mechanism of the bimetallic
MOF nanocatalysts, the electrochemical activity of NiZn-MOF-1/3
(with less Zn2þ loading) and NiZn-MOF-5/3 (with more Zn2þ

loading) were also conducted. As shown in Fig. 5 and Table S2, both
electrodes show lower current responses and sensitivity
(134.3 mA M�1 for NiZn-MOF-1/3; 92.9 mA M�1 for NiZn-MOF-5/
3), compare to NiZn-MOF sample (159.3 mA M�1), revealing an
optimal Zn2þ loading to achieve the best electrochemical activity.
Plus, the sensitivity of NiZn-MOF-1/3 modified electrode is signif-
icantly higher than the pristine Ni-MOF (90.2 mA M�1), disclosing
that the addition of Zn2þ could significantly improve the catalytic
activity of MOF material. However, when introducing higher Zn2þ

content (as illustrated in NiZn-MOF-5/3), the electrochemical ac-
tivity would be reduced, with the lowest sensitivity in pure Zn-MOF
(only 80.5 mA M�1). These results demonstrated that Zn element
plays a promoted effect on the electrochemical activity in the
bimetallic MOF nanocatalyst.

Based on the results discussed above, we speculate that the best
Fig. 4. (A) Amperometric I-t curves of the Tyr-NiZn-MOF-Chi/GC electrode with successive a
(B) The corresponding calibration curves of steady-state currents versus phenol concentrat
catalytic activity of the NiZn-MOF may be attributed to the
following points: (1) Ultrathin nanosheet structure and the
improved specific surface area. SEM observations demonstrated
that NiZn-MOF remained the ultrathin nanosheet structure as the
pristine Ni-MOF (Fig. 1 and Fig. S3) but exhibited a higher SBET value
than the other samples (Fig. S3), revealing the improved porosity
structure after the inclusion of Zn2þ, which could enhance the
enzyme immobilization (by forming chemical bindings or electro-
static adsorption with the plentiful grafting groups, mainly
eCOOH) [16]. (2) Synergistic effect of the two metal elements. The
enhanced catalytic activity was reported in the bimetal alloys [54]
or bimetallic MOF materials [55] based electrocatalytic reactions,
mainly attributed to the synergistic effect of two metal elements
andmodified electronic structure by the strong interplay effect (see
XPS results in Fig. S2). (3) Improved conductivity of the MOF
electrodes. EIS plots of different MOF electrodes were measured,
and the fitted equivalent circuit diagram was plotted (insert) in
Fig. S7. The fitted data is listed in Table S3. The electron transfer
resistance (R2) values are in the consequence: NiZn-MOF-1/3
(0.399 kU) < NiZn-MOF (0.408 kU) < Ni-MOF (1.000 kU) < NiZn-
MOF-5/3 (1.200 kU) < Zn-MOF (1.840 kU). This data indicates that
the lower Zn2þ loadings could significantly improve the electron
transfers between the enzyme and the electrode, while NiZn-MOF
with high Zn2þ loading and pristine Zn-MOF show much higher R2
values, further explaining their poor electrochemical biocatalytic
performances.
3.3. Reproducibility, selectivity, stability and real sample
application of the biosensor

The repeatability and reproducibility of biosensors are critical
factors for real-life applications [37]. The repeatability of Tyr-NiZn-
MOF-Chi/GC electrode was tested by continuously measuring their
current response to 3 mM phenol. The current response of the
biosensor was performed in 11 consecutive measurements, and the
relative standard deviation (RSD) value for the electrodes is 2.23%,
revealing the good repeatability of the fabricated biosensor. Simi-
larly, three different electrodes were conducted to evaluate the
electrode-to-electrode manufacturing reproducibility. The RSD
value for the three individual biosensors is 1.84%, showing the
excellent inter-electrode reproducibility.

Another important issue in the use of biosensors is their selec-
tivity, that is, their anti-interference ability to other substances [56].
We used some common interfering substances to detect the
distinction between phenol and target molecules. Fig. S8 shows
when adding dropwise 3 mMphenol, there was a significant change
in current, and when adding its 100 times concentration of Kþ,
Mg2þ, Ca2þ, Fe3þ, Zn2þ, SO4

2�, PO4
3�, CO3

2�, NO3
�, 10-fold excess of
dditions of phenol in a 50 mM PBS (pH ¼ 6.0) at a potential of � 0.05 V versus Ag/AgCl.
ions.



Table 1
A comparison of the sensing performance in this work and previous works.

Modified electrode Analyte Linear range (mM) Sensibility (mA$M�1) Detection
Limit (nM)

Reference

Tyr-NiZn-MOF/GCE Phenol 0.08e58.2 159.3 6.5 This work
Tyr-GO-ZnO/GCE Phenol 5e175 e 2.2 [49]
Tyr-MWNTs/GCE Phenol 0.4e10 e 200 [50]
Tyr-Au-HA/GCE Phenol 0.07e5 1.77 10 [48]
Tyr-CNTs/Au NPs Phenol 0.01e0.2 131 2.94 [14]
Tyr-Graphene-Aminoac/GCE Phenol 0.001e21 4.08 0.35 [12]
Tyr-EDS-NHS/GCE Phenol 0.5e30 8 260 [51]
Tyr-Thionine/CPE BPA 0.15e45 85.4 150 [52]
Tyr-CNTs/GCE Phenol 1.0e19 303 130 [53]

Fig. 5. (A) Amperometric I-t curves of the nanocatalyst-modified electrodes with successive additions of phenol in a 50 mM PBS (pH ¼ 6.0) at � 0.05 V versus Ag/AgCl. (B) The
corresponding calibration curves of steady-state currents versus phenol concentrations.
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uric acid (UA) and ascorbic acid (AA), and 50-fold concentration of
glucose (Glc), the current did not change significantly. When
phenol was added again, the current changed significantly. There-
fore, it shows that this biosensor has strong anti-interference ability
and high selectivity.

The storage stability of the biosensor was also evaluated by
measuring CV responses to the phenol substrate (3 mM). When the
enzyme electrode was not in use, it was sealed and stored in a
refrigerator at 4 �C. The results showed that the biosensor retained
up to 93% of the original response after a five-week continuous test,
demonstrating the long-term stability of the biosensor. To further
verify the potential application of the fabricated biosensor in real
water sample detection, the biosensor was applied to the standard
addition method for the determination of phenol in actual water
samples. The recovery test was studied by adding spiked phenol to
tap water. Before use, the tap water sample was filtered through a
0.45 mm filter to remove suspended solids. The sample was evalu-
ated by using amperometric method to observe the response of tap
water spiked with 0.5 mM and 50 mM phenol. The recovery of the
electrode was from 97.4% to 102.31% (Table S4), indicating that the
developed biosensor has satisfactory accuracy and confirming the
designed biosensor has the potential to detect phenol in real water
samples.

4. Conclusions

In summary, 2D bimetallic NiZn-MOF NSs with tunable Ni/Zn
ratio were synthesized, and for the first time utilized to fabricate a
tyrosinase biosensor. The porosity structure, electronic structure,
and electrochemical activity of NiZn-MOF NSs were modified by
the addition of Zn contents, making NiZn-MOF NSs a remarkable
immobilization platform for the tyrosinase. The fabricated
biosensor exhibited excellent analytical performance over a wide
linear range of 0.08e58.2 mM, with a high sensitivity of
159.3 mA M�1 and an ultralow detection limit of 6.5 nM. Plus, the
obtained tyrosinase biosensor showed good reproducibility and
stability. The remarkable bio-sensing performance is mainly
attributed to the enhanced specific surface area, catalytic activity
and conductivity due to the synergistic effect of the two metal el-
ements. This work may pave a new insight into the development of
novel electrode materials for the biomedical detection and envi-
ronmental analysis using the electrochemical techniques.
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