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1. Introduction

Fabrication and application of a novel
electrochemical biosensor based on a mesoporous
carbon sphere@UiO-66-NH,/Lac complex enzyme
for tetracycline detectiont

Xiaomin Zhong,? Fang Wang,? Jinhua Piao & *? and Yitao Chen®

The overuse of tetracycline results in a threat to human, poultry and livestock health. An enzymatic
electrochemical biosensor is an ideal alternative method for accurate and rapid tetracycline detection,
while the unstable and easily deactivated nature of the enzyme limits its development. To overcome
these limitations, a highly sensitive enzymatic electrochemical biosensor for the determination of tetra-
cycline is developed in this work based on a complex enzyme which was constructed using a meso-
porous carbon sphere@UiO-66-NH, (MCS@UIO-66-NH,) core—shell composite with embedded laccase
(Lac). Compared to pure MCS and UiO-66-NH,, the MCS@UIO-66-NH, core-shell composite has an
advantageous mesoporous structure (pore diameter >8 nm), which is suitable for the immobilization of
small laccase. The biosensor based on the complex enzyme exhibits a superior activity and enhanced
stability as compared with that made using a pure enzyme because the mesoporous structure of the
MCS@UiO-66-NH, composite can effectively protect the laccase against inactivation and denaturation.
Besides, its high specific surface area and good conductivity are beneficial to enzyme immobilization and
electron transfer in the modified electrode. The biosensor based on this complex enzyme exhibits a rela-
tively low detection limit of 8.94 x 10~ mol L™ and a detection range of 1.0 x 107°-6.0 x 107> mol L™*
for tetracycline detection. Furthermore, the developed biosensor possesses good long-term stability,
selectivity and reproducibility, indicating its potential application for tetracycline determination in actual
food. This research work provides a prospective solution to resolve the stability and inactivation problems
of enzymatic electrochemical biosensors in different application scenarios.

residues in food products. For example, the National standard
of China (GB31650-2019) regulated that the maximum oxyte-

Tetracycline (TC) has been widely used in agriculture, aquacul-
ture, and animal husbandry because of its broad-spectrum
antimicrobial activity against Gram-positive and Gram-negative
bacteria and growth promotion properties." However, the
overuse of TC in stock farming results in certain serious risks
including drug resistance of microbial strains and allergic
reactions.” ™ Therefore, the standard is relatively strict for TC
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tracycline, chlortetracycline, tetracycline, single or in combi-
nation residues were 0.1 mg kg™' for milk, 0.6 mg kg™ for
liver, 1.2 mg kg™" for kidneys and 0.4 mg kg™ for egg, respect-
ively.” Thus, developing an accurate and sensitive method for
the detection of TC is of great importance. Until now, various
analytical methods have been developed for the detection and
quantification of TC.*” However, some inherent disadvan-
tages, such as time-consumption, professional operation, com-
plicated pre-treatment procedures and expensive equipment,
have limited their wide applications to some extent.® Instead,
electrochemical sensors came into the view as a competitive
option for detecting antibiotics especially TC with the pro-
perties of quick response, accuracy, high sensitivity, inexpen-
siveness and simple pretreatment.>®*° Compared to non-
enzyme electrochemical sensors, enzymatic electrochemical
biosensors are more widely investigated because of their high
efficiency, good selectivity and high affinities toward corres-
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ponding substrates."""* However, there are only a few research
studies to explore the possibilities of detecting TC by enzy-
matic electrochemical biosensors to our knowledge.

Laccase (Lac) (EC 1.10.3.2) is a copper-containing oxidase
that can catalyze the oxidation of the phenolic and non-pheno-
lic compounds, including some antibiotics and pesticides."*
In recent years, a lot of projects have proved that laccase is
useful in the degradation and removal of TC in water or the
environment.">"® These studies indicate that laccase can cata-
lyze the oxidation of TC using molecular oxygen as an electron
acceptor under mediator presence.'”'® Hence, we consider
that it is possible to develop an enzymatic electrochemical bio-
sensor based on laccase for tetracycline detection.

Generally, the performance of an enzymatic electrochemical
biosensor is highly related to the catalytic activity and stability
of the enzyme modified electrode.'*'® There are some factors,
such as extreme pH, heat, and long storage time, which can
lead to the deactivation of enzymes when they are applied in
various catalytic fields.”'**° Meanwhile, the non-conducting
protein of enzymes is prone to influence the electron transfer
in the modified electrode. The poor long-term stability of the
enzyme modified electrode under operating conditions also
hinders its application. To improve these shortcomings, com-
bining enzymes with a porous, high specific surface area and
high conductivity material is an effective alternative method to
enhance the enzymatic activities and improve its reusability,
catalytic efficiency, and stability under drastic catalytic
conditions.*"**

Metal organic frameworks (MOFs) which are constructed by
the coordination of metal cations or clusters and organic
ligands are an ideal support matrix for enzyme immobilization
owing to their multifunctional properties involving a large
surface area, ultra-high porosity and physical and chemical
stability.>* > In particular, UiO-66, a zirconium-based MOF,
consisting of a dodecadentate ZrsO,(OH), cluster and a 1,4-
benzene-dicarboxyl linker, has been widely applied in various
fields, such as heterogeneous biomimetic catalysis,***” food
safety monitoring® and enzyme immobilization.>® For
example, Li et al. prepared a UiO-66-NH,@PMAA (tethering
polymethacrylic acid) composite to immobilize pectinase,
which could adapt to a wider temperature and pH range and
showed enhanced enzymatic activity and storage stability com-
pared to free enzymes.”® It indicates that UiO-66 is highly
promising for laccase immobilization. Nevertheless, the poor
conductivity of UiO-66 hinders its full potential of practical
application. Combining it with good conductivity functional
materials, such as carbon materials, metal nanoparticles and
conducting polymers, can make up for the defects.*>*”>° The
mesoporous carbon sphere (MCS) possesses excellent conduc-
tivity, relatively high specific surface area and large total pore
volumes.’® ™ Thus, it is expected that combining MCS with
UiO-66 can develop a new enzyme supporting material which
can improve the activity and stability of the enzyme modified
electrode.

In this work, a novel enzymatic electrochemical biosensor
based on a complex enzyme which consists of a mesoporous
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carbon sphere@UiO-66-NH, (MCS@UiO-66-NH,) core-shell
composite with embedded laccase was developed for tetra-
cycline detection. In this biosensor, the as-prepared
MCS@UiO-66-NH,/Lac complex enzyme was used as a bio-
recognition element, 2,2'-azino-bis(3-ethylbenzthiazoline-6-sul-
phonic acid) (ABTS) as a mediator and chitosan (CHIT) as a
binder. The biosensor showed high catalytic activity and good
stability compared with that made using pure laccase.
Scheme 1 shows the construction process of the MCS@UiO-66-
NH,/Lac/ABTS/CHIT/GCE tetracycline biosensor. The advan-
tageous mesoporous structure was formed during the prepa-
ration process of the MCS@UiO-66-NH, composite. Then,
laccase was evenly embedded in the pores of the
MCS@UiO-66-NH, core-shell composite matrix which can
effectively protect the laccase against inactivation and dena-
turation. It is beneficial to improve the activity and stability of
the complex enzyme-based biosensor. The reaction mecha-
nism of the tetracycline oxidation on the biosensor is shown
in Scheme S1.f'” The reaction process on the complex
enzyme-modified electrode surface may be followed the
equations:"’

Lac(Red) 4+ O, — Lac(Ox) + H,O (1)
Lac(Ox) + ABTS — Lac(Red) + ABTS"* (2)
Lac(Ox) + ABTS' ™ — Lac(Red) + ABTS'™ (3)
ABTS-e~ — ABTS' " (4)

ABTS T-e~ — ABTS™™ (5)

ABTS™" + TC — ABTS'* + TC(Ox) (6)
ABTS'" + TC — ABTS + TC(Ox) (7)

Tetracycline can be oxidized in the presence of laccase and
ABTS. Firstly, laccase is oxidized with O, while ABTS is oxi-
dized to ABTS™" and ABTS"" by oxidized laccase, and TC is oxi-
dized during the reduction process of the ABTS™ and
ABTS™".'73? The as-prepared enzymatic electrochemical bio-
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Ui0-66-NH2 E =
s d
ZrCli. NH:-BDC § Y i o0
> ,  MCS_ > 2
80°C ‘ 3
1 ;> 8 nm
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Scheme 1 Illustration of the synthesis process of the MCS@UiO-66-
NH_/Lac complex enzyme and construction of the MCS@UiO-66-NH,/
Lac/ABTS/CHIT/GCE tetracycline biosensor.
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sensor can be applied to the detection of tetracycline in some
TC-containing foods including water, milk, meat, honey and
so on. The biosensor based on the complex enzyme provides a
prospective solution to resolve the stability and inactivation
problems of enzymatic electrochemical biosensors in different
application scenarios.

2. Experimental
2.1 Materials and chemicals

Laccase that originated from Trametes versicolor (Lac, >5 U
mg~') was purchased from Sigma-Aldrich (USA). Zirconium
chloride (zrCl;, 98%), 1,4-benzenedicarboxylic acid (BDC,
98%), 2-amino benzene dicarboxylic acid (NH,-BDC, 98%),
benzoic acid (99.5%), N,N-dimethylformamide (DMF, 99.5%),
tetraethylorthosilicate (TEOS, 98%), oxytetracycline (OTC,
98%), 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)
(ABTS, 98%), and tetracycline (TC, CP) were obtained from
Shanghai Macklin Biochemical Co., Ltd (China). Chitosan
(CHIT, deacetylation degree >95%) came from Cool Chemistry
Technologies Co., Ltd (China). Streptomycin sulfate (SS, >590
U mg ') and neomycin sulfate (NS, MYM) were provided by
MYM Biological Technology Co., Ltd (China). Milk came from
Arla Foods (Denmark). Linden honey came from Fengzhichao
Biological Engineering Co., Ltd (China). The 0.1 M sodium
acetate-acetate buffer solution (HAc-NaAc) with different pH
values was prepared by mixing 0.1 M HAc and 0.1 M NaAc
solutions of different ratios. All chemicals and reagents were
analytical grade reagents and used as received without any
further purification.

2.2 Apparatus

The crystal structure of the prepared materials was character-
ized using an X-ray diffractometer (XRD, XD-3A, Shimadzu
Corp., Japan) with Cu-Ka radiation at 40 kv in the range of
5-60° with a scanning speed of 12° min~". The morphology of
the prepared materials was characterized by scanning electron
microscopy (SEM, Zeiss Supra40, Germany). Chemical compo-
sitions were measured using an energy dispersive spectrometer
(EDS). Fourier transform infrared spectroscopy (FTIR) was
carried out using a Fourier Transform Infrared Spectrometer
(Nicolet 1S50, Thermo Fisher Scientific). The surface area and
pore size distribution of the materials were measured by the
nitrogen adsorption/desorption method at 77 K, recorded on a
Micromeritics ASAP2460. The specific surface areas were calcu-
lated by the Brunauer-Emmett-Teller (BET) method, and the
pore size distribution was calculated by the Barrett-Joyner—
Halenda (BJH) model. The average size and size distribution of
particles were analyzed using Image] software.**
Electrochemical measurements were carried out using a
CHI 660E electrochemical analyzer (Shanghai Chenhua
Instrument Co., Ltd, China) with a standard three-electrode
cell. The as-prepared biosensors were used as the working elec-
trode, a saturated calomel electrode (SCE) as the reference elec-
trode, and a platinum sheet as the auxiliary electrode. The
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electrochemical performances were measured by cyclic voltam-
metry (CV), differential pulse voltammetry (DPV) and electro-
chemical impedance spectroscopy (EIS). EIS measurements
were performed in the frequency range of 0.01 Hz to 1000 kHz.
All the experiments were carried out at ambient temperature.

2.3 Preparation of the MCS@UiO-66-NH,/Lac complex
enzyme

The preparation of the MCS@UiO-66-NH,/Lac complex enzyme
followed a three-step procedure. Firstly, the MCS was prepared
following the method reported previously with minor
revision.**?' The detailed preparation process is presented in
Scheme S2.1 Next, the MCS@UiO-66-NH, core-shell composite
was prepared. The preparation details are described in the ESI
(Scheme S37). After that, the synthesized MCS@UiO-66-NH,
core-shell composites (20 mg) were dispersed in 20 mL of
5 mg mL ™" laccase solution (laccase in 0.1 M HAc-NaAc buffer
solution, pH = 6) by stirring to form a uniform mixture, and
then incubated at 4 °C for 12 h. Subsequently, the mixture was
centrifuged and washed with 30 mL acetic buffer solution
three times. After drying overnight at room temperature, the
MCS@UiO-66-NH,/Lac complex enzyme was finally obtained
(Scheme 1).

2.4 Construction of the enzymatic electrochemical biosensor

First of all, the glassy carbon electrode (GCE, 3 mm diameter)
was well polished using alumina powders (0.05 pm in dia-
meter) on a polishing cloth and then rinsed with ethanol and
distilled water in an ultrasonic bath for 5 min, respectively.
The polished GCE was dried at room temperature. The as-pre-
pared MCS@UiO-66-NH,/Lac complex enzyme and ABTS were
then homogeneously dispersed in the chitosan solution
(1.0 wt%) to eventually form a mixed solution with a concen-
tration of 40.0 mg mL™" for the MCS@UiO-66-NH,/Lac
complex enzyme and 0.1 mM for ABTS. Finally, 5 pL of the
mixture was dropped on the surface of the polished GCE. After
drying at room temperature, the MCS@UiO-66-NH,/Lac/ABTS/
CHIT/GCE electrochemical biosensor was constructed. The
process is represented in Scheme 1. For comparison, the modi-
fied electrodes ABTS/CHIT/GCE, UiO-66-NH,/ABTS/CHIT/GCE,
MCS@UiO-66-NH,/ABTS/CHIT/GCE and Lac/ABTS/CHIT/GCE
were also prepared using the same method. These biosensors
were stored at 4 °C before use.

2.5 Application of the complex enzyme-based tetracycline
biosensor in actual samples

Milk and honey samples were purchased from a local super-
market, Guangzhou, China. Briefly, 15 mL of milk and honey
samples mixed with HAc-NaAc buffer solution (0.1 M, pH 5.5)
at a volume ratio of 1:9, respectively. The MCS@UiO-66-NH,/
Lac/ABTS/CHIT/GCE biosensor was applied to detect the tetra-
cycline content of the above mixtures employing the standard
addition method.

Analyst, 2021, 146, 2825-2833 | 2827
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3. Results and discussion

3.1 Structural and morphological characterization of the as-
prepared materials

The as-prepared materials were characterized by several kinds
of technologies to confirm their structure and morphology.
The XRD patterns of the as-prepared materials are shown in
Fig. 1. It can be seen that there are no obvious diffraction
peaks originating from the MCS (a), indicating that the as-pre-
pared mesoporous carbon sphere is an amorphous phase. The
diffraction peaks of UiO-66 (c) and UiO-66-NH, (d) are similar
to that of the simulated UiO-66 (b) reported previously.> It
demonstrates that the UiO-66 and UiO-66-NH, materials were
successfully prepared. It also can be found from Fig. 1 that the
diffraction peak of the prepared MCS@UiO-66-NH, core-shell
composite (e) is identical to that of UiO-66-NH, (d) and no
new characteristic peaks appear. These results indicate that
the microstructure of the UiO-66-NH, has not been damaged
after compositing with MCS and no impurities are produced
during the compositing process. It demonstrates that the
MCS@UiO-66-NH, composite was synthesized successfully,
which is also confirmed by the FTIR spectra (Fig. S11) and
further SEM results.

The nitrogen adsorption-desorption isotherms and pore
size distribution plots of the as-prepared materials are
depicted in Fig. 2. It can be found that the as-prepared MCS
(curve a), UiO-66-NH, (curve b) and the MCS@UiO-66-NH,
core-shell composite (curve c) all exhibit a type IV hysteresis
loop, which is usually associated with the mesopores and
capillary condensation.® For the UiO-66-NH, and the
MCS@UiO-66-NH,, core-shell composite, the nitrogen adsorp-
tion-desorption isotherms show a step at ca. 0.1 of P/P,
according to the micropore filling process, indicating micro-
pore structure existence in these two materials.”” The two
samples also show that the quantity adsorbed increases
sharply after the relative pressure higher than 0.9. The reason
may be that adsorbent condensation happens. The inset in
Fig. 2 is the pore size distribution curves obtained by the BJH

—MCS

— Simulated UiO-66
— Ui0-66

— Ui0-66-NH2

— MCS@Ui0-66-NH:

Intensity / a.u.
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Fig. 1 XRD patterns of the as-prepared materials.
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Fig. 2 The nitrogen adsorption—desorption isotherms: (a) MCS, (b)
UiO-66-NH,, and (c) MCS@UiO-66-NH, composite; the inset is the pore
size distribution calculated by the BJH method of the three materials.

method. The pore size distribution of the pores exhibits a
strong peak at about 7 nm for the MCS, and the MCS@UiO-66-
NH, composite possesses a wider pore size distribution. It
suggests that a lot of mesopores with different pore sizes are
produced during the formation process of the MCS@UiO-66-
NH, composite. The parameters of the as-prepared materials
are calculated and listed in Table S1.f The MCS achieves the
lowest specific surface area of 18.96 m> ¢~ " and pore volume of
0.05 cm?® ¢™". The UiO-66-NH, has the highest specific surface
area of 773.37 m> g7, and the pore volume is 0.45 cm® g™
The specific surface areas of the MCS@UiO-66-NH, compo-
sites are examined to be 700.89 m”> g™", slightly below that of
the UiO-66-NH,. It may be caused by the existence of a low
specific surface area of the MCS in the MCS@UiO-66-NH,
composite. However, the MCS@UiO-66-NH, composite retains
the highest pore volume of 0.59 cm® g~'. The average pore size
is 7.04 nm for the MCS, 2.47 nm for UiO-66-NH, and 17.37 nm
for the MCS@UiO-66-NH, composite, respectively. The rela-
tively high surface area, pore diameter and pore volume of the
MCS@UiO-66-NH, composite make it suitable for small
laccase immobilization.

The morphologies of the prepared materials were character-
ized by SEM. As displayed in Fig. 3A, the morphologies of the
MCS are clearly observed as regular spheres with a rough
surface. The average size of the MCS is 2691.48 + 491.02 nm
(Fig. S2A and BfY). Fig. 3B shows that the well-synthesized
UiO-66-NH, particles possess rough cubic crystals and have a
broad distribution range of particle size from 80-120 nm.
From the image of Fig. 3C, it can be seen that the UiO-66-NH,
nanoparticles are multilevel to surround the surface of the
carbon sphere to form MCS@UiO-66-NH, core-shell compo-
sites. And the particle size of UiO-66-NH, in the composite
decreases evidently as compared with that of UiO-66-NH, pre-
pared independently. Many large opening pores are produced
inside the accumulated UiO-66-NH, particles. The result can
explain the reason for the increase of the average pore dia-
meter and pore volume of the MCS@UiO-66-NH, composite

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 SEM images of the as-prepared materials: (A) MCS, (B) UiO-66-
NH,, (C) MCS@UiO-66-NH, composite, and (D) MCS@UiO-66-NH,/Lac
complex enzyme. The scale bars: 200 nm for (A), (C) and (D), 100 nm for
(B).

(Table S17). The average size of the MCS@UiO-66-NH, compo-
sites is 3900.62 + 482.86 nm (Fig. S2C and D). The particles of
the MCS and MCS@UiO-66-NH, composites are roughly
monodisperse. After compositing with enzymes, the mor-
phologies of the MCS@UiO-66-NH, composite have no signifi-
cant change (Fig. 3D).

EDS analysis was performed for further confirming the
micro-structure of the MCS@UiO-66-NH,/Lac complex enzyme
and the corresponding elemental mappings are shown in
Fig. 4. The results prove the structure of the MCS@UiO-66-NH,
composite and confirm the enzyme immobilization on it.
Fig. 4A is the electron image of the as-prepared complex
enzyme. Fig. 4B-D are the mapping images of different

C mapping

S mapping

i P |

1pm f

1pm

Fig. 4 EDS mapping results of the MCS@UiO-66-NH,/Lac complex
enzyme: (A) electron image, (B) C mapping, (C) Zr mapping and (D) S
mapping.
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elements. It can be seen that the C (only from MCS) element
(Fig. 4B), Zr (only from UiO-66-NH,) element (Fig. 4C) and S
(only from laccase) element (Fig. 4D) are obviously dense in
the centre circular region, indicating that the MCS@UiO-66-
NH, composite exists and the laccase is successfully immobi-
lized on the MCS@UiO-66-NH, composite.

The possible process was proposed to explain the formation
of the MCS@UiO-66-NH,/Lac complex enzyme. On the basis of
the aforementioned, massive mesopores formed during the
accumulation process of UiO-66-NH, on the MCS core, and the
average pore size of the MCS@UiO-66-NH, composite is
17.37 nm (Table S1t). Therefore, the small laccase with a
measured size of about 7.45 nm x 7.39 nm x 4.16 nm (ref. 33)
can be embedded in the mesopores of the MCS@UiO-66-NH,
composites by absorption. Then, the MCS@UiO-66-NH,/Lac
complex enzyme was successfully constructed. The laccase
loading on the MCS@UiO-66-NH, composite reached a
maximum value of 155.08 mg g ' (Fig. S31) at an initial
laccase concentration of 5 mg mL™".

Zeta-potential has been used in enzyme immobilization to
reveal the electrostatic interactions between an enzyme and its
supporting material.>> As shown in Fig. S4,T the zeta-potential
of the prepared MCS@UiO-66-NH, composite is —1.91 =
0.18 mV at the immobilization pH of 6.0. Besides, the isoelec-
tric point (pI) of free laccase from Trametes versicolor is pH 2.8
and has a negative zeta-potential (about —26 mV) at pH 6.0.>°
It can be demonstrated that there is no electrostatic attraction
between the laccase and supporting composites because the
charges of the laccase (pI = 2.8) and MCS@UiO-66-NH,, com-
posite are both negative. Consequently, it is not the electro-
static attraction but only mesoporous adsorption that can
favour the embedding of the enzyme at the immobilization pH
of 6.0.

3.2. Electrochemical properties of the fabricated biosensor

Cyclic voltammetry is a common and effective method to
investigate the electrochemical properties of modified electro-
des. The CV curves of the as-prepared different biosensors
were characterized in 0.1 M HAc-NaAc buffer solution (pH =
5.0) containing 5 mM [Fe(CN)e]>™"*~ and 0.1 M KCI at a scan
rate of 100 mV s~'. As a mediator, ABTS exists in all types of
modified electrodes except the bare GCE. As shown in Fig. 54,
there is a pair of well-defined redox peaks for the CV curve of
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Fig. 5 Electrochemical properties of different modified electrodes: (A)
CV curves and (B) Nyquist plots, the inset is the equivalent circuit model.
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the bare GCE (curve a). After decorating with chitosan, UiO-66-
NH, and laccase, respectively, the peak currents (curves b, c
and e) all decrease obviously because of their poor conduc-
tivities. The peak current increases evidently for the
MCS@UiO-66-NH, composite modified electrode (curve d) as
compared with that of UiO-66-NH, modified electrodes (curves
c). It indicates that the existence of MCS in the MCS@UiO-66-
NH, composite avails the electron transfer in the modified
electrode. As compared with the MCS@UiO-66-NH, modified
electrode (curve d), the peak current of the MCS@UiO-66-NH,/
Lac complex enzyme modified electrode (curve f) decreases
evidently, which is attributed to the blocking of electron trans-
fer by enzyme protein. Meanwhile, the peak current of the
MCS®@UiO-66-NH,/Lac/ABTS/CHIT/GCE modified electrode is
higher than that of the Lac/ABTS/CHIT/GCE modified elec-
trode (curve e), demonstrating that the complex enzyme con-
taining the MCS@UiO-66-NH, composite can improve the
response current signal of the enzyme electrode.

The EIS of the fabricated biosensors were measured to
further illustrate the electrochemical properties of the fabri-
cated biosensor. The Nyquist plots of the as-prepared different
modified electrodes are given in Fig. 5B. The fitted results are
shown in Table S2.f The semicircle diameter of the Nyquist
curve equals electron transfer resistance (R.) for the [Fe
(CN)]>™*~ redox probe, which controls the electron transfer
kinetics of the modified electrode. R refers to solution ohmic
resistance. As shown in Fig. 5B and Table S2,T the R values of
all types of electrodes except the MCS@UiO-66-NH,/ABTS/
CHIT/GCE (curve d) are larger than that of the GCE (curve a).
The Lac/ABTS/CHIT/GCE (curve e) shows the largest R . value.
The R values are 107.0, 134.2, 143.2 and 286.8 Q for the GCE
(curve a), ABTS/CHIT/GCE (curve b), UiO-66-NH,/ABTS/CHIT/
GCE (curve c¢) and Lac/ABTS/CHIT/GCE (curve e) (Table S27),
respectively. The reason is that non-conductive chitosan,
UiO-66-NH, and laccase influence the electron transfer in the
modified electrode and result in the increase of R values. The
MCS@UiO-66-NH,/ABTS/CHIT/GCE (curve d) exhibits the
smallest Nyquist semicircle diameter (Fig. 5B) and the R
value is 104.4 Q because the excellent conductivity of MCS is
beneficial to electron transfer in the modified electrode. After
compositing with laccase, the R, value increases to 158.8 Q for
the MCS@UiO-66-NH,/Lac/ABTS/CHIT/GCE (curve f). The EIS
results are in accordance with the results of CV (Fig. 5A). The
results of CV and EIS all illustrate that the complex enzyme is
helpful to improve the response signal of the modified elec-
trode as compared with the pure enzyme.

3.3. Electrochemical behaviour of the complex enzyme-based
biosensor toward TC

In order to determine the effects of the MCS@UiO-66-NH,/Lac
complex enzyme on the electrocatalytic activity and stability of
the biosensors, the electrochemical behaviours of the as-pre-
pared biosensors toward TC were evaluated using CV methods.
Fig. 6 gives the CV curves for the Lac/ABTS/CHIT/GCE and the
MCS@UiO-66-NH,/Lac/ABTS/CHIT/GCE biosensors in the
absence and presence of TC. It can be seen that there are no
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Fig. 6 CV curves of the as-prepared biosensors in the absence and
presence of TC.

obvious current responses for both electrodes in the absence
of TC (solid line). When 30 uM of TC was added, obvious
current signals appear at about 0.51 V and 0.85 V vs. SCE (dash
not line) for both the electrodes. Meanwhile, the response
signal of the biosensor made using the MCS@UiO-66-NH,/Lac
complex enzyme increases evidently compared to that made
using pure laccase. Based on the reaction mechanism of the
tetracycline oxidation on the biosensor (eqn (1)-(7)), the
anodic peaks at 0.51 V may come from a reversible one-elec-
tron oxidation of ABTS to ABTS™* and the other (at about 0.85
V) derives from a second reversible one-electron oxidation of
ABTS™ to ABTS'".'” After the addition of TC, more ABTS mole-
cules are present on the electrode surface. As a result, the cur-
rents of the anodic peak at about 0.51 V and 0.85 V all
increase. These results certify that the biosensor based on
laccase and ABTS can catalyze the oxidation of TC and the use
of the MCS@UiO-66-NH,/Lac complex enzyme to construct a
biosensor can promote the response signal evidently due to
the advantageous mesoporous structure, with high conduc-
tivity and large specific surface area of the MCS@UiO-66-NH,
composite.

The stability of the Lac/ABTS/CHIT/GCE and the
MCS@UiO-66-NH,/Lac/ABTS/CHIT/GCE biosensors was also
evaluated by the CV method. The response current decreases
about 4.17% after ten cycles for the biosensor constructed by
the MCS@UiO-66-NH,/Lac complex enzyme (Fig. S5A7), and it
decreases 28.81% for the biosensor made using pure laccase
(Fig. S5Bf). These results demonstrate that the complex
enzyme possesses a superior catalytic activity and dramatically
enhanced stability compared with the pure enzyme. The
reason is that the mesoporous structure of the MCS@UiO-66-
NH, core-shell composite can effectively protect the laccase
against inactivation and denaturation.

Fig. S6 reveals the CV response of the MCS@UiO-66-NH,/
Lac/ABTS/CHIT/GCE biosensor which was measured in the 0.1
M HAc-NaAc buffer solution (pH 5.5) containing 30 uM TC at
different scan rates from 25 to 200 mV s . It shows that the
current response increased gradually with the increase of the
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scan rates (Fig. S6At). The peak current of TC oxidation has a
good linear relationship with the scan rate (R* = 0.9825)
(Fig. S6Bf). It suggests that the oxidation of TC on the
MCS@UiO-66-NH,/Lac/ABTS/CHIT/GCE biosensor is a surface
controlled process.

3.4 Optimization of experimental parameters of the complex-
enzyme-based biosensor

In order to improve the electrochemical sensing performance
of the biosensor in the determination of TC, the experimental
parameters were optimized by DPV in 0.1 M HAc-NaAc buffer
solution containing 30 pM tetracycline at a scan rate of
100 mV s~ '. During the optimization process, all parameters
were kept invariable except the parameter under study. The
loading amount of the enzyme in the modified electrode can
strongly influence its catalytic performance. Therefore, the
effect of the concentration of the MCS@UiO-66-NH,/Lac
complex enzyme on the response current of the complex
enzyme-based biosensor was firstly investigated. As shown in
Fig. S7,f the catalytic current initially goes up with the
MCS@UiO-66-NH,/Lac  complex enzyme concentration
increase and shows the highest value at a concentration of
30 mg mL™'. After that, the catalytic current decreases.
Therefore, the concentration of the MCS@UiO-66-NH,/Lac
complex enzyme of 30 mg mL ™" was chosen to construct the
biosensor in this work.

ABTS as a mediator may undergo the oxidation of TC with
the use of different concentrations. The lack of ABTS in the TC
biosensor based on laccase may hinder the oxidation of TC
due to the lack of radical cation ABTS™"."” As shown in
Fig. S8,T the response current increases with the ABTS concen-
tration augment and the highest catalytic current value
appears at a concentration of 0.10 mol L™". After 0.10 mol L™,
the current value displays a platform indicating that more
ABTS is unhelpful for current signal enhancement. Therefore,
the ABTS concentration of 0.10 mol L™ was used in further
experiments.

The pH value can greatly influence the activity of the
enzyme because it exhibits diverse electrostatic charge and
hydrogen bond interactions in different pH.>” TC is an amphi-
protic compound with three acidic groups and its structure
will change under alkaline conditions. It is a disadvantage for
the adsorption on the surface of the electrode.” Therefore, the
optimization of pH values was performed from 5.0 to 7.0
(Fig. S9t). It can be seen that the peak current is the highest at
PH of 5.5. Hence, pH 5.5 was chosen to use in the following
experiments.

3.5. Analytical performance of the complex enzyme-based
biosensor

The linear range of the as-prepared MCS@UiO-66-NH,/Lac/
ABTS/CHIT/GCE biosensor for TC was evaluated by DPV
measurement in the 0.1 M HAc-NaAc buffer solution under
optimal conditions. Fig. 7 indicates that the response currents
increase gradually with the augment of the TC concentration
and there is a good linear relationship between the oxidation
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Fig. 7 Current responses of the MCS@UiO-66-NH,/Lac/ABTS/CHIT/
GCE biosensor for different concentrations of TC in 0.1 M HAc—NaAc
buffer solution (pH 5.5); the inset is the linear relationship between the
response current and TC concentrations.

peak current and TC concentrations from 1.0 x 107° to 6.0 x
107°> mol L™ (inset in Fig. 7). The linear equation is expressed
as: I(pA) = 0.1017C (uM) + 2.8173 with a correlation coefficient
of R” = 0.9860, in which I and C are the response current and
TC concentration, respectively. The limit of detection (LOD)
was calculated by the IUPAC (International Union of Pure and
Applied Chemistry) method to be 8.94 x 1077 mol L%
Compared to the results of some previously reported electro-
chemical sensors (Table S3t), the MCS@UiO-66-NH,/Lac/
CHIT/GCE enzymatic electrochemical biosensor in our work
possesses a relatively low limit of detection and a wide linear
range.

3.6. Selectivity, reproducibility and stability of the complex
enzyme-based biosensor

Selectivity is an important property for the enzymatic electro-
chemical biosensor, which determines whether the biosensor
can be used in actual samples. The effects of interferents
including OTC, SS and NS on the response current of the
MCS@UiO-66-NH,/Lac/ABTS/CHIT/GCE biosensor were ana-
lyzed by the DPV method. Comparison of response currents
between four antibiotics and HAc-NaAc buffer solution has
been explored. From Fig. 8, it can be found that the current
caused by 30 pM tetracycline is obviously higher than those
from 30 pM other antibiotics. Besides, there is no significant
difference between the currents from the three interferents
and buffer solution. Compared to the response current of
buffer solution, the currents only increase 2.81% for NS,
2.90% for SS and 4.33% for OTC. The result shows that the bio-
sensor based on the complex enzyme possesses satisfactory
selectivity for TC.

The reproducibility of the biosensor was also determined
under the same conditions using five batches of the complex
enzyme-based tetracycline biosensor. There is a low relative
standard deviation (RSD) value of 1.60%, which confirms a
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Fig. 8 The effect of interferents on the response current of the
MCS@UiO-66-NH,/Lac/ABTS/CHIT/GCE biosensor.

good reproducibility for the biosensor. The long-term stability
of the MCS@UiO-66-NH,/Lac/ABTS/CHIT/GCE biosensor was
evaluated by the DPV responses toward TC in 0.1 M HAc-NaAc
buffer solution (pH 5.5) containing 30 uM TC. The data were
recorded every three days. The response currents decrease
2.54%, 6.46% and 11.81% after storage of the biosensor at
4 °C for three, six and nine days, respectively. It suggests that
the as-prepared biosensor is well preserved and possesses
good stability. This is mainly due to adequate protection by
the mesopores of the MCS@UiO-66-NH, composite in the
designed complex enzyme. It can be concluded that the
MCS®@UiO-66-NH,/Lac/ABTS/CHIT/GCE biosensor has a good
long-term stability and reproducibility.

The MCS@UiO-66-NH, composite plays a crucial role in
protecting the enzyme and increasing its longevity in two ways.
On the one hand, the MCS@UiO-66-NH, composite can be
considered as a shell to protect enzymes dispersing in the
mesopores from harsh conditions such as heat, pH, organic
solvents and so on.*® On the other hand, the aggregate of
enzymes can be avoided and the conformation change of
enzymes can be restricted due to the limited pore space, which
can lead to the enhancement of structural rigidity of the
immobilized enzyme.*' For example, Pang et al. synthesized a
bimodal micro-mesoporous Zr-metal organic framework to
immobilize laccase, which showed an enhanced stability and a
wider utilization range.*® In a word, the mesoporous structure
of MCS@UiO-66-NH, composite can effectively protect the
laccase against inactivation and denaturation and increases its
longevity.

3.7. Application of the complex enzyme-based biosensor in
actual food samples

In order to further evaluate the performance of the
MCS@UiO-66-NH,/Lac/ABTS/CHIT/GCE biosensor in practical
application, milk and honey samples were purchased from a
local supermarket. The actual sample analysis of milk and
honey was performed by the standard addition method. Three
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Table 1 Recovery for the determination of TC in milk and honey

Samples  Added (uM)  Detected (uM)  Recovery (%)  RSD (%)
Milk 10 10.38 103.81 5.1

20 18.86 94.32 6.0

50 47.83 95.65 5.5
Honey 10 9.49 94.88 11.7

20 19.12 95.60 5.4

50 48.83 97.66 3.3

different concentrations (10, 20, 50 pM) of TC standard solu-
tion were spiked into the known-amount of 10% diluted milk
and honey samples and then measured with amperometric
measurement. The obtained results are shown in Table 1. Not
all the contents of TC both in milk and honey are found. The
recoveries range from 94.3% to 103.8% for the two samples.
And RSD (n = 3) is lower than 6.0% and 11.7% for milk and
honey samples, respectively. Thus, the prepared biosensor is a
promising and reliable tool for the sensitive and rapid deter-
mination of TC in actual food samples.

4. Conclusions

In summary, a sensitive and selective enzyme electrochemical
biosensor was constructed based on the MCS@UiO-66-NH,/
Lac complex enzyme for the detection of TC. This work
improved the activity and stability of laccase by embedding it
onto the MCS@UiO-66-NH,, core-shell composite to prepare a
complex enzyme. The superior conductivity of the
MCS@UiO-66-NH, composite can enhance the electron trans-
fer in the modified electrode, and the mesopore structure of
the MCS@UiO-66-NH, core-shell composite is beneficial to
immobilize the laccase which can effectively protect the
laccase against inactivation and denaturation. Under the
optimum conditions, the biosensor displays a relatively low
detection limit, wide linear range, and good selectivity,
stability and reproducibility. It has great potential in appli-
cation and can be produced in a relatively easy process. The
biosensor can be applied for the detection of TC in various
actual foods.
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