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A practical electrochemical biosensor with high sensitivity was developed for detecting organophosphorus (OP).
Initially, Ce metal was introduced into an UiO-66-template to form Ce/UiO-66. Later, graphene oxide (GO), car-
bon black (CB) andmulti-walled carbon nanotubes (MWCNTs) were separately added to Ce/UiO-66 to compare
the effect of different carbon-based material types on the performance of the biosensor. Exclusively, Ce/UiO-66/
MWCNTswith a Ce (7%) andMWCNT (30%)matrixwas found to not only loadmore acetylcholinesterase (AChE)
onto vacant sites but also increase electron transfer and decrease the number of diffusion pathways between the
thiocholine and electrode surface. Moreover, the appropriate oxophilicity of Ce coupled with the high surface
area and good conductivity ofMWCNTs in the UiO-66 structure revealed a high affinity to acetylthiocholine chlo-
ride (ATCl) and possible catalysis of the hydrolysis of ATCl with a Michaelis-Menten constant of 0.258 mM. This
biosensor, under optimal conditions, demonstrated a rapid and sensitive detection of paraoxon over awide linear
range of 0.01–150 nM, with a low detection limit of 0.004 nM. As a result, the AChE/Ce/UiO-66/MWCNTs/GCE
biosensor can be employed in laboratory and field experiments to determine paraoxon levels.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Organophosphorus compounds (OPs) are extensively used in agri-
culture as pest controllers (e.g., malathion, paraoxon, diazinon), nerve
agents (e.g., sarin, soman, tabun andVX) andflame retardants [1,2]. Tre-
mendous residual quantities ofwaste OPs have been detected in air, soil,
water and agricultural products such as fruits, vegetables and crops
[3,4]. Public health organizations are concerned about the existence of
OPs in the environment and human body due to the high toxicity of
these compounds. Exposure to OPsmay result from inhalation, drinking
or skin contact [5]. As one of themain AChE inhibitors, OPs cause the ac-
cumulation of acetylcholine (ACh) in the human body, which leads to
stimulation of the nervous system, muscles and glands [6]. The side ef-
fects of exposure to OPs have been severely related to the exposure time
and dose [7]. Generally, cardiovascular diseases, asthma, dizziness,
immunotoxicity, gastrointestinal disorders, nausea, impaired neurobe-
havioral functioning, cancer and reproduction ability reduction in men
and even death have been reported for OP poisoning [8–10].

With this background, different analytical methods have been
employed for detecting OPs such as colorimetric detection [11],
fluorescent determination [12], immunoassays [13], gas chromatogra-
phy [14], gas chromatography coupled with mass spectrometry [15],
high-performance liquid chromatography (HPLC) [16], mass spectrom-
etry [17], chemiluminescence detection [18], Enzyme-linked immuno-
sorbent assay (ELISA) [19], capillary electrophoresis [20] and
molecular imprinting [21]. Although these analytical techniques have
revealed reliable and sensitive results, some limitations exist in their ap-
plication such as non-portable laboratory instrumentation, sophisti-
cated and valuable equipment, requirement of high-skilled operators,
sample pretreatment and time-consuming processes [22,23]. Thus, it
is essential to introduce a fast and effective method for determination
of OPs.

Recently, electrochemical biosensors have attracted increasing at-
tention due to appropriate sensitivity and selectivity, fast response,
time-saving processes, user-friendly procedures, portable feasibility
and low cost [24,25]. The selectivity and sensitivity are critical issues
to consider in optimizing the performance and utility of electrochemical
biosensors. Different enzymes as specific recognition elements are
employed for manufacturing biosensors including acetylcholinesterase
(AChE), butyrylcholinesterase (BChE), laccase and tyrosinase. AChE is
the gold standard bioreceptor enzyme for the detection of OPs. Electro-
chemical biosensors based on the AChE enzyme have been applied as a
highly sensitive surface for OP detection, which can hydrolyze
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acetylthiocholine chloride (ATCl) to produce thiocholine [26]. Oxidation
of thiocholine, which is an electroactive species, results in an irrevers-
ible peak. After the inhibition of AChE by Ops, the activity of AChE re-
duces, leading to a reduced thiocholine peak current. Consequently,
measurement of the oxidation peak of thiocholine can play the role of
a marker for determining the concentration of OPs. Generally, ampero-
metric acetylcholinesterase (AChE) biosensors offer the best method,
even if electroactive species can interfere in the measurement. Addi-
tionally, these biosensors are quite sensitive and more suited for mass
production than potentiometric biosensors,which have lower detection
limits.

In recent years, metal-organic frameworks (MOFs) have been intro-
duced as a new class of porous materials in electrochemical applica-
tions. These nanomaterials are constructed from organic linkers with
various functional groups and inorganic nodes. MOFs have attracted in-
terest from researchers because of their superior characteristics such as
tunable texture, high surface area and high reactivity [27]. MOFs can be
used as an ideal loading substrate to immobilize receptors or probes due
to the ordered and stable crystalline pores. Despite the attractive prop-
erties of MOFs, which present them as ideal materials for the surface
modification of electrodes, the signal transduction is a major challenge
forMOF-based electrochemical sensors or biosensors [28]. To overcome
these problems, including the conductivity and design of redox-active,
MOFs are combinedwith conductivematerials to gain satisfactory prop-
erties for applications in electrochemical sensors. Furthermore, the high
porosity ofMOFs can induce a nonnative conductivity by their combina-
tion with a variety of functional materials such as metal nanoparticles,
carbon nanostructures, polymers, and biomolecules [27,28]. Zhang
et al. [29] reported enhanced electrochemical behavior via the fabrica-
tion of Ni-MOF/carbon nanotubes. This composite was used as a sensi-
tive non-enzymatic glucose sensor and indicated a low detection limit
and a wide linear range. In another study, a Cu-MOF/graphene compos-
ite was employed for the detection of hydroquinone and catechol in
water [30]. Improved electrochemical detection of H2O2 was achieved
using metal nanoparticles encapsulated in the anionic metal-organic
frameworks. By using a AgNPs@Y-1, 4-NDC-MOF/ERGO sensor, a linear
detection range was obtained from 4 μM to 11,000 μMwith a detection
limit of 0.18 μM [31].

In 2008, a series of Zr-basedMOFs (such as UiO-66, UiO-67 and UiO-
68) were synthesized and evaluated for various applications of MOFs
[8]. The Zr-based MOFs revealed higher thermal and chemical stability
compared with other types of MOFs. Particularly, UiO-66 was widely
utilized in electrochemical applications [28,32,33]. However, the redox
properties of UiO-66 are restricted owing to the inert nature of Zr4+.
Thus, the doping of the metal source is a suitable approach to adjust
this preferred property [34]. For example, several studies have reported
the addition of a secondmetal in the UiO-66 structure such as Hf4+, Ti4
+and V5+ [35–37]. Ce has suitable redox properties between the two
valence states of Ce3+/Ce4+ and speeds up electron transfer [38,39]. Ad-
ditionally, as indicated in [40], Ce has a much higher oxophilicity com-
pared with Zr, which improves the immobilization of AChE. On the
other hand, the higher oxophilicity increases the affinity and adsorption
of ATCl on the biosensor surface, which leads to increased thiocholine
production and enhancement of the electrochemical signal [41,42]. To
further enhance the electrochemical behavior, Ce/UiO-66 was
composited separately with various carbon substrates including
graphene oxide (GO), carbon black (CB) andmulti-walled carbon nano-
tubes (MWCNTs). The composites based on MOFs present the advan-
tages of both MOFs and other modified materials (conductivity and
catalytic properties), and the electrochemical performances are en-
hanced [43,44].

In this study, the effects of Ce doping on theUiO-66 structure and the
type of carbon nanostructures used as conductive components in an
electrochemical biosensor were investigated. The high-performance
features of the prepared composite are found to be due to the synergis-
tic combination of bothMOFs andMWCNTs. Additionally, the dose of Ce
and carbon-based substrate, modifier volume, AChE amount, buffer pH,
ATCl concentration and incubation time were all evaluated. We found
that AChE/Ce/UiO-66@MWCNTs@GCE is a suitable electrochemical bio-
sensor for the detection of paraoxon.

2. Experimental

2.1. Materials

Acetylcholinesterase (AChE) from Electrophorus electricus (C2888)
and acetylthiocholine chloride (ATCl) (A5626) were purchased from
the Sigma-Aldrich company. Zirconium tetrachloride (ZrCl4) and ce-
rium trichloride heptachloride (CeCl3.7H2O) were supplied by Sigma-
Aldrich and used as Zr and Ce precursors. Dimethylformamide (DMF)
and 2-aminoterephthalic acid (NBDC) were supplied from Merck and
utilized as synthesis agents. Additionally, carbon black (CB), graphene
oxide (GO) and multi-walled carbon nanotubes (MWCNTs) were ac-
quired from Sigma-Aldrich. Sodium phosphate dibasic heptahydrate
(Na2HPO4.7H2O) and sodium phosphate monobasic monohydrate
(NaH2PO4.H2O) were purchased from Merck and used for making PBS,
with HCl or NaOH used to adjust the solution to the final desired pH.
Paraoxon was purchased from Sigma-Aldrich and a 0.01 M stock solu-
tion was stored at 4 ̊ C. Ultrapure double-distilled water was used in
all synthesis procedures. All materials were of analytical grade and
used without any further purification.

2.2. Apparatus

All electrochemical analyses were performed by a potentiostate/
galvanostate (Vertex, Ivium Technologies, Netherlands) workstation
with three electrodes. As a current procedure, a modified glassy carbon
electrode (GCE) was used as the working electrode, a platinum elec-
trode as the auxiliary electrode and Ag/Ag-Cl electrode as the reference
electrode. Scanning electron microscope (SEM) images were taken
using a Tescan MIRA3. The XRD patterns for the nanocomposites were
detected using a 38,066 Riva, d/G. Via M. Misone, 11/D (TN), using Kα
radiation (λ = 1.5418 A°) with a scanning rate of 2° per minute and
2θ range of 5°-80° with Cu Kα radiation for the determination of the
crystalline phase of the samples. The FT-IR analysis was performed
using a PerkinElmer spectrometer in the wavenumber range of
4000–400 cm−1 using KBr disks.

2.3. Synthesis of UiO-66

In the first step, 0.38 g ZrCl4 was dissolved in 20 mL DMF, and then
0.27 g NBDC was added to the solution. In the second step, the mixture
was sonicated for 30 min. Then, it was transferred to a Teflon-lined au-
toclave and heated at 120 °C for 24 h [45]. The sediment was separated
by centrifugation andwashedwith DMF andmethanol several times. Fi-
nally, the product was dried at 120 C̊ for 36 h.

2.4. Synthesis of Ce-doped UiO-66 (Ce/UiO-66)

Typically, amixture of 0.08 g CeCl3.7H2O and theprecursor of UiO-66
(0.38 g ZrCl4 and 0.27 g NBDC)were dissolved in 25ml DMF to form 7%
Ce-dopedUiO-66. The thermal and purification procedureswere similar
to the synthesis method used for UiO-66 [46]. This product is labeled as
Ce (7%)/UiO-66. Other quantities of dopant were synthesized using the
above-mentioned method.

2.5. Synthesis of Ce/UiO-66@MWCNTs (Ce/UiO-66@MWCNTs)

In this procedure, 1 g MWCNTs was dispersed in 30 mL DMF, and
then sonicated for 50 min. Next, various amounts of CeCl3.7H2O,
0.38 g ZrCl4 and 0.27 g NBDC were added to the solution. The resulting
suspension was stirred for 60 min. Subsequently, it was placed into an
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autoclave and maintained at 120 C̊ for 14 h. The Ce/UiO-66@MWCNTs
was achieved bywashingwithmethanol andDMF. Afiltered precipitate
was the final product. Additionally, Ce/UiO-66@GO and Ce/UiO-66@CB
nanocomposites were synthesized by using a similar method.
2.6. Fabrication of the biosensor

Primarily, the bare GCE was polished with 0.05 alumina powder for
the purpose of obtaining a shiny mirror surface look, followed by soni-
cation in ethanol and water for 10 min. Later, the GCE surface was
dried by placing it into a pure nitrogen stream. The stock Ce/UiO-66@
MWCNTs modifier was sonicated for 10 min, and then 8 μL was drop
cast onto a clean GCE surface before letting the modified electrode to
dry in ambient conditions. Later, the prepared electrode was coated
with 3 μL AChE solution (100 U/mL in PBS pH 7.5) and placed into a re-
frigerator to incubate for 1 h. Then, the obtained electrode was washed
carefully with PBS (pH 7.5) to eliminate the unbound AChE. The fabri-
cated AChE biosensor was named AChE/Ce/UiO-66@MWCNTs/GCE.
The other biosensors were also fabricated in a similar way for the pur-
pose of comparison. The prepared biosensor electrode was stored in a
sealed container at 4 °C. Different steps for the fabrication and the prin-
ciples of the AChE biosensor are shown in Scheme 1.
2.7. Real sample preparation

A standard addition method was employed to evaluate the perfor-
mance of the prepared biosensor. Spinach and cabbage were selected
as real samples. Firstly, the samples were washed with doubled-
distilled water and then dried at room temperature. Then, 3 g of each
chopped sample was introduced into 15 mL PBS (0.1 M, pH 7.5). The
samples were placed into an ultrasonic bath for 5min before being cen-
trifuged for 15 min (1500 rpm). Later, a different amount of paraoxon
was added into the real samples and the electrochemical response
was obtained by the DPV technique. The concentration of the real sam-
ples was determined by the calibration curve.
Scheme 1. Fabrication steps and principles of the
2.8. Electrochemical measurements

For the electrochemical measurement of paraoxon, the proposed
biosensor was first dipped into PBS containing various concentrations
of standard paraoxon solution for 12min, and thenmoved to an electro-
chemical cell containing 0.1 M PBS (pH 7.5) with 1.0 mMATCl to evalu-
ate the electrochemical response. The inhibition of paraoxon was
calculated as follows:

Inhibition %ð Þ ¼ I0−I1ð Þ=I0 � 100% ð1Þ

Where I0 is the peak current of ATCl on the biosensor and I1 is the
peak current of ATCl on the biosensor after inhibition by paraoxon.

3. Results and discussion

3.1. Characterization

Fig. 1(a) shows the XRD patterns for the UiO-66, Ce/UiO-66, Ce/
UiO-66/MWCNTs and MWCNTs samples. For the UiO-66 sample, all
diffraction peaks were consistent with reported and simulated pat-
terns [47]. These diffraction peaks were retained when Ce was
doped into UiO-66, although their intensities were significantly re-
duced. This reduction indicates that the crystal growth of the UiO-
66 units is affected by the incorporation of Ce3+, which can also be
a metallic site binding with an organic linker [48]. For the XRD pattern
of the MWCNTs, two broad peaks were observed at 2θ = 25.7° and
43.2° that refer to the (002) and (001) crystalline planes, respectively.
This confirmed the presence of graphite crystallites and the amor-
phous structure of the MWCNTs [49]. After modification of Ce/UiO-
66 by MWCNTs, all peaks belonging to Ce/UiO-66 were preserved,
which indicated that the introduction of MWCNTs did not disorder
the formation of Ce/UiO-66.

FT-IR analysis provides further information about the samples and
the interactions between them. In the spectra for UiO-66, the character-
istic bands at approximately 400–780 cm−1 correspond to the combina-
tion of Zr\\O modes with OH– and CH– bending vibrations.
AChE/Ce/UiO-66@MWCNTs/GCE biosensor.



Fig. 1. (a) XRD patterns and (b) FT-IR spectra for (a) UiO-66, (b) Ce/UiO-66, (c) Ce/UiO-66/MWCNTs and (d) MWCNTs.
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Additionally, the stretching vibrations of C_C and C_O are observed at
1634 and 1710 cm−1, respectively [45,50]. After the incorporation of Ce
ions, the peak belonging to C_O stretching was altered to a lower fre-
quency, which was attributed to the weaker interaction force of the
metal centers. Moreover, Ce\\O and Ce-O-C created minor changes at
lower wavenumbers [51]. The pure MWCNTs spectra indicated several
Fig. 2. SEM images of (a) UiO-66, (b) Ce/UiO-66, (c) MWCNTs, (d) C
bands at 3335, 1635, and 1354 cm−1, which corresponded to the
O\\H, C_C and C\\O stretching vibrations, respectively. In Fig. 1(b),
the new band is placed at 2400 cm−1, which corresponds to the interac-
tion of the amine groups in UiO-66with theMWCNTs [52]. The simulta-
neous presence of peaks belonging to UiO-66 and MWCNTs confirmed
the successful formation of a nanocomposite.
e/UiO-66@MWCNTs, (e) Ce/UiO-66/GO and (f) Ce/UiO-66/CB.
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To obtain a clearer insight into the synthesized samples, SEM analy-
sis was utilized. As indicated in Fig. 2(a), pure UiO-66 was observed to
show octahedral shapes, which have a uniform size of approximately
150–250 nm. As shown by Fig. 2(b), the entry of Ce particles does not
change the morphology of UiO-66. Fig. 2(c) shows the MWCNTs nano-
particles with a size of approximately 25 nm. As seen in Fig. 2(d), a
clear boundary is not observed between the MWCNTs particles and
UiO-66, which revealed a strong interaction between the twomaterials.
As shown in Fig. 2(e), graphene with its layer structure is coated by Ce/
UiO-66 particles, albeit only in some places. For Ce/UiO-66@CB, the si-
multaneous presence of two composite components is well shown in
Fig. 2(f). Therefore, these observations can confirm the results obtained
from XRD and FT-IR analyses for the successful synthesis of the
nanocomposites.

3.2. Electrochemical characterization of the modified electrode

Electrochemical characterization of different electrodes was exam-
ined by cyclic voltammetry (CV). Fig. 3(a) shows the CVs for bare GCE,
Fig. 3. (a) CVs and (b) EIS for (a) UiO-66/GCE, (b) Bare GCE, (c) Ce/UiO-66/GCE, (d) AChE/Ce/UiO
MWCNTs/GCE in 1 × 10−5 M Fe(CN)6 3−/4− containing 0.1 M KCl. (c) DPV responses of (a) A
(e) AChE/Ce/UiO-66@CB/GCE and (f) AChE/Ce/UiO-66@MWCNTs/GCE in 0.1 M PBS pH 7.5
containing 1.0 mM ATCl at different scan rates from 10 mV. s−1 to 200 mV. s−1. Inset: a plot o
UiO-66/GCE, Ce/UiO-66/GCE, Ce/UiO-66@GO/GCE, Ce/UiO-66@CB/GCE,
Ce/UiO-66@MWCNTs/GCE and AChE/Ce/UiO-66@MWCNTs/GCE in
5.0 mM [Fe(CN)6]3−/4- containing 0.1 M KCl. At the bare GCE surface,
a pair of redox peaks was observed. After UiO-66 coating onto the
GCE, the peak current decreased because of the low conductivity of
UiO-66, which blocked electron transfer. Later, a small increment for
the redox peaks of Ce/UiO-66/GCE was observed due to the effect of
Ce ions in the UiO-66 structure and the redox properties between the
two valence states of Ce3+/Ce4+. As estimated, after improvement in
the Ce/UiO-66/GCE surface with GO, CB and MWCNTs, the currents in-
creased strongly, which is due to the high conductivity of these nano-
composites. Compared with GO and CB, MWCNTs strongly boost the
electrical conductivity of Ce/UiO-66/GCE because of their higher con-
ductivity and advanced surface area. Finally, by fabricating AChE/Ce/
UiO-66@MWCNTs/GCE, thepeakheight decreased, caused bypoor elec-
tron transfer of AChE, which indicates successful immobilization of
AChE on the surface of the electrode.

The electrochemical impedance spectroscopy (EIS) for the different
electrodes in the probe is shown in Fig. 3(b). The resistance of electron
-66@MWCNTs/GCE, (e) Ce/UiO-66@GO/GCE, (f) Ce/UiO-66@CB/GCE and (g) Ce/UiO-66@
ChE/GCE, (b) AChE/UiO-66/GCE, (c)AChE/Ce/UiO-66/GCE, (d)AChE/Ce/UiO-66@GO/GCE,
containing 1.0 mM ATCl. (d) CVs for AChE/Ce/UiO-66@MWCNTs in 0.1 M PBS pH 7.5
f peak current versus scan rate.

mailto:AChE/Ce/UiO-66@MWCNTs/GCE%20in%200.1
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transfer for bare GCE, UiO-66/GCE, Ce/UiO-66/GCE, Ce/UiO-66@GO/
GCE, Ce/UiO-66@CB/GCE, Ce/UiO-66@MWCNTs/GCE and AChE/Ce/
UiO-66@MWCNTs/GCE was calculated to be approximately 463 Ω,
610 Ω, 380Ω, 225Ω, 185Ω, 85 Ω and 292Ω, respectively. This implies
a tremendous conductivity for the Ce/UiO-66@MWCNTs and the effec-
tive immobilization of AChE, which presents the non-conductive nature
of AChE.

The DPV peaks for the different electrodeswere examined in the ab-
sence and presence of ATCl. There were no peaks observed at AChE/
Bare, AChE/UiO-66, AChE/Ce/UiO-66, AChE/Ce/UiO-66@GO, AChE/Ce/
UiO-66@CB and AChE/Ce/UiO-66@MWCNTs electrodes because of the
absence of electroactive species in the electrochemical cell.With the ad-
dition of 0.1 mM ATCl to the cell, recognizable peaks were detected on
the proposed biosensors, which is due to the oxidation of thiocholine
(Fig. 3(c)). Thiocholine is an electroactive species that is produced by
the hydrolysis of ATCl catalyzed by AChE. The peak currents increased
in the following order: AChE/Ce/UiO-66@MWCNTs N AChE/Ce/UiO-
66@CB N AChE/Ce/UiO-66@GO N AChE/Ce/UiO-66 N AChE/UiO-66;
There was still no peak detected at AChE/GCE. The best performance
was observed for the AChE/Ce/UiO-66@MWCNTs biosensors, which
can be justified by the excellent immobilization of AChE, a high surface
area and tremendous conductivity.

The effect of the scan rate on the CV of an AChE/Ce/UiO-66@
MWCNTs/GCE electrode was studied in 0.1 mM ATCl (Fig. 3(d)).
With the scan rate increasing from 10 to 200 mV.s−1, the height of
the anodic peaks increased. As shown in Fig. 3(d), inset, the peak cur-
rents were linearly proportional to the scan rate, which represents a
surface-controlled process for this electrode [53]. The AChE has two
anionic and cationic sites where the carbonyl site of ATCl binds to a
cationic site. After thiocholine production, the nitrogen of thiocholine
with positive charge binds to the anionic site of AChE by electrostatic
interaction, which justifies the surface-controlled process of this bio-
sensor [54].

3.3. Optimization of the biosensor parameters

It is distinguished that the pH of the PBS has a great effect on the bio-
sensor performance. The currents of the biosensor were studied in the
range of 6.0 to 9.0, as shown in Fig. 4(a). Themaximum value of the cur-
rent was detected at pH 7.5. Therefore, a PBS with pH 7.5 was selected
for further experiments [55]. With the purpose of optimizing the
amount of Ce and MWCNTs, biosensors with varying amounts of Ce
(from 0% to 11%) and MWCNTs (from 20% to 35%) were proposed and
examined under the same conditions. As indicated in Fig. 4(b), 7% Ce
and 30% MWCNTs were chosen as optimal amounts due to their higher
performance. As revealed in Fig. 4(c), the peak currents strongly im-
proved by increasing the volume of Ce/UiO-66@MWCNTs from 2 to 8
μL, followed by a decrease. In the range of 8–12 μL, increased coating
of themodifier onto the surface of the electrode will increase the active
site concentration, conductivity and vacant sites for AChE immobiliza-
tion. However, by further increasing the Ce/UiO-66@MWCNTs volume,
the dense and uniformly coated film will stop the electron transfer,
which acts as a barrier that prevents thiocholine from diffusing into
the interior side of the thick modifier film. Consequently, the appropri-
ate volume of Ce/UiO-66@MWCNTs for droopingwas selected to be 8 μL
for improving the GCE surface for improving the electrochemical re-
sponse toward paraoxon detection. The AChE amount played the
major role in the biosensor performance. Currents for varying amounts
of AChE were investigated in the range of 0.1 U to 0.4 U (Fig. 4(d)). The
DPV current increased by increasing the amount of AChE and reached a
maximum current at 0.3 U. This was caused by increased AChE immobi-
lization on the Ce/UiO-66@MWCNTs matrix, which fascinated the hy-
drolyzation of ATCl to thiocholine. Afterward, the DPV current
decayed with the addition of AChE due to AChE thickening on the GCE
surface, which spoilt the electron transfer. As a result, the optimum
AChE amount for the AChE/Ce/UiO-66@MWCNTs/GCE biosensor was
considered to be 0.3 U. Additionally, Fig. 4(e) reveals the effect of
different ATCl concentrations ranging from 0.1 mM to 1.3 mM on the
current in the AChE/Ce/UiO-66@CB/GCE biosensor. The peak currents
were apparently amplified when the ATCl concentration was varied
from 0.1 mM to 1.0 mM. However, there was no substantial change in
current when the concentration was changed from 1.0 mM to 1.3 mM,
which is due to the saturation of ATCl on the surface of AChE/Ce/UiO-
66@CB/GCE. Therefore, the concentration of ATCl was selected to be
1.0mMATCl for this investigation. Incubation time could possibly affect
inhibition of biosensors based on AChE. As illustrated in Fig. 4(f), the ac-
tivity of AChE severely declines with increasing incubation time from
2 min to 12 min. In addition, with a further increase in incubation
time, the collaboration between paraoxon and AChE reached saturation
and theDPV currents reached a plateau amountwhere therewas no vis-
ible change. Thus, an incubation time of 12 min was selected for this
study.

Finally, the following optimum parameters were selected for subse-
quent experiments: pH 7.5 of PBS, Ce (7%) and MWCNTs (30%), 8 μL of
AChE/Ce/UiO-66@MWCNTs, 0.3 U of AChE, 1.0mMATCl and incubation
time of 12 min.

3.4. ATCl calibration curve

Fig. 5 illustrates the typical current-time plot for AChE/Ce/UiO-66@
MWCNTs/GCE at an applied potential of +0.52 V with successive addi-
tion of ATCl under a stirred electrochemical cell containing PBS pH 7.5
solution under optimal conditions. The amperometric response was in-
creased linearly with increasing ATCl to the cell and reached a steady-
state current within 5 s after each injection, demonstrating the tremen-
dous catalytic properties of the AChE/Ce/UiO-66@MWCNTs/GCE bio-
sensor. A linear range was obtained from 65 μM to 350 μM.
Additionally, the linear equation was calculated using I(μA) = 0.0134C
(μM) + 0.2994 (R = 0.9976). The Michaelis–Menten constant (Km),
whichwas evaluated by the Lineweaver–Burke eq. (1/Iss = Km/Imax·1/c
+ 1/Imax), was employed to evaluate the AChE activity toward interac-
tionwith ATCl, where Iss is the steady-state current after the injection of
the enzyme substrate, Imax is the maximum current calculated under a
saturated concentration and C is the concentration of the substrate in
the electrochemical cell [56]. While the concentration of substrate
passed from 350 μM and reached saturation, a plateau was detected;
this revealed the kinetics of the Michaelis-Menten model. From the
slope of the Lineweaver–Burk equation, the Km value was calculated
to be 0.258 mM, which is expressively lower than the values of
0.43 mM [53], 0.33mM [57] and 0.7 mM [58] reported by other studies.
The smaller Km of this biosensor indicates that the AChE immobilized on
this novel matrix has an advanced affinity to ATCl, possibly as a result of
the unique potential of Ce/UiO-66@MWCNTs for AChE adsorption on
the electrode surface.

3.5. Detection of paraoxon

Inhibitionmeasurements for a varying concentration of paraoxon on
AChE/Ce/UiO-66@MWCNTs/GCE were carried out under optimized
conditions (Fig. 6). The linear relationship of I (%) = 18.382 log (C/M)
+ 201.07 (R = 0.9951) (inset a) was calculated for the concentration
range of 0.01 nM−150 nM. The limit of detection (LOD) was obtained
using the 3Sb/m equation, where Sb is the standard deviation of the in-
tercept and m is the slope of the first calibration curve. As a result, the
LOD was calculated to be 0.004 μM. According to the end results, the
proposed AChE/Ce/UiO-66@MWCNTs biosensor showed an acceptable
range of detection and low LOD for the electrochemical detection of
paraoxon. A comparison of AChE/Ce/UiO-66@MWCNTs with other bio-
sensors is presented in Table 1. The results show that the AChE/Ce/UiO-
66@MWCNTs was basically and potentially comparable to different



Fig. 4. Effect of the (a) pH, (b) Ce and MWCNT wt%, (c) volume of Ce/UiO-66@MWCNTs/GCE, (d) AChE amount, (e) ATCl concentration on DPV respond and (f) incubation time.
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biosensors. The novel property of the AChE/Ce/UiO-66@MWCNTs bio-
sensor in terms of electrocatalytic behavior should be attributed to its
high electron conductivity, excellent AChE immobilization and large
and electroactive surface area. Additionally, compared to the other bio-
sensors, AChE/Ce/UiO-66@MWCNTs was synthesized in an extremely
simple and inexpensive way.



Fig. 5. Amperometric I-t plot for the AChE/Ce/UiO-66@MWCNTs/GCE electrode with
successive addition of ATCl into 0.1 M PBS pH 7.5. Inset: (a) Relationship between the
current and ATCl concentration (b) The Lineweaver–Burk plot of 1/is vs. 1/C.

Table 1
Comparison table of recently fabricated biosesnors for the detection of paraoxon.

Sensing layer Linear range (nM) LOD (nM) Ref.

AChE/e-GON–MWCNTs/GCE 0.182–378 0.09 [53]
NF/AChE/NF- Fe2O3@C/CPE 3.633 × 10−5-36.33 1.2 × 10−5 [57]
Nafion/AChE-CS/Pd@Au NRs /GCE 0.0036–100 0.0036 [59]
NF/AChE/NF-NiCo2S4/CPE 3.633 × 10−4-0.3633 1.3 × 10−4 [60]
AChE/AuNRs/GCE 1–5000 0.7 [61]
AChE/Au@Ag NRs/GCE 5–1000 4.3 [61]
AChE/CNT–NH2/GC 0.2–30 0.08 [62]
Poly(FBThF)/f-MNPs/AChE 0.182–33.71 0.079 [63]
PPy-AChE-Geltn-Glut/Pt 0.3633–545 3.9963 [64]
AChE/HGO/GCE 36.33–163 5.74 [65]
SPE/AuNPs/MoS2/GA/AChE+BSA 3.6–3634 0.04 [66]
AChE/N-MALCDs/SPE 1.8 × 10−5-0.36 4.8 × 10−6 [67]
AChE/Au-MWNTs/GCE 0.1–7.0 1.0 [68]
AChE/Ce/UiO-66@MWCNTs/GCE 0.01–150 0.004 This work
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3.6. Stability, reproducibility and selectivity

The stability property of the proposed biosensor was examined
through repeated DPV measurements while the AChE/Ce/UiO-66@
MWCNTs/GCE was held at a temperature of 4 °C. It is demonstrated
that the biosensor current still remains at 85% of its initial response
after 20 days (Fig. 7). These results confirmed the acceptable stability
of the AChE/Ce/UiO-66@MWCNTs/GCE. Moreover, the reproducibility
was investigated through 5 separately measurements with the DPV
technique under constant conditions. The RSD was less than 5%
(4.3%), which demonstrates that the AChE/Ce/UiO-66@MWCNTs/GCE
presented remarkable reproducibility. Regarding the enzymatic selec-
tivity, the presence of interfering species in a matrix can give rise to a
non-enzymatic signal. For example, the oxidation of electroactive spe-
cies of real samples at an appropriate applied potential leads to an un-
derestimation of the inhibitor amount. Additionally, it is well reported
in the literature that enzyme biosensors are characterized by low
specificity. In fact, some enzymes are inhibited by a group of
Fig. 6. (a) DPV responses for AChE/Ce/UiO-66@MWCNTs in 0.1 M PBS pH 7.5 without and af
between inhibition rate and paraoxon concentration (I (%) = 18.382 Log [C/ M] + 201.07).
inhibitors, for instance AChE is inhibited by different OPs and carba-
mates. Therefore, in a mixture of these compounds, only an anti-
cholinesterase activity index can be calculated. For interference
study, the DPV response in 0.1 M PBS containing 0.1 mM ATCl in the
absence (a) and presence of 0.5 mM of oxalic acid(b), 3.5 mM of citric
acid (c), 4 mM of glucose (d), 3 mM of Mg2+ (e), 4 mM of Fe3+ (f),
5 mM of SO2−(g), 2.5 mM of NO−(h), 10 nM of 4-Nitrophenol (i),
2 nM of carbaryl (j), 2 nM of carbofuran (k), 1.8 nM malathion
(l) and 2 nM diazinon (m) was measured after being incubated by
2 nM paraoxon for 12 min, and the results are shown in Fig. 8. The re-
sults reveal that no obvious changes in current response are found in
the presence of a-h species. However, the constructed biosensor based
on enzyme inhibition is not specific: it can be considered as an excel-
lent fast and cost-effective device for methodical screening of OPs. The
overall performance indicates that the enzyme sensor shows good re-
producibility, selectivity and stability.
3.7. Real samples

For the practical detection of paraoxon, cabbage and spinach were
selected as real samples. All samples were used without any further pu-
rification. Under optimized conditions, samples of varying concentra-
tion were spiked into the electrochemical cell. The RSD% for paraoxon
in the real sample ranged from 3.2%–4.1%, representing that the AChE/
ter inhibition with different concentrations of paraoxon for 12 min. (b) The relationship



Fig. 7. The stability property of the biosensor response measured over 20 days.

Table 2
Recovery studies for paraoxon in spinach and cabbage samples.

Sample Added (nM) Found (nM) RSD% (n = 3) Recovery%

Spinach 0 0 0 –
10 10.2 3.2 102
100 96 3.8 96

Cabbage 0 0 0 –
10 9.5 4.1 95
100 98.5 3.4 98.5
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Ce/UiO-66@MWCNTs/GCE biosensor had significant potential to detect
paraoxon in real samples. The results are shown in Table 2.

4. Conclusion

In the fabrication of biosensors, nanomaterials are excellent building
blocks that can be used as modifiers of transducers for enhancing their
electrochemical signals. Moreover, the development of new functional-
ized nanomaterials with better and easier immobilization capability for
enzymes is still necessary. Therefore, the integration of nanomaterials
withMOFs should be further improved from the viewpoint of the sensi-
tivity and selectivity of the resulting enzyme sensors to be used for OPs
that can inhibit AChE. Various matrixes aimed at combining the benefi-
cial properties of Ce and carbon-basedmaterials with the UiO-66 struc-
ture were fabricated for immobilizing AChE to determine paraoxon
concentration. Compared to UiO-66, the proposed matrixes revealed
much more acceptable behavior for employment as a host platform
for electrochemical enzyme-based biosensors. Ce/UiO-66@MWCNTs
presented the best electrochemical response,which is essentially attrib-
uted to the suitable redox properties of Ce metal, acceptable level of
Fig. 8.DPV response in 0.1M PBS containing 0.1mMATCl in the absence (a) and presence
of 0.5 mM of oxalic acid(b), 3.5 mM of citric acid (c), 4 mM of glucose (d), 3 mM of Mg2+

(e), 4 mM of Fe3+ (f), 5 mM of SO2−(g), 2.5 mM of NO−(h), 10 nM of 4-Nitrophenol (i),
2 nM of carbaryl (j), 2 nM of carbofuran (k) 1.8 nM malathion (l) and 2 nM diazinon
(m) after being incubated by 2 nM paraoxon for 12 min.
biocompatibility, high electrical conductivity and large number of active
and vacant sites for increasing enzyme loading. The biosensor displayed
good sensitivity, a wide linear range, low LOD, satisfactory reproducibil-
ity and stability. In addition, this biosensor can be practically applied to
determine paraoxon and other OPs in real samples. Because of these ad-
vantages, the Ce/UiO-66@MWCNTs layer is potentially suitable for
immobilizing biological enzymes to develop electrochemical sensors
for in–situ / in-field applications.
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