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vated photoelectrochemical
biosensor for the detection of the pesticide
acetochlor in vegetables and fruit based on its
inhibition of glucose oxidase†

Dangqin Jin,* Aiqin Gong and Hui Zhou

A new and sensitive photoelectrochemical (PEC) biosensor which is visible-light-activated was fabricated

based on acetochlor’s ability to inhibit glucose oxidase (GOx) activity. An NH2-MIL-125(Ti)/TiO2

nanocomposite, as a new functional material, was used for the immobilization of GOx by using chitosan

(CS) as the dispersion matrix. Under visible light irradiation, the GOx/CS/NH2-MIL-125(Ti)/TiO2

nanocomposite can generate a stable photocurrent in a glucose solution. When acetochlor was added

to a phosphate buffer solution containing glucose, the activity of GOx was inhibited thus causing

a photocurrent drop, and the photocurrent was inversely proportional to the acetochlor concentration.

A corresponding analytical method was developed. The inhibition of the photocurrent was proportional

to the concentration of acetochlor in the range from 0.02 to 1.0 nM and in the range from 10 to 200 nM

with a detection limit of 0.003 nM (S/N ¼ 3). The study is a successful attempt to make a PEC biosensor

based on monitoring the activity and inhibition of GOx, and shows its practical application in acetochlor

detection in fruit and vegetable samples.
1. Introduction

Acetochlor (2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl)-
acetamide), as one of the most important herbicides in the world,
has been widely used as a pesticide in agriculture for weed
control. However, acetochlor use has dened limits in many
countries1 because it has been classied by the US Environmental
Protection Agency (USEPA) as a B-2 carcinogen.2 The registration
for acetochlor states that concentrations of acetochlor should not
exceed 0.37 nM in groundwater or 7.41 nM as an annual average
in surface water.2 Long-term exposure to herbicides may cause
imbalances in reactive oxygen species that could ultimately harm
plant and food quality.3 In order to protect human health and
environmental safety, the detection of acetochlor residue is
becoming increasingly important. In the past decades, well
established methods have included gas chromatography (GC),
high performance liquid chromatography (HPLC), gas
chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS),4,5 and immunosor-
bent assays.6 Despite many advances in acetochlor detection,
sensitive, selective, stable and facile methods still need to be
explored.
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Photoelectrochemical (PEC) sensors have attracted the
attention of researchers as a newly developed and sensitive
analytical technique for targeted molecules and ions.7,8

Compared with electrochemical detection, PEC sensors have
very low backgrounds owing to the separation of the excitation
source (light) and detection signal (photocurrent). Meanwhile,
PEC sensors have some of the advantages of electrochemical
sensors, such as low background signals, high sensitivity,
inherent miniaturization, portability and easy automation.9

However, photocatalytic oxidation lacks selectivity due to the
nature of the hydroxyl radicals or holes generated in photo-
catalytic oxidation, and it is not suitable for selective analysis.10

Therefore, how to achieve selectivity in a photoelectrochemical
sensor is a quite critical issue. A photoelectrochemical
biosensor based on the inhibition of different enzymes known
to recognise the target molecule has been proposed and has
developed rapidly.11 Recently, photoelectrochemical sensors
based on enzyme inhibition have been fabricated, and exhibited
favorable selectivity towards target molecules and ions.12,13

Glucose oxidase (GOx) is oen used as an enzyme in studies of
inhibition due to its low cost, good stability and high specic
activity. However, most of the GOx based photoelectrochemical
biosensors in the literature have been developed for the deter-
mination of the substrates of GOx.14 There are only a few works
reporting the inhibition of immobilized GOx using an electro-
chemical method,12,13 and none on the photoelectrochemical
detection of acetochlor based on GOx activity inhibition.
RSC Adv., 2017, 7, 17489–17496 | 17489
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Scheme 1 (A) Fabrication process of the GOx/CS/NH2-MIL-125(Ti)/
TiO2 biosensor and (B) the corresponding electron-transfer
mechanism.
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Currently, the exploration of photoactive materials based
sensing platforms is a critical issue because the material
choices are directly related to the stability of the biological
recognition element and the nal sensing performance. Typi-
cally, TiO2-based composites have proved to be excellent elec-
trode materials in PEC sensors owing to their good
biocompatibility, relative conductivity, inexpensiveness, envi-
ronmental safety, and chemical and thermal stability.15 Many
efforts have been made toward the development of TiO2-based
composites for visible-light-activated photoelectrochemical
biosensing, which could greatly increase the efficient utilization
of solar light and reduce the destructive effects of UV light and
the photogenerated holes from the illuminated TiO2 on the
biomolecules.15,16

NH2-MIL-125(Ti) (MIL stands for Materials from Institute
Lavoisier), a robust amino-functionalized titanium(IV) based
metal–organic framework (MOF)17 with the formula Ti8O8(-
OH)4(NH2-BDC)6, has attractive redox and photocatalytic prop-
erties.18 The inclusion of amine moieties slightly extends the
light absorption of MIL-125(Ti) to the visible region. These
characteristics make NH2-MIL-125(Ti) a promising modier in
photocatalysis and extend the scope of applications for photo-
electrochemical sensors.19,20 The coupling of small band gap
semiconductors with large band gap ones to facilitate charge
separation is an efficient way to improve photocurrents.21,22

Recently, our group developed a simple solvothermal method to
fabricate NH2-MIL-125(Ti)/TiO2 nanocomposite arrays and
further explored its applications in photoelectrochemical
sensors.23 NH2-MIL-125(Ti)/TiO2 with a large surface area
should be a good immobilization matrix for biomolecules.
Chitosan (CS), a natural biopolymer with unique structural
features, is commonly used to disperse nanomaterials and
immobilize enzymes for constructing biosensors due to its
excellent lm forming ability, nontoxicity, biocompatibility,
mechanical strength, and good water permeability.24,25 Inspired
by this idea, here we present for the rst time novel applications
of CS/NH2-MIL-125(Ti)/TiO2 for the PEC biosensing of aceto-
chlor under visible light irradiation.

The rst application of CS/NH2-MIL-125(Ti)/TiO2 with the
biomolecule glucose oxidase (GOx) yields a novel GOx/CS/NH2-
MIL-125(Ti)/TiO2 hybrid as a photoelectrochemical biosensing
platform. Scheme 1 illustrates the construction and operation
process of the biosensor. GOx can catalyze glucose to produce
H2O2, which acts as an electron donor for the photogenerated
holes in the valence band of the NH2-MIL-125(Ti)/TiO2 and thus
enhances the photocurrent upon visible light irradiation.26

However, the enhanced photocurrent will obviously be
decreased when the enzyme activity is inhibited by acetochlor.
The percentage GOx activity inhibition was used for the quan-
titative detection of acetochlor. The new approach greatly
reduces the destructive effects of UV light and the photo-
generated holes from the illuminated TiO2 on the biomolecules,
via constructing a novel biofunctional GOx/CS/NH2-MIL-
125(Ti)/TiO2 photoactive sensing platform. This methodology
not only overcame the selectivity shortcomings of our previously
developed photoelectrochemical sensors for acetochlor,27 but
also opened up a new type of photoelectrode for
17490 | RSC Adv., 2017, 7, 17489–17496
photoelectrochemical sensing. To our knowledge, no data have
been found concerning utilizing GOx/CS/NH2-MIL-125(Ti)/TiO2

for the photoelectrochemical biosensing of acetochlor. It is ex-
pected that such a nanostructured composite GOx/CS/NH2-MIL-
125(Ti)/TiO2 would considerably facilitate the sensitive deter-
mination of acetochlor.
2. Experimental section
2.1. Reagents

Glucose oxidase (GOx) (EC 1.1.3.4, 109 U mg�1, type VII from
Aspergillus niger) was obtained from Amresco Chemical Co., Ltd.
Acetochlor, TiO2 nanopowder (anatase, <25 nm, 99.7%), chito-
san (CS), D-(+)-glucose, 2-aminoterephthalic acid (H2BDC-NH2),
tetrabutyl titanate (TBT), N,N-dimethylformamide (DMF), and
methanol were purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). A phosphate buffer was prepared by
mixing stock solutions of 0.1 M NaH2PO4 and 0.1 M Na2HPO4,
and then adjusting the pH with H3PO4 or NaOH. A glucose stock
solution was prepared with 0.1 M pH 7.0 phosphate buffer and
was allowed to mutarotate at room temperature overnight
before use. All the other chemicals were of analytical grade and
were used as received without any purication process. Deion-
ized double-distilled water (18.6 MU) (Millipore Co. Ltd.) was
used to prepare all the solutions, and the pH value of the
phosphate buffer was 7.0 unless indicated otherwise.
This journal is © The Royal Society of Chemistry 2017
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2.2. Apparatus

A Hitachi S-4800 scanning electron microscope (Hitachi, Tokyo,
Japan) using an acceleration voltage of 15 kV was used to obtain
scanning electronmicroscopy (SEM) images. Diffuse reectance
UV/Vis spectra were recorded using a Perkin-Elmer Lambda 900
spectrophotometer in the 200–700 nm range. Fourier-transform
infrared (FTIR) spectra were recorded on a Nicolet iS10 instru-
ment (Nicolet, USA). The photoelectrochemical experiments
were performed on a CHI760D electrochemical analyzer
(Chenhua Instrument Corporation, Shanghai, China) with an
in-house-built PEC system, where a 250 W halogen lamp acted
as the irradiation source (l > 400 nm). A conventional three
electrode system was used comprising a bare or modied glassy
carbon electrode (GCE) (3 mm in diameter, Shanghai Chenhua,
China) as the working electrode, a platinumwire as the auxiliary
electrode and a saturated calomel electrode (SCE) as the refer-
ence electrode. All the photocurrent measurements were carried
out by the amperometric current–time curve technique upon
visible light irradiation (l > 400 nm) at a constant potential of
0.2 V in a phosphate buffer solution (pH 7.0, 0.1 M) containing
glucose (0.6 mM) at room temperature (25 � 2 �C).
2.3. Preparation of NH2-MIL-125(Ti)/TiO2 and different
electrodes

NH2-MIL-125(Ti)/TiO2 was obtained according to the literature
method with a little modication.23,28 First, tetrabutyl titanate
(TBT), 2-aminoterephthalic acid (H2BDC-NH2), TiO2 nano-
powder, N,N-dimethylformamide (DMF), and methanol were
mixed together in the ratio 1.0 mmol : 3 mmol : 6 mmol : 12.5
mL : 1.5 mL. Then the suspension was carefully transferred into
a Teon lined autoclave, and heated at 150 �C for 20 h. Aer the
suspension was allowed to cool to room temperature, it was
ltered and washed thrice with DMF and methanol to obtain
a pale yellow powder product. Finally, the solid product was
dried under vacuum at 60 �C for 6 h to get the nal NH2-MIL-
125(Ti)/TiO2 photocatalyst.

Chitosan, a natural biopolymer with good biocompatibility
and excellent lm forming ability,24,25 was used to help the
stable dispersion of NH2-MIL-125(Ti)/TiO2 in aqueous solution.
A chitosan solution (0.5%) (w/v) was prepared by dissolving 0.5 g
chitosan powder in 100.0 mL of 1.0% acetic acid solution.
1.0 mg of NH2-MIL-125(Ti)/TiO2 was dispersed in 0.5% chitosan
solution with ultrasonication for 30 min, followed by the addi-
tion of 10.0 mg GOx, with gentle mixing for 15 min. The GCE
was polished with 0.3 mm of Al2O3, washed with ethanol and
distilled water and dried in air. 10 mL of the above GOx/CS/NH2-
MIL-125(Ti)/TiO2 suspension was coated onto the clean GCE
and dried at 4 �C to obtain a GOx/CS/NH2-MIL-125(Ti)/TiO2-
modied GCE. The resulting electrode was marked as GOx/CS/
NH2-MIL-125(Ti)/TiO2/GCE. When they were not in use, the
enzyme electrodes were stored at 4 �C in a refrigerator. For
comparison, a TiO2 modied GCE and an NH2-MIL-125(Ti)/TiO2

modied GCE were prepared similarly.
This journal is © The Royal Society of Chemistry 2017
2.4. Photoelectrochemical biosensing under visible light
illumination

For the determination of acetochlor, the obtained GOx/CS/NH2-
MIL-125(Ti)/TiO2/GCE electrode was immersed in phosphate
buffers (0.1 M, pH 7.0) containing different concentrations of
acetochlor at room temperature for 10 min, and the electrode
was transferred to a glass cell containing 10.0 mL (0.1 M, pH
7.0) phosphate buffer containing 0.6 mM glucose, this being the
enzyme substrate concentration, to study the PEC response. For
comparison, PEC responses were also measured by the same
procedure except that the GOx/CS/NH2-MIL-125(Ti)/TiO2/GCE
electrode was immersed in a phosphate buffer without aceto-
chlor for 10 min. The inhibition by acetochlor was calculated as
follows:

Inhibition ð%Þ ¼ Iwithout � Iwith

Iwithout
� 100

where Iwithout is the photocurrent response to glucose in the
absence of acetochlor and Iwith is the photocurrent response in
the presence of acetochlor.

Aer each inhibition, the working electrode was soaked in
phosphate buffer (pH 7.0) to be reactivated, for 5 min.
2.5. Sample preparation

To demonstrate the feasibility of the proposed method, we
applied it to the determination of acetochlor in fruit and vege-
table samples. 50 g of commercially available fruits and vege-
tables (strawberries, greens, tomatoes and cucumbers) were
chopped into small pieces to obtain thoroughly mixed homog-
enates. A 5 g portion of each of the samples was uniformly
sprayed with a known amount of the acetochlor stock solution.
The samples were placed in a glass disk for 12 h. The contam-
inated samples were taken out and washed with water three
times, placed in a centrifuge tube with the addition of 10.0 mL
of methyl cyanide, shaken vigorously for 2 min, and then
centrifuged at 3000 rpm for 10 min. Before the recovery studies,
the samples were tested by the GC-MS method to prove them to
be free from acetochlor.
3. Results and discussion
3.1. Characterizations of NH2-MIL-125(Ti)/TiO2, NH2-MIL-
125(Ti)/TiO2/CS, and GOx/CS/NH2-MIL-125(Ti)/TiO2

Fig. 1A shows the structure of the synthesized NH2-MIL-125(Ti)/
TiO2. The sheet morphology of NH2-MIL-125(Ti)/TiO2 can be
clearly observed. Fig. 1B shows an SEM image of the NH2-MIL-
125(Ti)/TiO2 which was dispersed in a chitosan (CS) solution. A
more uniform structure for NH2-MIL-125(Ti)/TiO2 was obtained
in the presence of CS, indicating that CS was a good dispersing
agent for NH2-MIL-125(Ti)/TiO2. Chitosan, a natural linear
polyaminosaccharide, has a hydrophilic/hydrophobic nature,
which makes it suitable for improving the solubility of NH2-
MIL-125(Ti)/TiO2 in aqueous solution.29 Its linear polyglucos-
amine chains have a strong tendency to adsorb on the NH2-MIL-
125(Ti)/TiO2 sheets via van der Waals forces and hydrophobic
interactions, and the hydrophilic amino and hydroxyl groups
RSC Adv., 2017, 7, 17489–17496 | 17491
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Fig. 1 (A) SEM image of NH2-MIL-125(Ti)/TiO2 dispersed in aqueous solution; (B) SEM image of NH2-MIL-125(Ti)/TiO2 dispersed in 0.5% (w/v)
chitosan solution; (C) SEM image of GOx immobilized in NH2-MIL-125(Ti)/TiO2 which was dispersed in water (GOx/NH2-MIL-125(Ti)/TiO2); (D)
SEM image of GOx immobilized in NH2-MIL-125(Ti)/TiO2 which was dispersed in chitosan solution (GOx/CS NH2-MIL-125(Ti)/TiO2).
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help to disperse the functionalized NH2-MIL-125(Ti)/TiO2 in
water solution. Aer GOx molecules were trapped in the NH2-
MIL-125(Ti)/TiO2/CS composite, its SEM image (Fig. 1D)
exhibited a more obviously continuous and uniform surface
morphology than GOx trapped in the NH2-MIL-125(Ti)/TiO2

composite in the absence of CS (Fig. 1C), suggesting the
successful immobilization of GOx in the NH2-MIL-125(Ti)/TiO2/
CS nanocomposite lm.

Fig. S1† shows the absorption spectra of GOx, NH2-MIL-
125(Ti)/TiO2, GOx/NH2-MIL-125(Ti)/TiO2 and GOx/CS/NH2-MIL-
125(Ti)/TiO2. Pure GOx had absorption in the visible region with
maximum values at 382 and 453 nm (curve a), which were
consistent with a previous report.30 NH2-MIL-125(Ti)/TiO2

nanocomposites had their own strong absorption at 389 nm
(curve b). For GOx/NH2-MIL-125(Ti)/TiO2 (curve c), the absorp-
tion value at 453 nm remained stable, while the absorption
value at 385 nm shied between 382 and 389 nm, which might
be due to the interaction between the GOx and the NH2-MIL-
125(Ti)/TiO2 nanocomposites.30 The absorption value for GOx/
CS/NH2-MIL-125(Ti)/TiO2 (curve d) is basically the same as that
of GOx/NH2-MIL-125(Ti)/TiO2 (curve c). These results indicated
that GOx was rmly immobilized on the NH2-MIL-125(Ti)/TiO2

nanocomposites.
Fig. S2† shows FTIR spectra of NH2-MIL-125(Ti)/TiO2 (a), GOx

(b), GOx/NH2-MIL-125(Ti)/TiO2 (c), and GOx/CS/NH2-MIL-125(Ti)/
TiO2 (d). The signal for NH2-MIL-125(Ti)/TiO2 at 400–800 cm�1 is
characteristic of O–Ti–O,31 a large, broad band centered at 3361
cm�1 was assigned to symmetric and asymmetric stretching
vibrations of primary amines,32 and the two obvious peaks at 1537
and 1432 cm�1 corresponded with the carboxylate linker.31 For
GOx, the infrared peaks of amide I and amide II with center
positions at 1651 cm�1 and 1549 cm�1 could be observed, which
17492 | RSC Adv., 2017, 7, 17489–17496
were generally used as an indication of protein denaturation and
conformational change upon immobilization.33 The typical
amide I and amide II adsorption peaks could also be observed for
the GOx/NH2-MIL-125(Ti)/TiO2 and GOx/CS/NH2-MIL-125(Ti)/
TiO2 samples, which suggested that the GOx retained its essential
features aer being adsorbed on the surfaces of NH2-MIL-125(Ti)/
TiO2 and GOx/CS/NH2-MIL-125(Ti)/TiO2, and revealed the good
biocompatibility of NH2-MIL-125(Ti)/TiO2. The amide adsorption
peaks had a red shi to 1669 cm�1 and 1559 cm�1, which might
be due to the strong electrostatic interaction between the
anchored GOx and NH2-MIL-125(Ti)/TiO2.14

The UV-vis diffuse reection spectra were used to demon-
strate the absorption edges of the fabricated electrodes,
including TiO2, NH2-MIL-125(Ti), and NH2-MIL-125(Ti)/TiO2

(Fig. S3†). The band gap of anatase TiO2 is 3.2 eV (ref. 15) and
TiO2 has an absorption spectrum in the ultraviolet band (l < 387
nm) (Fig. S3† curve a). NH2-MIL-125(Ti) has two absorption
bands at 258 and 371 nm attributed to the ATA2�Ti4+ /

ATA�Ti3+ transition within the subunits of the framework.34 The
absorption edge of NH2-MIL-125(Ti) extended to around 500 nm
(Fig. S3† curve b), indicating that NH2-MIL-125(Ti) could absorb
light in the visible region. These results are consistent with
previous reports.19,20 Compared with TiO2 alone (Fig. S3† curve
a), the absorption wavelength of NH2-MIL-125(Ti)/TiO2 was
broadened largely to the visible region (Fig. S3† curve c), thus
NH2-MIL-125(Ti)/TiO2 can be used as a photocatalyst in the
visible light region.
3.2. Photocurrent behaviors of the prepared electrodes

Fig. 2A shows the photoelectrochemical behaviors of TiO2/GCE,
NH2-MIL-125(Ti)/TiO2/GCE, and GOx/CS/NH2-MIL-125(Ti)/
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (A) The photocurrent responses of (a) TiO2/GCE, (b) NH2-MIL-125(Ti)/TiO2/GCE, and (c) GOx/CS/NH2-MIL-125(Ti)/TiO2/GCE in a sup-
porting electrolyte of 0.1 M pH 7.0 phosphate buffer; (d) NH2-MIL-125(Ti)/TiO2/GCE and (e) GOx/CS/NH2-MIL-125(Ti)/TiO2/GCE in the presence
of 0.1 M pH 7.0 phosphate buffer containing 0.6 mM glucose; (B) the photocurrent responses of GOx/CS/NH2-MIL-125(Ti)/TiO2/GCE in the
presence of 0.1 M pH 7.0 phosphate buffer containing 0.6mM glucose after incubation in (a) 0, (b) 0.1, (c) 1.0, and (d) 10.0 nM acetochlor solution
at a bias voltage of 0.2 V and after irradiation with light (l > 400 nm).
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TiO2/GCE in the absence and presence of 0.6 mM glucose upon
light irradiation in 0.1 M pH 7.0 phosphate buffer. Upon
photoexcitation with visible light, a series of almost identical
PEC responses was obtained. NH2-MIL-125(Ti)/TiO2/GCE
(Fig. 2A curve b) showed an obviously higher photocurrent
response than TiO2/GCE (Fig. 2A curve a), indicating the
improvement of the photocurrent conversion efficiency of TiO2

upon the addition of NH2-MIL-125(Ti) because of the strong
electronic coupling between the excited-state NH2-MIL-125(Ti)
and the conduction band of TiO2.21,31 In comparison with the
NH2-MIL-125(Ti)/TiO2/GCE electrode, GOx was introduced onto
NH2-MIL-125(Ti)/TiO2/GCE, and the photocurrent of GOx/CS/
NH2-MIL-125(Ti)/TiO2/GCE was slightly enhanced (Fig. 2A curve
c), possibly owing to the light-harvesting effect of GOx toward
visible light as well as the ability of electrons or energy to
migrate between GOx and NH2-MIL-125(Ti)/TiO2.35 Further
addition of glucose, an enzyme substrate, to the phosphate
buffer resulted in a signicantly enhanced photocurrent in the
GOx/CS/NH2-MIL-125(Ti)/TiO2 hybrid system (Fig. 2A curve e).
Upon the addition of 0.6 mM glucose, the photocurrent of the
GOx/CS/NH2-MIL-125(Ti)/TiO2 modied GCE electrode
increased by 44 nA, which is 3.5 times the photocurrent incre-
ment of 12.6 nA observed in the absence of glucose (Fig. 2A
curve c). The reason may be that the immobilized GOx can
catalyze the electro-oxidation of glucose into H2O2 when this
system is exposed to a solution containing glucose. Upon irra-
diation, the product H2O2 acts as a sacricial electron donor to
scavenge the holes in the valence band of the NH2-MIL-125(Ti)/
TiO2 and improves the efficiency of charge separation, resulting
in a prominent photocurrent increase. In a control experiment,
slight photocurrent enhancement was observed upon the irra-
diation of NH2-MIL-125(Ti)/TiO2 incubated in glucose without
GOx (Fig. 2A curve d). These results further demonstrated that
NH2-MIL-125(Ti)/TiO2 was an excellent immobilization matrix
for GOx, and the adsorbed GOx effectively retained its
bioactivity.

Fig. 2B shows that the presence of acetochlor induces the
inhibition of GOx. Acetochlor has a high acute toxicity toward
GOx and cuts down its enzymatic activity on the substrate
This journal is © The Royal Society of Chemistry 2017
(glucose), leading to a decrease in H2O2 production. With each
increase of the concentration of the added acetochlor, the
photocurrent from GOx/CS/NH2-MIL-125(Ti)/TiO2/GCE
decreased successively. The decrease of the photocurrent is
directly proportional to the concentration of the inhibitor in the
test solution because the percentage of inhibited enzyme that
results aer exposure to the inhibitor is quantitatively related to
the inhibitor concentration.36 Owing to the notable change in
the PEC signal of the GOx/CS/NH2-MIL-125(Ti)/TiO2 hybrid
system, the GOx/CS/NH2-MIL-125(Ti)/TiO2 functionalized elec-
trode could be used for the PEC biosensing of acetochlor with
irradiation with visible light.
3.3. Optimization of GOx/CS/NH2-MIL-125(Ti)/TiO2/GCE for
acetochlor detection

The experimental variables, including the GOx to NH2-MIL-
125(Ti)/TiO2 ratio, pH of the supporting electrolyte, inhibition
time and concentration of substrate, can affect the detection of
acetochlor, and were investigated.

Fig. 3A shows the relationship between the GOx to NH2-MIL-
125(Ti)/TiO2 ratio and the degree of inhibition of GOx by 0.4 nM
acetochlor. This result illustrates that the degree of inhibition
attained its maximum when the GOx to NH2-MIL-125(Ti)/TiO2

ratio was 10 : 1. Thus, this optimized ratio was chosen for the
following experiments.

The bioactivity of the immobilized GOx depends on the pH
of the electrolyte. Fig. 3B illustrates the relationship between
the pH and the degree of inhibition of GOx by 0.4 nM aceto-
chlor. Considering that the greatest activity of GOx is observed
in the pH range 5.5–9.0, being highest at pH 6.5,37 the inu-
ence of the buffer pH on the inhibition response in 0.1 M
phosphate buffer in a pH range from 5.5 to 9.0 was studied. It
is found that the degree of inhibition of the GOx/CS/NH2-MIL-
125(Ti)/TiO2 biosensor rises as the pH increases below pH 7.0.
When pH value is higher than 7.0, the degree of inhibition
drops as the pH increases because the enzyme loses its
activity. This is similar to the results reported for GOx
immobilized on cobalt or copper hexacyanoferrate13 and a Au
RSC Adv., 2017, 7, 17489–17496 | 17493
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Fig. 3 (A) Influence of the GOx to NH2-MIL-125(Ti)/TiO2 ratio on the inhibition of the GOx/CS/NH2-MIL-125(Ti)/TiO2 biosensor by 0.4 nM
acetochlor in pH 7.0 phosphate buffer; (B) influence of the pH on the inhibition of the GOx/CS/NH2-MIL-125(Ti)/TiO2 biosensor by 0.4 nM
acetochlor at different pH values; (C) effects of the immersion time in 0.4 nM acetochlor on the inhibition rate; (D) photocurrent value for GOx/
CS/NH2-MIL-125(Ti)/TiO2 in 0.1 M phosphate buffer after the addition of different concentrations of glucose: 0.2, 0.4, 0.6, 0.8, 1.0 mM (from
bottom to top) at a bias voltage of 0.2 V with visible light excitation.
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electrode.38 Therefore pH 7.0 was chosen as the optimum pH
for this inhibition study.

The inhibition time is an important factor in pesticide
analysis. Fig. 3C shows that the photocurrent from glucose on
GOx/CS/NH2-MIL-125(Ti)/TiO2/GCE decreased greatly as the
immersion time in the acetochlor solution increased from 2 to
10 min and then trended toward a stable value, indicating that
the binding interactions with active target groups in the enzyme
reached saturation. This tendency for change in the photocur-
rent reects an alteration of the enzymatic activity, which in
turn results in a change of the interactions with its substrate.
Notably, the maximum value of the inhibition by acetochlor was
not 100%, which might be attributed to a binding equilibrium
between the pesticide and the binding sites in the enzyme.

For an inhibitor biosensor, the concentration of the
substrate is another important factor. The effect of glucose
concentration on the PEC response of the GOx/CS/NH2-MIL-
125(Ti)/TiO2 functionalized GCE was investigated (Fig. 3D). The
photocurrent increases with the increasing glucose concentra-
tion from 0.2 to 0.6 mM, and then goes down upon further
increase of the glucose concentration, indicating GOx inhibi-
tion by excessive substrate. When the concentration of glucose
was too low, the peak current generated by the enzyme electrode
was so small that the determination of acetochlor was hardly
feasible. However, too high a substrate concentration would
cause all the active centers of GOx to be occupied by the
substrate and therefore be unable to produce a photocurrent.
17494 | RSC Adv., 2017, 7, 17489–17496
Therefore, in the present study a glucose concentration of
0.6 mM was chosen for acetochlor determination.
3.4. Analytical performance of the visible-light-activated
photoelectrochemical biosensor for acetochlor

Under the optimized experimental conditions, the detection of
acetochlor was performed using the GOx/CS/NH2-MIL-125(Ti)/
TiO2 functionalized electrode. As shown in Fig. 4A, the gener-
ated photocurrent decreases with an increase of the acetochlor
concentration. The acetochlor inhibition of GOx/CS/NH2-MIL-
125(Ti)/TiO2/GCE was proportional to its concentration in the
ranges from 0.02 to 1.0 nM and 10 to 200 nM. The linearization
equations were inhibition (%) ¼ 58.43c (nM) + 3.332 (%), and
inhibition (%) ¼ 0.06c (nM) + 69.73 (%), with the correlation
coefficients of 0.998 and 0.999, respectively (Fig. 4B). The
detection limit was calculated to be about 0.003 nM based on S/
N ¼ 3. Table S1† lists the analytical performance of different
methods for acetochlor detection. This method is more sensi-
tive than the MSPE-DLLM/GC method,39 the SPME/GC-MS
method40 and a photocatalytic-electrochemical sensor,27 but is
less sensitive than the UPLC/MS/MS method.41 However, this
value is below the approximate acetochlor concentration
required by the USEPA. Therefore, the proposed method is
suitable for testing for acetochlor in real samples.

The repeatability of the method was examined at a concen-
tration of 0.80 nM acetochlor with the same electrode, and
a relative standard deviation (RSD) of 6.1% was estimated from
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (A) Photocurrent responses of the GOx/CS/NH2-MIL-125(Ti)/TiO2 functionalized electrode toward 0.6 mM glucose under visible light
after incubation with 0, 0.02, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 10, 50, 100 and 200 nM (from a to m) acetochlor solutions. (B) Calibration curves
between the acetochlor concentration and efficiency of inhibition of GOx/CS/NH2-MIL-125(Ti)/TiO2/GCE. All the results weremeasured in 0.1 M
pH 7.0 phosphate buffer containing 0.6 mM glucose. The bias voltage was 0.2 V with irradiation with a halogen lamp light source (l > 400 nm).
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een successive assays. To investigate the fabrication repro-
ducibility, a 0.80 nM acetochlor solution was measured by ten
biosensors. The RSD of the peak current was 7.5%, revealing
excellent reproducibility. The stability of the biosensor could be
maintained by storing it at 4 �C in a refrigerator. No obvious
decrease in the response to glucose was observed in the rst 10
days of storage. Aer a 30 day storage period, the sensor
retained 92.5% of its original photocurrent response.

The interfering compounds that coexist with acetochlor in
fruit and vegetable samples were studied to learn the effect of
these compounds on the efficiency and selectivity of the proposed
analytical method for acetochlor detection. No change in the
detection of 0.8 nM acetochlor was found aer the addition of
1000-fold concentrations of sucrose, glycine, citric acid, K+, Na+,
and Ca2+. The addition of 10-fold mass ratios of prometryn, cle-
thodim, cycloxydim, and sethoxydim had no inuence on the
determination of acetochlor. These results indicated that the
biosensor has an excellent selectivity for acetochlor, and it might
be applied to monitoring acetochlor in real samples.
3.5. Real sample analysis

The feasibility of the developed biosensors was evaluated by
analyzing real fruit and vegetable samples. The samples used
Table 1 Results for the measurement of acetochlor in fruit and vegetab

Sample
Spiked
(nM) Found (nM)

Strawberry 0.10 0.095
0.40 0.406
0.80 0.782

Tomato 0.20 0.193
0.40 0.377
0.80 0.786

Cucumber 0.10 0.102
0.40 0.384
0.80 0.758

Greens 0.20 0.195
0.40 0.383
0.60 0.623

This journal is © The Royal Society of Chemistry 2017
for the recovery studies were previously tested by the GC-MS
method and proved to be free from acetochlor. We performed
the recovery tests by adding different amounts of acetochlor to
the samples. The accuracy of the method was also assessed by
comparing the electrochemical results with those obtained by
GC-MS, and the results are summarized in Table 1. These
results implied that the biosensor was capable of practical
application.
4. Conclusions

In conclusion, a novel inhibition PEC biosensor for the detec-
tion of acetochlor was constructed based on the inhibition of
GOx, using newly synthesized NH2-MIL-125(Ti)/TiO2 nano-
composites; and the efficient integration of a GOx/CS/NH2-MIL-
125(Ti)/TiO2 hybrid was accomplished for developing a PEC
biosensing platform for the rst time. Upon visible light irra-
diation, the biofunctional GOx/CS/NH2-MIL-125(Ti)/TiO2/GCE
electrode showed obvious photocurrent changes, which were
inhibited by acetochlor. The fabricated biosensor shows many
unique advantages such as rapid response, excellent sensitivity,
good reproducibility, ideal stability and ne applicability for the
detection of acetochlor in real samples. The good performance,
le samples (n ¼ 5)

Recovery
(%) RSD (%)

Found by GC-MS
(nM)

95.0 4.9 0.097
101.5 2.5 0.381
97.8 2.7 0.783
96.5 2.7 0.205
94.3 4.6 0.387
98.3 1.7 0.782

102.0 2.8 0.097
96.0 3.5 0.381
94.8 2.3 0.762
97.5 3.7 0.193
95.8 4.1 0.405

103.8 2.6 0.589

RSC Adv., 2017, 7, 17489–17496 | 17495
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simple and inexpensive fabrication and ease of use endow the
nanostructured biosensor with great potential for practical
application.
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