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This work describes a highly sensitive and rapid amperometric biosensor for organophosphate

compounds (OPs) based on immobilization of acetylcholinesterase (AChE) on a novel TiO,-decorated
graphene (Ti0,-G) nanohybrid, which was constructed by in situ growth of TiO, nanoparticles (NPs)
on the graphene sheet. The well-dispersed TiO, NPs eliminated the restacking of TiO,-G nanohybrids.
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Due to the integrating of TiO,-G nanohybrids, the as-prepared biosensor showed high affinity to
acetylthiocholine (ATCI) with a Michaelis—Menten constant (Ky,) value of 0.22 mM, and rapid
inhibition time (3 min). Further, based on the inhibition of OPs on the enzymatic activity of the
immobilized AChE, and using carbaryl as a model compound, the inhibition of carbaryl was
proportional to its concentration ranging from 0.001 to 0.015 and 0.015 to 2 ug mL~" with a detection
limit of 0.3 ng mL~" (S/N = 3). The developed biosensor exhibited a good performance for
organophosphate pesticide detection, including good reproducibility and acceptable stability, which
provided a new and promising tool for the analysis of enzyme inhibitors.

Introduction

Organophosphate compounds (OPs), as the most commonly
applied pesticides in agriculture, are typical examples exhibiting
fairly high toxicity. With the exploitation of many new pesticides,
the rapid determination and reliable quantification of trace
levels of these compounds are significant to health and the
environment.! A combination of enzymatic reactions with the
electrochemical method allows the development of different
enzyme-based electrochemical biosensors for environmental
analysis.> Among these, amperometric acetylcholinesterase
(AChE) biosensors have shown satisfactory results for OPs
determinations based on the inhibition of AChE,** in which the
enzyme activity was employed as an indicator for quantitative
measurement of insecticides. When AChE is immobilized on the
working electrode surface, its interactions with the substrate of
acetylthiocholine (ATCI) produce the electroactive product of
thiocholine. The inhibition on the enzyme system can be moni-
tored by measuring the oxidation current of thiocholine.” As an
alternative strategy, quite a lot of advanced nanomaterials, such
as gold nanoparticles (AuNPs) and carbon nanotubes (CNTs),
have been employed for AChE biosensors fabrication, which
showed good performance including high sensitivity, rapid
response and good stability.>”’
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Graphene-based hybrids with metals, metal oxides and poly-
mers have received increasing attention during recent years, due
to these hybrids affording significant physicochemical properties
by effective adjustment or interaction of graphene sheets and
incorporated materials.>® Several graphene hybrids have been
elaborately designed, prepared, and further applied in electro-
chemical biosensors,' because of the inherent properties of
graphene sheets including high surface area, excellent thermal
conductivity and electric conductivity, strong mechanical
strength, etc.!' Besides, the functionality of the incorporated
materials also makes a contribution to these graphene hybrids.
Recently, both Niu’s and Ramaprabhu’s groups fabricated Au/
graphene nanohybrids by a chemical reduction method, and
further respectively exploited the development of electrochemical
biosensor.'!? Raj’s group prepared the hybrid material derived
from nanoscale Pt particles and graphene, and further developed
a highly sensitive amperometric cholesterol biosensor.™* Our
group has confirmed the enhanced direct electrochemistry of
glucose oxidase (GOD) by employing nanohybrids of graphene
with CdS as an immobilization matrix.’> Compared with wide
applications of the CNT-based nanohybrid for fabricating vari-
eties of biosensors,'®!7 it is just the beginning for graphene-based
nanohybrids with more excellent physicochemical properties in
the field of electrochemical biosensors.**

Meanwhile, semiconductor nano-sized TiO, has been exten-
sively used in a wide range of applications due to its non-toxicity,
long term stability, low cost, multifunctions and good biocom-
patibility.' Particularly, the utilization of various carbonaceous
materials, such as mesoporous carbon and carbon nanotubes,'*-?
as the building block of the TiO,-based hybrid for potential
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applications has been investigated extensively. Based on its
unique properties, considerable efforts have been made to
incorporate graphene into TiO,-based hybrid materials.?' Hence,
several methods have been proposed to form TiO,-decorated
graphene (TiO,-G) nanohybrids with graphene oxide (GO), such
as UV-assisted reduction,?? chemical and thermal methods.?® But
these methods are commonly complicated and high cost.
Recently, Li’s group prepared a TiO,-G nanohybrid photo-
catalyst with GO and as-prepared TiO, (P25) using a facile
one-step hydrothermal method, which showed a high photo-
degradation performance for methylene blue.** It should be
noted that most of the P25 particles were observed along the edge
and wrinkles than on the basal plane.

Herein, we first synthesized TiO,-G nanohybrids with GO and
tetrabutyl titanate, using a facile one-step solvothermal reaction.
The nanohybrid could be produced directly from GO in a facile
one-step reaction, where the reduction of GO and the deposition
of TiO, on graphene occur simultaneously. Compared with the
former methods,?*?* this new process shortened the reaction
steps. The individual TiO, NPs not only well decorated the
surface of graphene sheets, but also prevented the graphene
sheets from restacking. To the best of our knowledge, the AChE
biosensor based TiO,-G nanohybrids have not been developed.
In an effort to develop a highly sensitive biosensing platform for
OPs, we have explored the utilization of as-prepared TiO,-G
nanohybrids as an immobilization matrix. Due to the integrating
of TiO,-G nanohybrids, the immobilized AChE exhibited greater
affinity to its substrate and excellent catalytic effect on the
hydrolysis of ATCl. The enzyme-based biosensor was con-
structed for the rapid quantitative determination of carbaryl,
a model of OPs. The proposed biosensor showed acceptable
stability and sensitivity, and had potential application in AChE-
inhibitors OPs analysis and environmental monitoring.

Experimental
Materials and reagents

Acetylcholinesterase (AChE, Type C3389, 500 U mg~' from
electric eel), acetylthiocholine chloride (ATCI) and carbaryl were
purchased from Sigma-Aldrich (USA) and used as received.
Graphite was purchased from Qingdao Tianhe Graphite Co.,
Ltd. Tetraethyl orthosilicate (Si(OC,H5s),), and tetrabutyl tita-
nate (Ti(OC4Hy)4) were purchased from Sinopharm Chemical
Reagent Co., Ltd. 0.1 M phosphate buffer solution (PBS, pH7.0)
was prepared by mixing stock standard solutions of NaH,PO,
and Na,HPO,, and adjusting the pH with 0.1 M NaOH. Unless
otherwise stated, reagents were of analytical grade and used as
received. All aqueous solutions were prepared with doubly
distilled water.

Synthesis of TiO,-G nanohybrids

Graphene oxide (GO) was prepared following the modified
Hummers method? using purified natural graphite. The TiO,-
graphene (TiO,-G) nanohybrid was synthesized as follows.
Typically, the GO (34 mg) was dispersed into a solution (8.5 mL)
that contained Si(OC,Hs),, Ti(OC4Hy)4, and anhydrous ethanol
at a volume ratio of 1 : 10 : 60. Then, the mixture of anhydrous
ethanol (8.5 mL), 28% NH;-H,0 (0.8 mL), 30% H,0, (8.5 puL)

was added slowly to the first mixture and further stirred at room
temperature until a gel was formed. The mixture was transferred
into a 20 mL Teflon-sealed autoclave and heated at 170 °C for
30 h. After cooling to room temperature, the precipitate was
collected by centrifugation and washed several times with
deionized water and anhydrous ethanol. The washed precipitate
was dried in a vacuum oven at 50 °C.

Electrode preparation and modification

Prior to modification, the glassy carbon electrode (GCE) was
first polished with sand paper followed by 1.0, 0.3, and 0.05 um
alumina slurry, respectively. After successive sonication in
ethanol and double distilled water, the electrode was rinsed with
double distilled water and allowed to dry at room temperature.
As displayed in Scheme 1, the modified electrode was prepared
by a simple casting method as follows. Initially, the pretreated
GCE was modified by dropping 6 pL 2.0 mg mL™" TiO,-G
aqueous solution to fabricate the TiO,-G modified GCE (deno-
ted as TiO,-G/GCE). The obtained electrode was finally coated
with 4 uL.. AChE solutions, which were incubated at 25 °C for
30 min. After evaporation of water, the modified electrode was
washed with PBS to remove the unbound AChE, and the
resulting AChE-Ti0,-G/GCE was stored at 4 °C when not use.
For comparison, AChE-TiO,/GCE and AChE-G/GCE with the
same quantities of AChE were prepared using the similar
procedure.

Measurement procedure

Inhibition of OPs pesticides: the proposed AChE-TiO,-G/GCE
was first immersed in 0.1 M PBS containing different concen-
trations of standard carbaryl solution for 3 min and then
transferred to the electrochemical cell of 5.0 mL PBS containing
0.4 mM ATCI to study the electrochemical response by cyclic
voltammetry between 0.1 and 1.2 V (versus SCE). The inhibition
of pesticide was calculated as follows: Inhibition (%) =
(I = I exp/ Iy controt) % 100, where I, conirol is the peak current of
ATCIl on AChE-TiO,-G/GCE and I, ¢, is the corresponding
peak current of ATCI with pesticide inhibition.

Thiocholine (ox)
Q
Thiocholine (red)
I'hiocholine (ox)
Thiocholine (red)
Q TiO,-G AchE €& OPs

Scheme 1 Schematic representation of the biosensor fabrication and the
principle for OPs determination.
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The apparent Michaelis—Menten constant (K,) of the
biosensor: the typical current-time plot for the biosensor at
700 mV after the successive addition of ATCl to 0.1 M PBS with
stirring. And then the K, value, which gives an indication of the
enzyme substrate kinetics for the biosensor, was determined by
analysis of the slope and intercept for the plot of the reciprocals
of the steady-state current versus ATCI concentration.

Instrumentation

The morphology of the as-prepared TiO,-G nanohybrids was
investigated using transmission electron microscopy (TEM,
JEOL2100, Japan) and field-emission scanning electron micros-
copy (FE-SEM, Hitachi S4800, Japan). The IR spectra of the
samples were obtained using an FT-IR spectrometer (Nicolet
Nexus 470 FT-IR). Raman spectra were obtained on an RM
2000 microscopic confocal Raman spectrometer (Renishaw
inVia Plus, England) employing a 514 nm laser beam. The elec-
trochemical experiments were performed with a CHI660 B elec-
trochemical analyzer (Chen Hua Instruments, Shanghai, China)
with a conventional three-electrode system where a glassy carbon
electrode (GCE, 3 mm in diameter) was used as working elec-
trode, a saturated calomel electrode (SCE) as reference electrode
and platinum wire as counter electrode, respectively. Electro-
chemical impedance spectroscopy (EIS) was performed in
a 0.1 M KClI solution containing 5 mM Fe(CN)g* "~ with
a frequency range from 0.01 Hz to 100 kHz at 0.24 V, and the
amplitude of the applied sine wave potential in each case was
SmV.

Results and discussion

Characterization of TiO,-G nanohybrids

The morphology of the as-prepared TiO,-G nanohybrid was
investigated by employing SEM and TEM. As shown in Fig. 1a,

Fig. 1 (a) SEM image of TiO,-G; (b) TEM image of TiO,-G.

it was obvious that the TiO,-G nanohybrids had several layers,
each of which exhibited TiO, NPs loading on all graphene
surfaces. The TiO, NPs prevented the graphene sheets from
restacking. The decoration of the 2D graphene sheet surface with
the TiO, NPs also can be easily observed by TEM as shown in
Fig. 1b. The individual TiO, NPs were well decorated on the
graphene with a wrinkled paper-like structure. Most TiO, NPs
had diameters of 5~10 nm. The images demonstrated that the
in situ preparation of TiO,-G nanohybrids was effective for
improving the morphology of TiO, NPs, and also showed the
successful fabrication of TiO,-G nanohybrids by one-step sol-
vothermal reaction.

We investigated the as-prepared nanohybrid by FT-IR spec-
troscopy. As shown in Fig. 2A, several characteristic peaks of
GO, in detail, the absorption due to C=0 stretching of COOH
groups situated at the edge of GO sheets was observed at about
1726 cm'. The peak at around 1623 cm™' was assigned to the
O-H bending vibration, and the absorption at 1396 cm™' was
attributed to tertiary C-OH groups,?® while the absorption peaks
at 1726 cm ™' and 1623 cm ™' of GO were not observed in the case
of TiO,-G. A new absorption band that appeared at 1570 cm™!
clearly showed the skeletal vibration of the graphene sheets.?’
The result confirmed the reduction of the GO sheets to graphene.
In addition, TiO,-G nanohybrids showed that the broad
absorption at low frequency (below 900 cm ') was ascribed to the
Ti-O-Ti structure,® similar to that in the spectrum of TiO».
These characterizations proved the successful preparation of
TiO,-G nanohybrids.

Furthermore, to ascertain the reduction of GO to graphene,
Raman spectra of GO and TiO,-G were shown in Fig. 2B. Both

Intensity/ a.u.

2750 2200 1650 1100 550
Wavenumber/ cm”

B G band

Intensity/ a.u.

1280 1360 1440 1520 1600
Raman shift/ em™

Fig. 2 (A) FT-IR spectra of (a) TiO,, (b) GO, and (c) TiO,-G; (B)
Raman spectra of (a) TiO,-G and (b) GO.
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spectra showed the existence of the D band and G band. For GO,
the G band was located at 1600 cm~!, while for TiO»-G nano-
hybrids, the G band moved to 1593 cm™!, which was close to the
value of the pristine graphite, indicating the reduction of GO
during the solvothermal treatment. At the same time the exis-
tence of the D band at 1356 and 1348 cm™! for both GO and
TiO,-G respectively predicted the defect of the sample and the
size of the in-plane sp*> domain.?**® The intensity ratio of the D
and G band (Ip/lg), changing from 0.71 to 0.90, indicated
a slight increase in the average size of the sp? domain upon the
reduction of GO by the solvothermal reaction. The studies of
Stankovich et al*' and Paredes er al.®* also found the similar
result by chemical reduction for graphene.

EIS of the biosensor

EIS can provide useful information on the impedance changes of
the electrode surface during the fabrication process.*® The
Nyquist plot of impedance spectra includes a semicircle portion
and a linear portion, and the former at higher frequencies
corresponds to the electron-transfer-limited process and its
diameter is equal to the electron-transfer resistance.’* By using
the K;[Fe(CN)g)/K4[Fe(CN)g] redox couple as an electro-
chemical probe, Fig. 3 exhibited the Nyquist plots of different
electrodes in the frequency range from 1072 to 10° Hz. It was
obvious that the electron transfer resistance (R) of the TiO,-G/
GCE was much lower than that of the bare GCE (curve a), and
an almost straight line was exhibited (curve b). Here TiO,-G
immobilized on the electrode played an important role similar to
an electron-conducting tunnel, making electron transfer to the
electrode surface easier. After AChE was added on to the TiO,-
G/GCE surface, there showed a great increase in the diameter of
the semicircle due to the increase of the thickness of the interface
(curve c), which suggested that an enzyme layer formed an
additional barrier and further prevented the redox probe to the
electrode surface.®® It was the direct evidence of successful
binding of enzyme on the electrode surface.

Electrochemical behavior of AChE-TiO,-G/GCE

Cyclic voltammetry (CV) was employed to evaluate the perfor-
mance of the fabricated biosensor during stepwise modification.
Fig. 4 presented the CV curves of different electrodes in the
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Fig. 3 EIS of (a) bare GCE, (b) TiO,-G/GCE and (c) AChE-TiO,-G/
GCE in 0.1 M KClI containing 5 mM K;[Fe(CN)g)/K4[Fe(CN)g].
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Fig.4 (A) CVs of (a) bare GCE, (b) AChE-TiO,-G/GCE in 0.1 M PBS
(pH 7.0); (c¢) AChE-TiO,-G/GCE, (d) AChE-G/GCE and (¢) AChE-
TiO,/GCE in 0.1 PBS (pH 7.0) containing 0.4 mM ATCI. Scan rate:
50 mV s7'. (B) CVs of AChE-TiO,-G/GCE in 0.1 M PBS (pH 7.0) con-
taining 0.4 mM ATCI at different scan rates from 10 to 400 mV s~'. Inset:
plots of peak current vs. scan rate.

absence and presence of ATCl. No peak was observed at
different electrodes in 0.1 M PBS. While 0.4 mM ATCI was
added, an irreversible oxidation peak at 700 mV was observed at
AChE-TiO,-G/GCE (curve c), attributed to the oxidation of
thiocholine, the hydrolysis product of ATCI catalyzed by
immobilized AChE.3¢ Furthermore, the peak current of AChE to
ATCI on the AChE-TiO,-G/GCE was much higher than that of
the G/GCE and TiO,/GCE, which was attributed to the presence
of TiO,-G nanohybrids with its inherent conductive properties
can provide a conductive pathway for electron transfer.’”
Therefore, the TiO,-G/GCE was utilized for OPs detection in our
biosensing experiments.

Moreover, the effect of scan rate on the voltammetric response
of immobilized AChE was also investigated. As displayed in
Fig. 4B, with the increment of the scan rate, the peak current
increases while the peak potential shifts slightly. The peak
current exhibits a linear dependence on the scan rates ranging
from 10 to 400 mV s~! (inset in Fig. 4B), indicating a typical
surface-controlled electrode process.*®

Calibration plot of ATCl

The typical current-time response curve of the biosensor was
obtained by successive additions of the substrate into a stirred
cell. As displayed in Fig. 5A, with the increasing concentration of
ATCI, the amperometric response increased linearly in the range
of 0.3~1.1 mM with a correlation coefficient of 0.9987 and then
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Fig. 5 (A) The amperometric i~ curve at the AChE-TiO,-G/GCE for
successive addition of ATCI with stirring at the applied potential of
700 mV. Inset: the calibration plot for ATCI determination. (B) The
calibration plot for the ATCI sensor. Inset: the Lineweaver—Burk plot
of 1/ vs. 1/C.

tended to a plateau value, showing a typical Michaelis—Menten
process (Fig. 5B). The apparent Michaelis-Menten constant
(Kmm) is calculated to be 0.22 mM according to the Lineweaver—
Burk equation. This value was much lower than that of AChE
adsorbed on an AuNPs sol-gel film (0.45 mM),*” a carbon
nanotube N,N-dimethylformamide composite film (0.66 mM)*®
and a polyethyleneimine modified electrode (1.5 mM),* indi-
cating that the immobilized AChE possessed a higher enzymatic
activity and affinity for ATCIl due to the excellent electron-
transfer channels of TiO,-G nanohybrids.3¢

Effect of incubation time on inhibition

In the pesticide analysis one of the most influential parameters is
the inhibition time. Therefore, the dependence of incubation time
on the carbaryl inhibition was also studied. As shown in Fig. 6,
carbaryl displayed an increasing inhibition on AChE with the
increase of immersion time, and when the incubation time was
longer than 3 min, the curve trends to a stable value, indicating
that the binding interaction with active target groups in the
enzyme reaches saturation. However, the maximum value of
inhibition was not 100%, which is likely attributed to the binding
equilibrium between pesticides and binding sites in the enzyme.3®
Thus, a 3 min incubation time was used in subsequent experi-
ments. This incubation time was obtained at a relatively small
value (3 min) as compared to those reported multiwalled carbon
nanotubes (MWCNTs) on an alkanethiol self-assembled mono-
layer modified Au electrode (8 min)*® and Prussian blue-modified
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Fig. 6 Effect of the incubation time of pesticides on the AChE-TiO,-
G/GCE.

electrode (10 min).! To the best of our knowledge, such short
inhibition time for OPs detection is rarely reported.

Detection of carbaryl

Based on the inhibition of OPs on the immobilized AChE activity,
a simple and effective way for monitoring OPs was proposed. As
shown in Fig. 7, the inhibition of carbaryl was proportional to
its concentration from 0.001 to 0.015 ug mL~" and from 0.015 to
2 pg mL~! with a detection limit of 0.3 ng mL~"' (S/N = 3). The
concentration range was wider than that of 66.4 ng mL™' to
1.33 pg mL~! for direct electrochemical determination of carbaryl
using a multi-walled carbon nanotube/cobalt phthalocyanine
modified electrode*! and 10 ng mL~" to 1 ug mL~" by flow injec-
tion—direct chemiluminescence detection.*?

Reactivation of the biosensor

It was also observed that the as-prepared biosensor inhibited by
carbaryl within a certain concentration can resume 91.8% of its
original value after immersion in 0.1 M PBS (pH 7.0) for 10 min,
indicating that PBS plays an important role as a reagent for
AChE reactivation. Compared with nucleophilic compounds
such as pralidoxime iodide as a reagent of reactivation previously
reported,*® this method was simple and reliable.
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Fig. 7 Relationship between peak currents and concentrations of
carbaryl. Insets: calibration plots for carbaryl determination.
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Precision of measurements and stability of biosensor

The intra-assay precision of the biosensors was evaluated by
assaying one enzyme electrode for five replicate determinations
in 0.4 mM ATCI after being immersed in 0.01 pg mL~" carbaryl
for 2 min. Similarly, the inter-assay precision, or fabrication
reproducibility, was estimated at four different electrodes. The
RSD of intra-assay and inter-assay were found to be 6.3% and
8.2%, respectively, indicating an acceptable reproducibility.
The long-term storage stability was a critical issue for practical
application of the proposed biosensor. When stored at 4 °C and
measured at intervals over 2 days, no obvious decrease in the
response of ATCI was observed in the first 7-day storage. After
a 20-day storage period, the sensor retains 83% of its initial
current response, indicating the acceptable stability of biosensor.

Conclusions

In summary, we have successfully constructed TiO,-G nano-
hybrids via in situ growth of TiO, NPs on the surface of graphene
sheets, which exhibited individual TiO, NPs well decorated on
the surface of graphene sheets, preventing the graphene sheets
from restacking. Serving as a biocompatible platform for enzyme
immobilization, the proposed TiO,-G nanohybrids provided
a simple and efficient strategy for the immobilization of AChE
and developed as a sensitive sensor for the rapid detection of
carbaryl pesticide. Due to the excellent electron-transfer channels
of the nanohybrid, the immobilized AChE possesses higher
enzymatic activity and affinity to ATCI. A relatively short inhi-
bition time was obtained by virtue of the TiO,-G nanohybrids,
which made the OPs carbaryl contact with the active site of
AChE much easier and thus reducing the inhibition time. Based
on the change in electrochemical response of enzymatic activity
induced by OPs pesticide, an electrochemical technique with
good reproducibility, acceptable stability and fast response for
OPs pesticide was successfully developed. All of these good
characteristics provide great promise for biosensor applications,
which may open up new challenges and approaches to explore
the electrochemical behaviors of graphene-based hybrids for
other potential utilizations.
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