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a b s t r a c t

A sensitive amperometric acetylcholinesterase (AChE) biosensor was fabricated based on mesocellular
silica foam (MSF), which functioned as both an enzyme immobilization matrix and a solid phase extraction
(SPE) material for the preconcentration of target molecules. The hydrophilic interface, the good mechan-
ical/chemical stability, and the suitable pore dimension of MSF provided the entrapped AChE a good
environment to well maintain its bioactivity at basic condition. The AChE immobilized in MSF showed
improved catalytic ability for the hydrolysis of acetylthiocholine, as evidenced by the increasing of the
oxidation current of thiocholine, the enzymatic catalytic hydrolysis production of acetylthiocholine. In
addition, the MSF with large surface area showed a modest adsorption capacity for monocrotophos, a
olid phase extraction

ow limit of detection
onocrotophos

model organophosphate used in this study, via the hydrogen bond or physical adsorption interaction. The
combination of the SPE and the good enzyme immobilization ability in MSF significantly promoted the
sensitivity of the biosensor, and the limit of detection has lowered to 0.05 ng/mL. The biosensor exhibited
accuracy, good reproducibility, and acceptable stability when used for garlic samples analysis. The strat-
egy may provide a new method to fabricate highly sensitive biosensors for the detection of ultra-trace

icide
organophosphorous pest

. Introduction

Organophosphorous pesticides (OPs) are widely used in agri-
ulture for pest control (Wang et al., 2008a; Lee et al., 2010).
owever, the toxic residuals of OPs in crop, livestock, and poultry
roducts would cause the disfunction of neurotransmitter enzyme,
cetylcholinesterase (AChE), and thus harm the human health
Mulchandani et al., 2001). The safety levels fixed by the national
nd international regulatory agencies depend on the toxicities of
Ps, but the maximum concentration of each individual pesticide

et by the European Council Directive 98/83/CE should be lower
han 0.1 ppb, and the total amount must not exceed 0.5 ppb (Llopis
t al., 2009). However, the low concentration of these compounds
n food, water and air can hardly be monitored directly using stan-
ard analytical instrumentation. Gas chromatography (Noort et al.,
006) and high-performance liquid chromatography (Cappiello
t al., 2002) coupled with mass spectroscopy could detect OPs in

pb level. Unfortunately, the tedious sample pretreatments, highly
ualified technicians and sophisticated instruments are not suit-
ble for infield detection. Consequently, the development of rapid
nd sensitive OPs detecting techniques with ultra-low detection
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limit shows increasing potential for environmental monitoring and
food industry.

Amperometric AChE biosensors (Amine et al., 2006; Du et al.,
2007; Hildebrandta et al., 2008) present a promising alternative
method to the traditional strategies because of their high sensitiv-
ity, fast response, and miniature size. Based on the inhibition action
of OPs on AChE, the concentration of pesticides could be precisely
determined (Amine et al., 2006). The sensitivity and the detection
limit of these biosensors depend on enzyme activity (Gong et al.,
2009; Sotiropoulou and Chaniotakis, 2005), thus, the immobiliza-
tion of enzyme on the surface of electrode is a crucial step for the
performance of the biosensors. For the protection of enzyme activ-
ity, functional nanomaterials such as carbon nanotube (Kandimalla
and Ju, 2006; Choi et al., 2009; Chen et al., 2008), gold nanoparti-
cle (Du et al., 2007; Zhao et al., 2009), and mesoporous materials
(Shimomura et al., 2009; Sotiropoulou and Chaniotakis, 2005) have
been introduced for the construction of enzyme loaded matrix. The
integration of advanced materials greatly promoted the sensitivity,
stability and detection limit of AChE biosensors. Among them, the
mesoporous materials have attracted considerable attention due

to their large surface areas, versatile mesostructure, good mechan-
ical/chemical stabilities (Wu et al., 2007; Dai et al., 2004). The pore
diameter of mesoporous materials can be easily controlled between
in a wide range (2–50 nm) to match the dimension of the immobi-
lized enzyme. The nanopores provide confined space for enzymes

dx.doi.org/10.1016/j.bios.2010.11.029
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
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o prevent them from unfolding and are therefore beneficial for
heir activity maintenance (Zhou and Dill, 2001). The good enzyme
ctivity maintenance ability of mesoporous materials has been well
stablished by theoretical simulation (Zhou and Dill, 2001) and a
arge amount of experimental facts (Vamvakaki and Chaniotakis,
007; Wu et al., 2007; Dai et al., 2004).

Mesoporous materials have been recently utilized for solid-
hase extraction (SPE), which is applied in various fields, including
eparation science (Pérez-Quintanilla et al., 2007), on-line precon-
entration and trace analysis (Trammell et al., 2008). In the past
ecades, this technique arose for the development of amperomet-
ic pesticides biosensors based on the principle of concentrating
arget pesticide on the surface of electrode, which significantly
mprove the sensitivity of the biosensors. Large surface area and
dsorbing ability are required for a suitable SPE material. Com-
ared with other SPE materials such as ZrO2 nanoparticle (Du et al.,
008a), ZrO2/Au nanocomposites film (Wang and Li, 2008), and
ultiwalled carbon nanotube (Du et al., 2008b), mesoporous mate-

ial such as three dimensional mesocellular silica foam (MSF) is not
nly benefit from their large surface area, but pesticides compounds
an interact with mesoporous silica with both physical adsorption
nd hydrogen bond. However, to the best of our knowledge, meso-
orous materials are now barely used in the amperometric sensing
f electro-inactive compounds for their SPE function. This is a blank
rea but with great perspective.

Herein, motivated by the super abilities of mesoporous materi-
ls, MSF was introduced to the surface of electrode for both enzyme
mmobilization and SPE of pesticides. An AChE biosensor was fab-
icated for the detection of a model OP, monocrotophos. The linear
ange was from 0.05 ppb to 10 ppb with a limit of detection down
o 0.05 ppb, which satisfies the demand for ultra-trace pesticide
etection.

. Experimental

.1. Reagents

Acetylcholinesterase (1000 U/mg) and acetylthiocholine chlo-
ide (ATCl) were purchased from Sigma–Aldrich (St Louis, USA)
nd used as received. Monocrotophos was purchased from
reechem Co. (Shanghai, China). Poly(vinyl alcohol) (PVA) and
oly(ethylene oxide)-block-poly-(propylene)-block-poly(ethylene
xide) (EO20PO70EO20, Pluronic P123) was purchased from BASF
Germany). 5,5′-Dithiobis(2-nitrobenzoic acid) was purchased
rom Boao Co. (Shanghai, China). All other reagents were of analyt-
cal grade and used without further purification. 0.1 M phosphate
uffer solution (PBS) was prepared by mixing the stock solutions
f NaH2PO4 and Na2HPO4. Doubly distilled water was used in all
xperiments.

.2. Preparation of AChE loaded MSF suspension

MSF powder was synthesized according to the method reported
reviously (Schmidt-Winkel et al., 2000). 0.5 mg of the obtained
SF powder was first mixed with 1.0 mL water and stirred for 2 h

o obtain the MSF suspension. Then 17 U AChE was added into the
uspension and shaken for 20 min to obtain the enzyme entrapped
SF nanocomposite.

.3. Construction of AChE-MSF-PVA/GCE
Glassy carbon electrodes (3 mm in diameter, CH Instruments,
nc., U.S.A.) were firstly polished to a mirror finish with 0.3 and
.05 �m alumina slurry followed by thoroughly rinsing with deion-

zed water. After sonicating successively in 1:1 nitric acid, acetone
nd deionized water, the electrodes were rinsed with deionized
Fig. 1. Schematic diagram for biosensor fabrication and determination of monocro-
tophos.

water and dried at room temperature. Then 3 �L of the AChE loaded
MSF suspension and 3 �L 2% PVA aqueous solution was subse-
quently cast on the GCE to obtain the AChE-MSF-PVA/GCE, with
the total AChE amount of 50 mU on the electrode surface. The PVA
membrane could fix the AChE impregnated MSF nanocomposite on
electrode surface. The biosensor was stored at 4 ◦C when not in use.
For comparison, AChE-PVA/GCE, MSF-PVA/GCE, and PVA/GCE were
fabricated.

2.4. Inhibition measurement using AChE biosensor

A detailed description of the assay process for monocrotophos
was illustrated in Fig. 1. For inhibition tests, the original differ-
ential pulse voltammetric signal (IP,control) was measured in 0.1 M
pH 9.0 PBS with 1.5 mM ATCl. Then the electrode was rinsed with
water and incubated in an aqueous solution containing the desired
concentration of monocrotophos for 10 min. After incubation, the
residual signal (IP,exp) was recorded at the same condition. The
inhibition rate of monocrotophos was calculated as follows:

Inhibition (%) = 100% × IP,control − IP,exp

IP,control

2.5. Activity and stability assays

500 mg MSF powders were added into 10 mL AChE solution
(activity of 20 U), and the mixture was shaken at room tem-
perature in a shaken bath for 2 h for the adsorption of enzyme
in the MSF. Then the AChE/MSF composite was centrifuged and
washed with deionized water twice. No enzyme was detected in
the supernatant according to the Ellman method (Ellman et al.,
1961). The composite was dried at 30 ◦C and stored at −20 ◦C. The
amount of immobilized enzyme in the porous MSF was calculated
as 40 mU/mg.

In order to measure the stability of the immobilized enzyme,
the AChE/MSF composite was dispersed in pH 9.0 PBS (10 mg/mL).
Aliquots were taken every 20 min over a time period of 120 min
from the AChE/MSF suspension to analyze its activity using a mod-
ified Ellman method (Ellman et al., 1961). For comparison, the
stability of the free enzyme in pH 9.0 PBS was also examined.

2.6. Adsorption of monocrotophos

The AChE-MSF-PVA/GCE or the AChE-PVA/GCE was immersed in
1.0 mL 500 ppb monocrotophos solution for 10 min for monocro-
tophos adsorption. The residual monocrotophos amount after
adsorption was calculated by UV adsorption at 265 nm.

2.7. Apparatus
The electrochemical measurements were carried out on a CHI
660c electrochemical working station (CH Instruments Co.). A
three-electrode system was employed with AChE-MSF-PVA/GCE as
working electrode, a saturated calomel electrode (SCE) as reference
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one of the OP compounds exhibited acute toxicity and involved in
the irreversible inhibition action on AChE, thus reduced the enzy-
matic activity to its substrate. Based on the change in voltammetric
signal of the AChE-MSF-PVA/GCE, the monocrotophos concentra-
tion could be detected.
866 S. Wu et al. / Biosensors and B

lectrode and a platinum wire as counter electrode. Transmis-
ion electron microscopy (TEM) experiments were performed on a
EM-300CX electron microscope (JEOL, Japan) with an acceleration
oltage of 300 kV. The nitrogen adsorption/desorption isotherms
nd pore size distribution (calculated by the Barrett-Joyner-
alenda model) were measured at 77 K using a Micrometeritics
SAP 2020 system. The UV–vis spectra were measured by a UV-
201 spectrometer (Ruili, Beijing, China).

. Results and discussion

.1. Morphology and pore size distribution of MSF

The TEM image of MSF showed uniformly distributed mesocells
ith diameter of about 29 nm (Fig. S1), indicating a typical mesocel-

ular structure. Fig. S2A shows the N2 adsorption/desorption
sotherms of MSF, which exhibited large hysteresis with sharp
dsorption and desorption branches at high relative pressure,
ndicating the narrow pore size distribution of large mesopores
Wu et al., 2007). From the adsorption and desorption branches
f the isotherms the pore size distribution can be calculated
sing the Barrett–Joyner–Halenda method, which was shown in
ig. S2B. Obviously, the MSF displayed two main kinds of meso-
ores centered at 12.5 and 28.5 nm, respectively, indicating the
SF was composed of main cells with a diameter of 28.5 nm

nterconnected by 12.5 nm windows. The window diameter of
2.5 nm matched well with the dimensions of AChE molecule
7.0 nm × 10 nm × 12 nm) (Raves et al., 1998), which facilitated the
ntrance of AChE into the mesopores. The 28.5 nm diameter of
he main cell was about 2–3 times larger than the dimension of
ChE, the value just satisfied the demand for protein immobiliza-

ion and bioactivity maintenance, which has been proven by both
heoretical calculations (Zhou and Dill, 2001) and the experimen-
al result that the AChE maintained 102% of its activity after being
mmobilized in the mesopores. The slight improvement of AChE
ctivity was attributed to the configuration change of the enzyme
nside the confined space. The Brunaur–Emmett–Teller surface area
nd mesopore volume of the MSF were calculated to be 460 m2/g
nd 2.09 cm3/g, respectively, which could separately accommodate
ore enzymes and concentrate pesticide therein.

.2. UV–vis spectra

To evaluate the adsorption of monocrotophos on MSF, UV–vis
pectrometry was introduced for the investigation. UV–vis spec-
ra of monocrotophos solution before (curve a) and after SPE on
ChE-PVA/GCE (curve b) and AChE-MSF-PVA/GCE (curve c) were
hown in Fig. 2. The freshly prepared monocrotophos (500 ppb)
xhibited an obvious absorption peak centered at 265 nm (curve a),
hich was the characteristic absorbance peak of monocrotophos.
fter 10 min adsorbed on the AChE-MSF-PVA/GCE, the adsorption
eak (curve c) intensity obviously decreased, indicating a signifi-
ant decrease of the monocrotophos amount in the solution. The
onocrotophos adsorption amount on the AChE-MSF-PVA/GCE
as about 3 times larger than that of AChE-PVA/GCE (curve b).

he excellent adsorption ability of the MSF to monocrotophos may
ecause the MSF has a large surface area and abundant amount
f silanols thus could bind with monocrotophos via nonspecific
dsorb or hydrogen bond interaction. We assume the adsorption on
he adhesive PVA could be attributed to the high oxygen content of
VA, which might form hydrogen bonds with the monocrotophos.

he special ability of the mesopores to adsorb monocrotophos
ould increase the local concentration of pesticide around the AChE,
hich in turn contributed to the improvement of the sensitivity,

nd allowed for the detection of pesticide with ultra-low concen-
ration.
Fig. 2. Uv–vis spectra of 0.5 �g/mL monocrotophos solution before (a) and after SPE
by AChE-MSF-PVA/GCE (b), and AChE-PVA/GCE (c) for 10 min.

3.3. Cyclic voltammetry behavior of the biosensor

Fig. 3A shows the cyclic voltammograms (CVs) of different elec-
trodes in pH 9.0 PBS containing 1.5 mM ATCl. No detectable signal
was observed at the PVA/GCE and the MSF-PVA/GCE without immo-
bilization of AChE (curve a and curve b), which showed that both
PVA and MSF were electroinactive in the potential window. The CV
of the AChE-MSF-PVA/GCE showed an irreversible oxidation peak
at 680 mV (curve d), which resulting from the oxidation of thio-
choline, hydrolysis product of ATCl, catalyzed by the enzyme. In
contrast, without the addition of MSF, the peak current of the AChE-
PVA/GCE was much lower (curve c). The increase of the response
may due to the fact that the MSF with large surface area and suit-
able pore size could immobilize more amount of enzymes and well
maintain the maximum bioactivity of the immobilized enzyme.

After 10 min incubation in 5 ng/mL and 10 ng/mL monocro-
tophos solution, the anodic peak currents (curves b and c, Fig. 3B)
dramatically decreased compared with the control (curve a, Fig. 3B),
and the decrease in peak current increased with the increasing con-
centration of monocrotophos. This was because monocrotophos as
Fig. 3. (A) CVs of the PVA/GCE (a), MSF-PVA/GCE (b), AChE-PVA/GCE (c), and AChE-
MSF-PVA/GCE (d) in 0.1 M PBS 9.0 solution containing 1.5 mM ATCl, and (B) CVs
of AChE-MSF-PVA/GCE in PBS 9.0 solution before (a) and after the inhibition by
5 ng/mL(b) and 10 ng/mL (c) monocrotophos. Scan rate 50 mV/s.



S. Wu et al. / Biosensors and Bioelectronics 26 (2011) 2864–2869 2867

F
1
p

p
i
2
O
c
e
r
l
s
w
(

3

P
c
s
A
a
1
t
M
a
T
o
A
e
i
l
p
w
h
t
h
f
2

3

f
i
a
w
b

ig. 4. (A) Influence of pH value on the response of the AChE-MSF-PVA/GCE to
.5 mM ATCl at 0.7 V. (B) Stability of the MSF entrapped (a) and the free AChE (b) in
H 9.0 PBS solutions.

With increasing the scan rate, the peak current increased and the
eak potential shifted slightly (Fig. S3). The peak currents exhib-

ted a linear dependence on the scan rates ranging from 20 to
00 mV/s, indicating a typical surface-controlled electrode process.
n the contrary, if the enzyme was in aqueous solution, a diffusion-
ontrolled process could be observed and the peak currents would
xhibit a linear dependence on the square root of scan rate. So, our
esults indicated that AChE was firmly immobilized in MSF with
ittle leaching during the detection process. This may be due to the
trong interaction between the silica wall of MSF and the enzyme as
ell as the physical entrapment effect of the small pore entrances

windows).

.4. Calibration curve of ATCl

Fig. S4 shows the amperometric response of the AChE-MSF-
VA/GCE to the addition of ATCl. The typical current–time response
urve of the biosensor was obtained by successive additions of the
ubstrate into a stirred cell. With the increasing concentration of
TCl the amperometric response increased, and got to a plateau
t 1.5 mM, indicating a typical Michealis–Menten process. And the
.5 mM ATCl was therefore chosen as the uniform concentration in
he following experiments for the pesticides analysis. The apparent

ichaelis–Menten constant (Kapp
m ) was estimated to be 0.38 mM

ccording to the Lineweaver–Burk equation (inset B in Fig. S4).
he value was lower than those of 0.45 mM for AChE adsorbed
n AuNPs–SiSG composite film (Du et al., 2007), and 1.5 mM for
ChE adsorbed on polyethyleneimine modified electrode (Joshi
t al., 2005). Thus, the immobilized AChE on MSF matrix exhib-
ted a higher affinity to ATCl. The high affinity of the enzyme may
ie in two aspects. On one hand, the confined space in the meso-
ores would prevent the immobilized enzyme from unfolding, thus
ell maintain the activity of the enzyme. On the other hand, the
ydrophilic surface is beneficial for the AChE to take the orien-
ation of active center upward due to the repulsion between the
ydrophobic active gorge and the hydrophilic interface therefore

acilitate the contact of the enzyme and its substrates (Zhao et al.,
009).

.5. Influence of pH value

For the electrochemical biosensors, the pH value was a crucial

actor influencing the sensitivity and stability. Therefore, we further
nvestigated the effect of pH. As shown in Fig. 4A, the maximum
mperometric response of the AChE-MSF-PVA/GCE to 1.5 mM ATCl
as obtained at pH = 9.0, different from most of the reported AChE

iosensors that exhibited the maximum amperometric response
Fig. 5. Inhibition curve of the biosensor with different monocrotophos con-
centrations. (From lower to higher, the inhibitions were corresponding to the
monocrotophos of 0.005, 0.05, 0.5, 1, 4, 5, 10, 50, and 100 ng/mL, respectively.) Inset,
DPV curves (A) and calibration curve for monocrotophos determination (B).

at neutral conditions (Kandimalla and Ju, 2006; Du et al., 2007).
It is well-known that the effect of pH on the AChE based biosen-
sor lies in two aspects, the activity of the immobilized enzymes
and the enzymatic reaction (Zhao et al., 2009). On one hand, basic
condition facilitates the oxidation of thiocholine, by generating H+

and RSSR (Wang et al., 2008b). Thus the response of the proposed
biosensor would increase with the increase of pH. On the other
hand, extreme pH conditions would result in the denaturization of
enzyme. These results proved that the MSF could effectively protect
the enzyme from denaturation at basic conditions, up to pH 9.0. The
good ability of the MSF in protecting the enzyme under basic con-
dition (pH 9.0) has been confirmed, as shown in Fig. 4B. The AChE
entrapped in the MSF had well maintained its activity, after 60 min
treatment in pH 9.0 PBS, its activity still remained 96.7%. In contrast,
without the protection of the MSF, the activity of the free enzyme
sharply decreased and only 32.8% of the activity was survived. We
attributed this to the robust framework and unique pore structure
of MSF which provided the entrapped enzymes a confined space
and thus prevented them from denaturing even under relatively
extreme conditions.

3.6. Application of AChE-inhibition biosensors: detection of
monocrotophos

One of the most influencing parameters in pesticide analysis was
the incubation time for the inhibition. With increasing incubation
period the percentage of the inhibition also increased. The incuba-
tion time required for the inhibition was checked at different time
intervals from 3 to 60 min (Fig. S5). With an increasing incubation
time the inhibition increased and reached the maximum value after
the incubation time of 10 min in 10 ng/mL monocrotophos solution.
Thus, 10 min was used for the assay. Under the optimal conditions,
the inhibition was proportional to the monocrotophos concentra-
tion ranging from 0.05 to 10 ng/mL (Fig. 5), with the detection
limit of 0.05 ng/mL. The performance of this AChE-MSF-PVA/GCE
compared with other reported AChE biosensors was summarized

in Table 1. It shows that the present AChE-MSF-PVA/GCE exhib-
ited comparable or lower limit of detection, indicating that MSF
with multifunctions in enzyme immobilization, enzyme activity
maintenance, and SPE could contribute a lot to the sensitivity
enhancement.
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Table 1
The key parameters of AChE biosensors for pesticide detection.

Method Pesticide detected Linear range Limit of detection References

AChE-AuNP–polypyrrole nanowires Methyl parathion 0.005–0.12 ppm 2 ppb Gong et al. (2009)
0.5–4.5 ppm

Au–TiO2/chitosan Parathion 1.0 ppb–7.0 ppm 0.5 ppb Qu et al. (2008)
AChE-(xGnPs)–chitosan 0.005–0.039 �M 0.158 nM Ion et al. (2010)
AuNPs-MWCNTs–chitosan

microspheres–AChE
Monocrotophos 0.1–10 �M 10 nM Norouzi et al. (2010)

AChE/Al2O3/sonogel Paraoxon 7.5 nM Zejli et al. (2008)
Dichlorvos 0.5 nM
Chlorpyrifos-ethyl-oxon 0.25 nM

MWNT-AChE/PB/MWNT biosensor Dichlorvos/carbofuran: 0.04 ppb/0.1 ppb
nanoCaCO3/chitosan/AChE Methyl parathion 0.005–0.2 ppm 1 ppb Gong et al. (2009)

0.75–3.75 ppm
AChE/gold nanoparticle/sol–gel Monocrotophos 0.001–1 ppm 0.6 ppb Du et al. (2007)

2–15 ppm
CdTe/gold nanoparticles modified

chitosan microspheres
Monocrotophos 1–1000 ppb 0.3 ppb Du et al. (2008c)

2–15 ppm
MWCNT for solid-phase extraction Methyl parathion 0.05–2.0 ppm 5 ppb Du et al. (2008b)
AChE/MWNT Dichlorvos/carbofuran 0.04 ppb/0.1 ppb Chen et al. (2008)
AChE biosensor coupled with a Paraoxon/dichlorvos 25 nM/25 nM Dondoi et al. (2006)
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preconcentration and oxidation on a
solid phase column.

AChE/MWNT Paraoxon
AChE-MSF-PVA Monocrotophos

.7. Precision of measurements and stability of biosensor

The inter-assay precision was estimated at five different elec-
rodes for the determinations in 1.5 mM ATCl after being treated
ith 5 ng/mL monocrotophos solutions for 10 min. The R.S.D. of

nter-assay was found to be 6.2%, indicating acceptable precision
nd reproducibility. When the enzyme electrode was not in use,
t was stored at 4 ◦C in dry condition. No obvious decrease in the
esponse of ATCl was observed in the first 7-day storage. After a
0-day storage period, the sensor retained 92% of its initial current
esponse.

.8. Reactivity and real sample analysis

The reactivation of AChE was another important factor influenc-
ng the biosensor performance. AChE, which has been irreversibly
nhibited by OPs, could be completely reactivated by using nucle-
philic compounds such as pralidoxime chloride (PAM-Cl). PAM-Cl
BS solution with concentration of 5.0 mM was used for the reac-
ivation. After the biosensor has been used for monocrotophos
nhibition, it was immersed in the PAM-Cl solution. After regen-
ration for 10 min, the activity of the AChE has been totally
egenerated. With the reactivation procedure this biosensor could
e repeatedly used for 6 cycles with an acceptable reproducibility.

To further demonstrate the practicality of the proposed biosen-
or, the recovery test was studied by adding different amounts
f monocrotophos into garlic samples. Results were summarized
n Table S1. The recoveries were from 90.8% to 110%. The results
ndicated that the proposed method was highly accurate, precise
nd reproducible. It could be used for direct analysis of relevant
amples.

. Conclusion

In this paper, a sensitive and stable biosensor has been con-
tructed based on the AChE entrapped MSF, which enabled the

etection of ultra-trace (0.05 ng/mL) organophosphorous com-
ound monocrotophos. The use of MSF has significantly improved
he performance of the biosensor in three aspects: (1) the large
ore volume and suitable pore dimension allowed the immobiliza-
ion of enzymes without aggregation; (2) the suitable pore/window
0.7 nM Wang et al. (2008a,b)
0.05–10 ppb 0.05 ppb (0.2 nM) Our method

dimensions and good mechanical/chemical stability rendered MSF
the ability to well maintain the AChE activity against high basic
condition, thus promoted the enzymatic reaction process; (3) MSF
acted as a SPE material to concentrate organophosphorous com-
pounds in the mesopores thus improving the local concentration
of pesticide therein. Owing to these three important enhancement
factors, the resulted biosensor showed extremely high sensitivity
and low limit of detection, and was therefore more suitable for
ultra-trace detection of OP pesticides residue compared with other
AChE biosensors.
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