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A sensory element against carbaryl, as a widely used pesticide was prepared based on adsorbed acetylcholine esterase 
(AChE) from Torpedo california. Octadecyl was substituted on macro-porous silica, confirmed by infra-red (IR) spec-
troscopy and quantitatively estimated through thermo-gravimetric analysis (TGA). Immobilization of the enzyme was 
achieved by adsorption on this support. Activity of the immobilization product was measured as a function of the loaded 
enzyme concentration, and maximum binding capacity of the support was estimated to be 43.18 nmol․mg-1. The immo-
bilized preparations were stable for more than two months at storage conditions and showed consistency in continuous 
operations. Possible application of the immobilized AChE for quantitative analysis of carbaryl is proposed in this study.
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Figure 1. Structure of carbaryl (1-naphthyl methylcarbamate; C12H11 
NO2), as a carbamate which is used chiefly as an insecticide.

Introduction

Considerable attentions have been paid to research on ace-
tylcholine esterase-based biosensors to detect organophosphates 
and carbamate residues in various samples.1-5 Acetylcholine 
esterase (AChE, EC 3.1.1.7), hydrolyzes the neurotransmitter 
acetylcholine to stop nervous impulse transmission at the cho-
linergic synapses. Over the last decades, cholinesterase-based-
biosensors have emerged as a sensitive and rapid technique for 
toxicity analysis in environmental monitoring, as well as quality 
control of food products.6 Carbamates which act as AChE inhi-
bitors are among the most employed insecticides in agriculture. 
Carbaryl (1-naphthol N-methylcarbamate) as a wide-spectrum 
carbamate insecticide has been reported to be effective against 
more than 100 species of insects (Fig. 1). It acts as a competitive 
inhibitor of AChE.7,8 Intensive use of this insecticide in agri-
culture has contributed significantly to environmental pollution 
problems and carbamate residuesin agricultural products threat 
human health.9,10 Moreover the human population can be expo-
sed to carbaryl during pest control operations in residential and 
recreational areas. Workers are exposed to carbaryl during its 
manufacture, formulation, packaging, transport, and storage, 
during and after application.

The analysis of pesticides is usually carried out using GC or 
HPLC. Moreover, detection of organophosphorus and carba-
mate pesticides based on inhibition of the enzyme AChE has-
been objected in numerous investigations.11-14 AChE biosensors 
present useful characteristics for such applications as the most 
selective tools for the analysis of AChE inhibitors.6,15 Most of 
the constructed AChE biosensors are based on potentiometric 
methods which can detect the presence of the analyte according 
to the changes in pH or redox potential in the enzymatic layer. 
The stable attachment of the enzyme onto the surface is the 
most important step for the construction of a reliable biosensor. 
There are many methods for immobilization of cholinesterase 
enzymes, such as covalent coupling,16,17 self-assembled mono-

layers (SAM),18,19 physical entrapment,20,21 and physical adsorp-
tion.22,23 Physical adsorption is the easiest and the least dena-
turing method. However most biosensors produced through the 
adsorbed enzyme strategy suffer poor operational consistency 
and storage stability.6

In this work we report the virtually irreversible binding of 
AChE on alkyl substituted micro porous silica to construct 
AChE-based biosensor for detection and quantification of car-
baryl. The designed sensory device was confirmed to exhibit 
storage and operational stability. The sensitivity and linear func-
tion of the constructed biosensor against the concentration of 
carbaryl have been documented.

Materials and Methods

Acetylthiocholine iodide, DTNB [5,5-Dithiobis (2-Nitro- 
benzoic acid)], and acetylcholine esterase from Torpedo cali-
fornia (electric eel) were purchased from SIGMA, (St. Louis, 
MO, USA). Carbaryl (Sevin; 1-naphthol N-methylcarbamate) 
was provided by the Managing Center of Applied Studies and 
Quality Control, Ministry of Agriculture, Karaj-Iran. Macro- 
porous silica, trichlorooctadecylsilane, toluene, calcium chlo-
ride and dioxane were purchased from Merck (Darmstadt, 
FRG).

Alkylation of macro-porous silica. 150 mL toluene was dried 
by agitating with 30 g anhydrous calcium chloride overnight, 
followed by distillation. Macro-porous silica with an average 
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Figure 2. (a) Infrared spectrum of the alkylation product as attached 
octadecyl substituted on macro-porous silica. (b) Mass loss as a func-
tion of temperature (TGA analysis) of octadecyl substituted macro por-
ous silica. 

pore size of 60 nm was dried under vacuum. Trichloro-octadecyl-
silane was dissolved in dried toluene and added to dry matrix. 
Alkylation was achieved by refluxing overnight. The attachment 
of the octadecyl moieties on macro-porous silica was approved 
using FTIR spectrophotometer (Equinox 55, Bruker). IR spectra 
were recorded in the range 4000 - 400 cm‒1, using KBr pellets. 
Spectra were calculated from a total of 18 scans (Fig. 2a). The 
mole number of alkyls per gram of macro-porous silica was 
calculated by thermogravimetric analysis (TGA) which was per-
formed on a TA instrument Q50 (Fig. 2b). 

Immobilization of AChE. 20 mg octadecyl-substituted mac-
ro-porous silica as carrier was washed twice with 300 µL of 
50 mM phosphate buffer, pH 7.4, then was loaded with 300 µL 
of AChE at concentration range of 0 - 0.2 mg․mL‒1 in the same 
buffer. The mixtures were then incubated for 90 min at room 
temperature under gentle rotary stirring. Assessment of immo-
bilization was carried out through estimation of protein and 
AChE activities in the supernatants after 5 min centrifugation 
at 3000×g. Pellets were washed thrice with 1 mL buffer solu-
tion to ensure removal of the trapped or non-bound enzyme mol-
ecules from the adsorption product. The support bearing the im-
mobilized AChE was used to directly assess the immobilization 
process and to perform discontinuous and continuous catalytic 
transformations in the forms of batch or packed bed reactors, 

respectively. 
Enzyme assay. Soluble AChE was assayed according to the 

method of Ellman.24 The assay mixture contained acetylthiocho-
line iodide at 500 µM in Ellman reagent. The Ellman reagent 
contained 9.1 mg DTNB, 3.75 mg sodium bicarbonate in 100 
mL phosphate buffer (25 mM, pH 7.4). The enzymatic reaction 
was monitored at 412 nm using a Camspect M550 double beam 
spectrophotometer. Activity of the immobilized AChE was de-
termined directly on the immobilized preparations 1 mL Ellman 
reagent was added to 1.8 mg immobilized AChE. The reaction 
mixture was incubated at room temperature for desired time 
periods under gentle stirring. Then reaction was terminated by 
removing the immobilization product using centrifugation at 
500 rpm for 10 seconds. To assess the immobilized enzyme acti-
vity, the absorbance of supernatant was read out at 412 nm. The 
inhibitory effect of carbaryl on AChE reaction was studied by 
adding carbaryl at the concentration range of 0 - 700 µM. 

Stability of the immobilized preparation. Immobilization pro-
ducts were considered for their functional stability at storage 
conditions (4 oC and 25 oC, in 50 mM phosphate buffer solution, 
pH 7.4), up to 70 days. The esterase activity of the immobilized 
AChE on octadecyl-substituted porous-silica was monitored 
at one day intervals. The batch of the preparation was pre-wash-
ed with the same buffer followed by direct assay as mentioned 
above. After each measurement, the preparations were washed 
again by phosphate buffer solution (50 mM, pH 7.4) followed 
by vortexing and restored at defined conditions until the next 
round of measurements. Each series of measurements were 
carried out twice for duplicate samples and the mean activities 
were considered. 

Inhibition of continuous catalytic transformation by carbaryl. 
Batch mode analysis of the inhibitory effect of carbaryl on ca-
talytic transformation of acetylthiocholine was carried out using 
20 mg immobilization product and 10 µL carbaryl in dioxan at 
various concentrations. The continuous catalytic transforma-
tion of acetylthiocholine by adsorbed AChE and its inhibition 
by a carbamate member carbaryl were performed (Fig. 3a). The 
sandwich of 20 mg of immobilized AChE preparation was 
placed between two layers of 37 mg of non-loaded matrix, in a 
glass column with an internal diameter of 0.7 cm to make a dis-
posable assay cartridge. Mentioned configuration was then lo-
cated in the circuit after a T-shaped connector equipped with a 
silicon septum in the flow path (Fig. 3b). The assay cocktail in-
cluding the substrate acetylthiocholine, was pumped through 
the column at 200 µL․min‒1. Absorbance of the column effluent 
was recorded at 412 nm against blank sample. Due to labiality 
of the substrate solution, continuous catalytic operations were 
carried out at 4 oC. The configuration was used to detect the pre-
sence of carbaryl as analyte. For each analysis, 50 µL of sample 
containing carbaryl in dioxan was injected to the flow path 
through the silicon septum of the configured system. The final 
concentration of carbaryl in the reaction vessel was adjusted 
to the range of 0 - 400 ppm. The slopes of resulted curves repre-
sent the inactivation rate constants as ki (at percent per minute) 
were determined in linear regions. The system was recharged for 
the next analytical run by replacement of the packed immo-
bilized AChE cartridges (Fig. 3b).  
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Figure 3. Schematic representation of (a) inhibitory effect of carbaryl
(as a carbamate insectisde) on immobilized acetylcholine esterase 
(AChE) on octadecyl substituted porous silica, (b) the constructed 
optical biosensor based on immobilized AChE on octadecyl substitutes
porous-silica: I. reservoir, II. T-shaped connector, III. bio-reactor (hol-
ding immobilized-AChE preparation (i) covered by a layer of porous 
silica (ii), IV. pump and  V. visible spectrophotometer/recorder. Steady
flow rate of the reaction cocktail was adjusted at 200 µL․min‒1. Car-
baryl was injected through a silicon septum equipped at T-shaped 
connector. Post-column analysis was carried out at 412 nm.
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Figure 4. Saturation plot of AChE binding on octadecyl substituted 
porous silica. Data are presented based on the immobilized activity 
(after indirect assay)  as  a function of  the loaded enzyme concentra-
tions. For each estimation, 20 mg octadecyl-substituted macro-porous
silica, as carrier was used after washing twice with 300 µL of 50 mM 
phosphate buffer, pH 7.4, followed by 90 min incubation in the pre-
sence of 300 µL of AChE at concentration range of 0 - 0.2 mg․mL‒1
in the same buffer. Each series of measurements were carried out 
thrice for duplicate samples and the mean activities were considered. 

Results and Discussion

Standard methods for analysis of pesticides include sample 
pretreatment and determination by GC or HPLC.25 As a result, 
these methods of analysis are expensive and have limited sample 
capacities. In this study, we report an optical biosensor for flow 
injection analysis of carbamate pesticide residue based on the 
degree of inhibition of AChE. In the view of strength of immo-
bilizing linkage, the covalent coupling of AChE is the most 
widely used method of AChE immobilization for use in biosen-
sors.26 However here we are reporting the adsorptive immobili-
zation of AChE on octadecyl substituted inorganic porous silica 
as an efficient alternative to covalent coupling. Macro-porous 
silica was alkylated by trichlorooctadecylsilane and attachment 
of octadecyl substitutes on the macro-porous silica was ap-
proved by IR spectroscopy (Fig 2a). As depicted in the figure, 
the only functional groups detected are methyl and methylene 
as illustrated by the IR spectra of alkylated macro-porous 
silica. The IR spectrum exhibits weak bands at 2855 and 2926 
cm‒1 and a broad band at 1104 cm‒1 which relates to a stretched 

C-H bond and a waging C-H bond, respectively, with SP3 car-
bon hybridization. The weak and broad band at 3439 cm‒1 is for 
stretching vibrations of the O-H bonds of water adsorbed inevi-
tably from air. Sharp bands at 807.7 and 470.3 are due to bending 
vibrations of Si-O bonds. The mole numbers of octadecyl moie-
ties bound per gram of macro-porous silica was estimated by 
thermogravimetric analysis (TGA) (Fig. 2b). In this method, the 
temperature is increased by time, and adsorbed water evaporates 
about 110 oC. However the organic component of the sample 
begins to burn at nearly 300 oC. As a result, 221.2 µmols of octa-
decyl was bound per gram of porous silica. The maximum capa-
city of the support (octadecyl-substituted macro-porous silica) 
for holding the AChE activity was determined based on indirect 
assay and the resulting saturation plot has been presented in 
figure 4. The maximum binding capacity of the matrix was esti-
mated to be 2.833 × 10‒3 mg (or 43.18 nmol) AChE per mg ma-
trix. In the saturation state, activity per mg of the immobilization 
product was determined at 73 µmol․min‒1. The specific activities 
of the free and immobilized enzymes were 2.695 × 10‒3 µmol․ 
min‒1․mg‒1 and 25.768 × 10‒3 µmol․min‒1․mg‒1 (based on direct 
assessment) respectively the specific activity of the immobilized 
enzyme shows about ten folds increase compared to the free 
form. Therefore adsorptive immobilization of AChE, not only 
does not cause harmful effect on the enzyme activity, but also 
improves activity, whereas AChE sustains inactivation upon 
covalent immobilization.27

The storage stability of the esterase activity of immobilized 
AChE on octadecyl-substituted porous-silica was monitored 
at day intervals up to 70 days at 4 ºC and room temperature (25 
oC). The immobilization products retain their activities even 
after three washing and vortexing steps. The remaining activities 
of the multi-washed and multi-used preparations after 70 days 
are reported to be 100% and 79% at 4 ºC and 25 ºC respectively 
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Figure 5. Catalytic stability of the immobilization product (AChE
on octadecyl substituted porous silica) at 4 oC and 25 oC, in 50 
mM phosphate buffer solution, pH 7.4, at day intervals up to 
70 days. After each assay, products were washed thrice under 
vortexing by phosphate buffer 50 mM, pH 7.4 and stored at 
defined conditions until the next round of assays. Each series 
of measurements were carried out twice for duplicate samples 
and the mean activities were considered.
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Figure 6. Analysis of the inhibitory effect of carbaryl on the activity of
adsorbed AChE on octadecyl substituted porous silica; (a) in batch 
mode analysis; 200 mg of immobilization product in the presence of 
assay cocktail were incubated at 25 oC for 20 min after addition of 
appropriate concentrations of carbaryl in Dioxan. Each concentration
was assessed in thrice. (b) Responses of the immobilized AChE against
carbaryl concentrations was quantified by using a continuous catalytic
transformation process in a configured system at 4 oC (see Figure 2b). 
The constant flow rate of assay cocktail was adjusted at 200 µL․min‐1.
The production of thiocholine was monitored using absorbance at 
412 nm against blank sample. For each analysis, 50 µL of analyte in 
dioxan was injected to the flow path. Arrow shows the time of injec-
tion. Inset to figure presents AChE inactivation rate constant as a 
function of carbaryl concentration.

(Fig. 5). These observations indicate the efficiency of the sim-
ple adsorptive immobilization of AChE on octadecyl-substituted 
porous-silica. Continuous catalytic operation was carried out 
for 2 hours steadily to convert acetylthiocholine to thiocholine 
in a packed-bed enzyme reactor by using the configuration pre-
sented in Figure 3b. The immobilized AChE showed no decrease 
in activity over the period of continuous operation. This indi-
cates that the adsorbed AChE has sufficient catalytic stability 
in order to be used as the sensory element in the analyte estima-
tion system throughout of the analysis. The support was found 
to be reusable through washing with organic solvents such as 
toluene or dioxane which eliminate adsorptive interactions bet-
ween the enzyme and support thereby permitting the dissoci-
ation of the enzyme and preparing the support for re-loading by 
new enzyme. Moreover, the support was found to be reusable 
after each run of continuous operation, through washing with 
organic solvents such as toluene or dioxane which eliminate ad-
sorptive interactions between the enzyme and support thereby 
permitting the dissociation of the enzyme and preparing the 
support for re-loading by new enzyme. As reported earlier28-30 
relatively long alkyl chains (e.g. C18) on the surface of porous 
silica used in this study, ensure efficient hydrophobic interac-
tions to take place, making the adsorption process virtually irrev-
ersible. These kinds of strong associations are necessary to retain 
catalytic activity in continuous operations for the required length 
of time in optical bio-analysis of the carbaryl. Although war-
nings were made on the use of long alkyl chains for protein 
adsorption purposes, due to increasing the risk of denatura-
tion31,32 results presented here and during the last decades28,29,33 
clearly demonstrate that such process of adsorption is mild and 
functional properties of a protein are preserved upon adsorption 
and the product of adsorption is stable enough in continuous 

transformations or bioanalytical applications (Fig. 6). Moreover, 
adsorptive immobilization of AChE on hydrophobized surface 
of porous silica ensures in-costly, re-usable/re-chargeable im-
mobilization strategy.    

Carbaryl is a wide-range carbamate insecticide and is used 
widely in farms. It is considered as a bio-hazardous and environ-
mental pollutant. Moreover its remnants in agricultural food 
products is a threat to human health.1,2 The kinetics of AChE 
inhibition by carbaryl has previously been reported,34 however, 
the inhibitory effect of carbaryl on adsorbed AChE has been 
examined in this work and found to be concentration-responsive 
in batch mode (Fig. 6a). Such response was also observed in 
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continuous catalytic transformation after injection of 50 µL of 
the sample containing known concentrations of carbaryl to the 
flow path of the system (Fig. 6b). The trend of change in the slope 
of the sensogram is in good agreement with the administered 
concentrations of the pesticide in injected samples particularly 
at concentrations higher than 20 ppm. The satisfying linearity 
(r2  ≥ 0.95) indicates that the calibration curve is reliable to 
detect carbaryl concentration. 

In Conclusion 

Methods of immobilization suffer from several limitations 
such as leakage of the bio-component and possible diffusion 
barriers which restrict the performance of the biosensor.35 The 
simple adsorptive immobilization of AChE on octadecyl substi-
tuted porous silica was therefore found to be useful and appli-
cable to make the AChE-based sensory element. Although, vari-
ous strategies have been reported to make AChE-based biosen-
sors,6,36,37 but effective immobilization of AChE on hydropho-
bized surface of porous silica is featured to have acceptable de-
tection limit at 20 ppm, high storage and operational stability 
(figures 5 and 6b, respectively), well response linearity in the 
acceptable range of analyte concentrations (Fig. 6b), and sim-
plicity in both of the applied strategy to prepare sensory element 
and the process of operation. 
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