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 An amperometric method to measure the total amount of active and inhibited immobilized 

Acetylcholinesterase enzyme (AChE) and the quantification of AChE inhibitors was 

realized. In this approach porous silicon (PSi) surface was used as a matrix for AChE 

immobilization and Boron doped polycrystalline diamant (BDPD) was used as working 

electrode for the electrochemical measurements. The covalent immobilization of AChE 

from electric eel was achieved on amine functionalized PSi surface previously decorated 

with Au particles. This surface is suitable for a stable attachment of AChE enzyme. The 

amperometric detection of AChE activity at Boron doped polycrystalline diamond 

electrode is based on the oxidation of thiocholine, the enzymatic reaction product of 

immobilized AChE in the presence of the substrate acetylthiocholine chlorid (ATCl) and 

this without the need to further modify the BDPD surface or the use of other reagents. The 

concentration of immobilized active AChE enzymes was estimated to Γ≈ 1.8 1012AChE 

cm-2 by means of a calibration curve. Michaelis constant was assessed with a Km of 4.3 

10-4 M. Finally, the electrochemical quantification and detection of Malathion shows a 

good linear calibration curve where the concentration of Malathion range is from 2 to 6 

nM within 6 minutes after inhibitor addition. 
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1. INTRODUCTION 

 

Organophosphates (OPs) are most typically used pesticides 

in agriculture and industry worldwide because of their high 

insecticidal activity. However, the poor control of the 

pesticides use has resulted in their introduction into water and 

food resources causing many poisonings [1] and killing over 

100,000 people annually [2]. OPs compounds act as inhibitors 

of acetylcholinesterase enzyme (AChE) in the peripheral and 

central nervous systems [3]. AChE breaks down acetylcholine 

(ACh) neurotransmitter into choline and acetate preventing 

overstimulation and blockage of ACh receptors. When AChE 

is inhibited by OPs, ACh cannot be cleaved and it accumulated 

at the receptors leading to fatal disruptions of the nervous 

system [4, 5]. Therefore, the development of screening 

methods for identifying AChE inhibitors is a topic of 

substantial interest in the environmental, food, agricultural and 

biomedical domains [6, 7]. The use of AChE biosensors for 

the accurate identification and quantification of AChE 

inhibitors has been increased because they are sensitive, fast, 

cheap and portable they also allowed longer duration of 

enzyme activity, and multiple assays can be realized with 

eventual enzyme reactivation [8]. Furthermore, this biosensor 

can be used even in the detection of drugs for 

neurodegenerative diseases, particularly, Alzheimer’s disease 

[9, 10]. Electrochemical biosensors are powerful tools for the 

detection of OPs in real time, especially amperometric 

biosensors [11, 12]. The activity of the enzyme is measured by 

the anodic oxidation of thiocholine, the product of the 

enzymatic reaction [13, 14]. The inhibition of AChE by OPs 

was monitored by measuring the decrease of thiocholine 

anodic oxidation signal which is inversely proportional to the 

concentration of OPs pesticides. Many different amperometric 

biosensor designs exist for the purpose of detecting OPs 

featuring AChE enzyme as the biological recognition element 

coupled with a variety of transducers.  

Porous silicon (PSi) material has been used as high-

performance solid substrate due to their large surface to 

volume ratio which allowed the attachment of a large number 

of molecules over a large surface in a small volume [15, 16]. 

In addition, PSi is easily prepared either in powder [17] or 

wafer [18], it has an excellent biocompatibility [19] and has 

flexibility in controlling the surface chemistry [20, 21] which 

make this material ideal for the immobilization of enzymes 

[22]. However, PSi amperometric biosensors didn’t get much 

attention most likely due its low conductivity and weak 

stability [23]. As it well known, in electrochemical biosensors 

the transductor must have high conductivity, robust stability, a 

large and effective electrochemical area, and good cycling 

performance. In this framework, several methods were 

reported to enhance the conductivity and the stability of PSi 

surface by molecule grafting or by deposition of conductive 

materials [24-27]. However, this is not enough, as once the 

enzymes are immobilized on these modified surfaces; the 

conductivity will decrease again, which calls for new solutions. 

By contrast Boron doped diamond (BDD) electrode has 
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exceptional electrochemical properties: - Very high chemical 

stability - A large electroactivity window (approximately 3.5 

V in aqueous solution), the reactions occurring in potentials 

ranging from about -0.5 V to -1.2 V and from 1.8 V to about 

2.5 V can be analyzed which could not be analyzed on 

traditional electrode surfaces such as Au and Pt [28, 29] - Low 

residual current density which allows higher sensitivity and 

low detection limits. The use of BDPD electrode for the 

electrochemical measurements could overcome the problem of 

PSi low conductivity. The combination between BDPD as 

electrode to record the electrochemical response and PSi as a 

matrix for enzyme immobilization seems then a good choice 

to construct high-quality amperometric biosensors. Parsajoo et 

al. [30] have reported a similar tool using chemically linked 

AChE onto a gold disk substrate adjacent to a silver disk 

amperometric working electrode. For practical purposes, a 

direct quantification of the number of active immobilized 

enzymes is needed. Various biomonitoring methods have been 

developed and proposed for this purpose. Most of them rely on 

the colorimetric assay commonly called as the Ellman’s 

method [31-33]. A few other methods, which use Fourier-

transform infrared spectrometry [34], surface plasmon 

resonance [35] and fluorescence assay [36]. Although there are 

many papers that discus electrochemical biosensor based on 

enzymes immobilization, just few of them dealt with counting 

the number of active immobilized enzymes [37-39].  

In the present study, effective and nontoxic analytical 

approach was developed to measure the total amount of active 

and inhibited immobilized AChE and to detect Malathion, an 

AChE inhibitor in real time by electrochemical oxidization of 

thiocholine. For this purpose, PSi surface was used for the 

covalent immobilization of AChE and a BDPD working 

electrode for thiocholine detection. According to our 

knowledge, there is no such report in the literature up to now. 

This method allowed the determination of kinetic parameters 

of the enzymatic reaction as well.  

The next section (section 2) presents the different products 

and materiels exploited during this work, the protocols for the 

synthesis of electrodes and procedures for the various 

electrochemical measurments. The third section, entitled 

results and discussions, concerns the interpretation and 

explanation of the obtaned results. We finish with section 4 

where we report the conclusions drawn from this work.  

 

 

2. EXPERIMENTAL SECTION 

 
2.1 Materials 

 

Silicon wafers (double side polished, (100)-oriented, boron-

doped p-type, and resistivity of 0.08-0.12Ω cm) were 

purchased from Siltronix, France. Boron doped polycrystalline 

diamond (BDPD) was developed at the Institute of Electronics, 

Microelectronics and Nanotechnology (IEMN), CNRS - 8520, 

Villeneuve d'Ascq, France. BDPD films (1.5–2.0 μm thick) 

were deposited on silicon substrates. The level of boron 

doping is in the range of 1019–1020 B cm-3 assessed by SIMS 

measurements. 

Gold chloride (HAuCl4, 47.8%), AChE from Electrophorus 

electricus (E.C. 3.1.1.7, 265 U mg−1), acetylthiocholinechlorid 

(ATCl), organosilane reagent 3-aminopropyltriethoxysilane 

(APTES), and the chemicals carbodiimide N-ethyl-N’-(3-

dimethylaminopropyl)- carbodiimide (EDC) (~98%) and 

Nhydroxysuccinimide (NHS) were purchased from Sigma. All 

cleaning (hydrogen peroxide 30%; sulfuric acid 96%; acetic 

acid 100%) and etching Fluorhydric acid (HF) 50 % reagents 

were of VLSI grade and supplied by Carlo Erba. Deionized 

(DI) water was used for the preparation of the solutions and 

rinses. 10X Phosphate Buffer Solution (PBS, pH = 7.4) was 

obtained from Ambion. 

 

2.2 Substrate preparation  

 

Silicon wafers were cut into 15 × 15 mm2 sized samples and 

cleaned in 1/3 (v/v) H2O2/H2SO4 piranha solution for 15 min 

at 100°C and copiously rinsed with DI water. The native oxide 

was removed by immersing the samples in 47% aqueous HF 

for 30s. PSi layers were prepared by wet electrochemical 

etching of the hydrogen-terminated surfaces in a 1/1 (v/v) 47% 

HF/absolute ethanol mixture for 30 s at a current density of 80 

mA cm-2.  

 

2.3 Acetylcholinesterase immobilization 

 

Prior to enzyme immobilization, gold nanoparticles were 

deposited into PSi surface by electroless plating. A drop of 50 

μl of 1% HAuCl4 solution (prepared in HF) was deposited onto 

the freshly prepared PSi surface for 1 min. Au ions are reduced 

by Si-H bonds leading to the decoration of PSi surface with Au 

particles (PSi-AuNP). The sample was thoroughly rinsed with 

deionized water and well dried under nitrogen stream. The 

resulting PSi-AuNP surface was oxidized at 200 °C for 30 min 

to form -OH bonds required for the grafting of APTES 

precursor. Subsequently, the substrate was immersed in a 

solution of 3% (v/v) APTES in 95% (v/v) ethanol for 2h at 

room temperature. The sample was then flushed with ethanol 

to remove non-covalently bound APTES, and was cured at 

80°C for 20 min. The contact angle measurements of the 

resulting PSi-AuNP-NH2 surface were found to be about 10°. 

This value is less than that obtained for PSi-NH2 surface (40°) 

[33], indicating that the presence of AuNP on the PSi surface 

decreased the surface hydrophobicity. The surface now 

bearing NH2 end groups was hence used for the covalent 

linking of AChE. The PSi-AuNP-NH2 surface was introduced 

in a solution mixture of 0.08 µM AChE, 5 mM EDC and 5 mM 

NHS in PBS aqueous solution (this mixture was previously left 

to react for two hours at 15 ° C) and allowed to react overnight 

at room temperature. The resulting surface was copiously 

rinsed with DI water and dried under a nitrogen stream. The 

PSi-AuNP-NH-AChE interface was stored at 4°C before use. 

 

2.4 SEM observations 

 

Scanning electron microscope (SEM) images were recorded 

by Philips scanning electron microscope.  

 

2.5 Electrochemical measurements 

 

Electrochemical measurements were performed in ambient 

temperature using a potentiostat BioLogique Science 

Instrument equipped with the software EC-Lab Express. The 

electrochemical cell used comprises three electrodes: platinum 

counter electrode, Ag/AgCl reference electrode and BDPD 

working electrode. The voltammograms were recorded with a 

scan rate of 50 mV/s.  

 

2.5.1 Calibration curve  

Calibration curve is used to estimate the concentration of 
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active enzyme on the modified PSi surface. First, stock 

solution of ATCl (0.1 M) and solutions with different 

concentrations of AChE enzyme were prepared in 1X PBS. An 

amount of AChE (for each concentration) was poured into a 

test tube containing 30 μl of ATCl stock solution and 1X PBS 

buffer solution was added to reach a final volume of 3 ml. The 

obtained ATCl concentration is 0.33 mM and AChE 

concentrations are C1 = 0.0026μM, C2 = 0.0052μM, C3 = 

0.0079μM, C4 = 0.010μM, C5 = 0.013μM. After 10 min 

reaction, the mixture is transferred in the electrochemical cell 

to record the cyclic voltammograms. 

 

2.5.2 Activity of immobilized AChE 

To assess the activity of immobilized enzyme, PSi-AuNP-

NH-AChE surface was immersed in 30 μl of ATCl solution 

(0.33 mM in PBS) and allowed to incubate for 10 min. Then 

the surface was removed, and the voltammogram was recorded 

at BDPD electrode.  

 

2.5.3 Michaelis–Menten constants measurements  

PSi-AuNP-NH-AChE surface was incubated for 20 min in 

ATCl solutions with different concentrations (C1=0.125 mM, 

C2=0.254 mM, C3=0.375 mM, C4=0.5 mM, C5=0.625 mM). 

The sample was removed and the solution mixture of each 

concentration was poured into the electrochemical cell to 

record the cyclic voltammograms at BDPD electrode. 

 

2.5.4 Inhibition 

To assess Malathion inhibition, PSi-AuNP-NH-AChE 

sample was first immersed for 6 min in Malathion solutions of 

different concentrations (from 2 to 6 nM). The sample was 

profusely rinsed with deionized water and transferred into a 

test tube containing 4 ml of ATCl solution (0.55 mM). After 20 

min reaction, the sample was removed from the tube and the 

solution was poured into the electrochemical cell to study the 

electrochemical response at BDPD electrode by cyclic 

voltammetry. 

 

2.5.5 Reactivation enzyme 

After exposure of the SiP-NPAu-NH-AChE electrode to 

Malathion, it was washed with 0.1 M phosphate buffer (pH 7.5) 

and reactivated with 4.0 mM 2-pyridine aldoxime methiodide 

[2-PAM] for 20 min. 

 

 

3. RESULTS AND DISCUSSION 
 

3.1 SEM observation of the mesoporous silicon formation 

 

The formation of mesooporous silicon is confirmed by the 

SEM micrograph of the surface (Figure 1.a) which shows an 

average pore size of 20-30 nm. The porous surface is 

homogeneous with a uniform pore distribution. The thickness 

of the porous layer was determined by observation of the 

cleavage sample (Figure 1.b). This last reveals the spongy 

morphology of the obtained mesoporous silicon. The porous 

layer is regular with a thickness of 3.2 μm.  

 

 
(a)                                                                            (b) 

 

Figure 1. SEM micrographs of the mesoporous silicon: (a) surface view and (b) side view 

 

3.2 Comparison between the two electrodes PSi-AuNP-

NH-AChE and BDPD 

 

The electrochemical stability of PSi-AuNP-NH-AChE and 

BDPD electrodes was tested by recording successive cyclic 

voltammograms at a scan rate of 50 mV s-1 in a solution 

containing only PBS 1X (Figure 2). We can observe in the 

Figure 2.a the non-stability of the PSi-AuNP-NH-AChE 

electrode. The current intensity decreases after each scan due 

to the surface oxidation. In fact, the remaining Si-H bonds onto 

the PSi surface are oxidized after each cycle, which increases 

the resistivity of the surface.  

In contrast, the Figure 2.b shows that BDPD electrode is 

more stable. The obtained voltammograms maintain the same 

shape over several cycles and no loss of current intensity was 

observed. 

The electrochemical response of PSi-AuNP-NH-AChE and 

BDPD electrodes in the presence of AChE (13 nM) and its 

substrate ATCl (0.33 mM) was also inspected in PBS 1X 

solution. 

The cyclic voltammorgrams depicted in Figure 3 were 

recorded after 5 min enzymatic reaction where AChE enzyme 

catalyzes the hydrolysis of ATCl and produces thiocholine [13, 

14] as shown in reaction 1:  

 

Acetylthiocholine + H2O 
𝐴𝐶ℎ𝐸
→    thiocholine + acetic acid (1) 

 

The enzymatic reaction product thiocholine is prone to 

oxidation according to the reaction 2: 

 

2 thiocholine  → disulfide  +  2 H+  +  2 e- (2) 
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No anodic peak is observed in the curve PSi-AuNP-NH-

AChE (Figure 3) indicating that the oxidation of thiocholine 

on PSi-AuNP-NH-AChE electrode does not occur. Whilst, the 

voltammetric curve BDPD (Figure 3) exhibits an anodic peak 

at 1 V corresponding to the oxidation of thiocholine on the 

BDPD electrode. 

 

 

 
 

Figure 2. Successive cyclic voltammograms in PBS 1X at: a) 

PSi-AuNP-NH-AChE electrode and b) BDPD electrode. 

Scan rate 50=mV s-1 

 

 
 

Figure 3. Electrochemical response of PSi-AuNP-NH-AChE 

and BDPD electrodes in PBS 1X solution containing AChE 

(13 nM) and ATCl (0.33 mM). Scan rate 50=mV s-1 

 

These results indicate that the PSi-AuNP-NH-AChE 

electrode is inert and it cannot be used for the electrochemical 

detection of AChE enzyme activity or inhibition. BDPD 

electrode seems to be more suitable for the electrochemical 

assays due to its stability and its electrochemical activity.  

 

3.3 Calibration curve of free AChE 

 

To determine the concentration of active enzyme after 

immobilization, a calibration curve in solution was established. 

It represents the oxidation peak intensity of thiocholine at 

BDPD electrode versus the concentration of free AChE in 

solution. Figure 4.a shows the voltammograms obtained for 

different concentrations of AChE enzyme in the presence of 

0.33 mM ATCl. The presence of enzymatic activity is 

evidenced by the observation of the anodic peak at 1 V 

indicating the oxidation of the formed thiocholine during the 

enzymatic reaction. The anodic current intensity evolves 

linearly with AChE amount in solution (Figure 4.b). This 

calibration curve is used to assess the concentration of 

immobilized active AChE on PSi surface. 

 

 

 
 

Figure 4. a) Cyclic voltammograms at BDPD electrode of 

AChE solution with different concentrations (C1=2.62 nM, 

C2=5.24 nM, C3=7.86 nM, C4=10 nM, C =13.1 nM) in the 

presence of 0.33 mM ATCl. Scan rate 50=mV s-1. b) The 

calibration curve of the current intensity as a function of the 

AChE concentrations 

 

3.4 Enzyme activity assessment of immobilized AChE 

 

Figure 5 depicts the cyclic voltammogram at BDPD 

electrode of 0.33mM ATCl solution in which PSi-AuNP-NH-

AChE surface was previously incubated for 10 min. Prior to 

electrochemical measurements, the sample was removed and 
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the solution mixture was poured in the electrochemical cell. 

The activity of immobilized AChE enzyme on PSi-AuNP-NH-

AChE surface was evidenced by the arising of an anodic peak 

at 0.7 V corresponding to the oxidation of thiocholine.  

The value of the oxidation peak intensity is 2.4 µA and 

according to the calibration curve previously established 

(Figure 4.b), the surface concentration of active enzymes was 

estimated to be Γ ≈ 1.8 x 1012 AChE.cm-2. This value is higher 

than the value obtained in our previous work [33], where the 

enzyme immobilization was done on SiP-NH2 surface i.e. 

without Au deposition. It seems that gold nanoparticles 

decrease the surface hydrophobicity leading to a favorable 

orientation of the enzyme on the surface i.e. active sites are 

oriented outwards.  

 

 
 

Figure 5. Cyclic voltammogram at BDPD electrode of 

0.33mM ATCl solution in which PSi-AuNP-NH-AChE 

surface was incubated for 10 min. Scan rate 50=mV s-1 

 

 
 

Figure 6. Lineweaver and Burk representation of the 

enzymatic reaction at different ATCl substrate concentrations 

 

To study the kinetics of the enzymatic reaction, cyclic 

voltammorgrams were recorded at BDPD electrode in ATCl 

solutions with different concentrations (C1=0.125 mM, 

C2=0.254 mM, C3=0.375 mM, C4=0.5 mM, C5=0.625 mM) 

in which PSi-AuNP-NH-AChE surface was previously 

incubated for 20 min. The intensity of the anodic peak at 0.7 

V increases when ATCl concentration increases. Lineweaver 

and Burk curve (1/i= f (1/[S]) depicted in Figure 6 allowed to 

determine Michaelis constant (Km) corresponding to the 

substrate concentration [S]for which the enzymatic catalysis 

occurs with half of its maximum velocity. Km value assessed 

from this representation is 0.43 mM. This value is higher than 

the value 0.258 mM obtained with Mahmoudi team [40] but 

smaller than 1.89 mM obtained by the Cui team [41].  

 

3.5 Malathion detection 

 

In the presence of pesticides, the enzyme function is 

inhibited, resulting in a decrease in thiocholine formation. The 

inhibition degree of AChE is therefore correlated to the 

decrease in thiocholine oxidative current, which depends on 

the concentration of Malathion in the sample. To assess AChE 

inhibition by Malathion, PSi-AuNP-NH-AChE surface was 

first immersed for 6 min in Malathion solutions with different 

concentrations (from 2 to 6 nM), and then in 0.55 mM ATCl 

solution for 20 min. The cyclic voltammograms were recorded 

at BDPD electrode in the ATCl solution in which the inhibited 

PSi-AuNP-NH-AChE surface was incubated. The results are 

depicted in the Figure 7. We observe in the inset figure the 

decrease of thiocholine oxidation peak intensity when 

Malathion concentration increases; indicating the inhibition of 

AChE enzyme. The inhibition was calculated as fellow: 

 

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

𝑖𝑝,𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 (3) 

 

where, 

ip,control is the current corresponding to the voltammetric 

response at BDPD electrode of ATCl solution in which PSi-

AuNP-NH-AChE surface was previously incubated without 

inhibitor. 

ip,exp is the current corresponding to the response at BDPD 

electrode of ATCl solution in which PSi-AuNP-NH-AChE 

surface was previously incubated in Malathion.  

The calibration curve displayed in Figure 7 shows that the 

oxidation peak intensity increases linearly with Malathion 

concentration with a slope of 4.3 and R2 of 0.99. We note that 

the linearity is obtained for Malathion low concentrations 

making these structures useful for real applications. 

 

 
 

Figure 7. Calibration curve of AChE inhibition as a function 

of Malathion concentration 

 

 

4. CONCLUSIONS  

 

In this work, an electrochemical method for quantification 

of active immobilized enzymes (AChE) have been explored 
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using BDPD electrode to record the electrochemical signal and 

PSi as matrix for AChE immobilization.  

We have shown that BDPD electrode is more stable and 

more sensitive than PSi-AuNP-NH-AChE electrode for the 

electrochemical measurements.  

Besides, the results confirmed that the deposited gold 

particles on the PSi surface create more favorable surface for 

the immobilization of AChE enzyme.  

Using this strategy, we were able to assess:  

(i) the total immobilized active AChE amount, the number 

of inhibited AChE can be measured by subtracting the active 

AChE (after inhibition) from the total amount, (ii) the 

quantification of AChE inhibitors (Malathion) and (iii) the 

Michaelis constant value of the enzymatic reaction.  

The proposed method is simple, rapid, sensitive and 

inexpensive. The additional advantage that this method 

presente, is the good flexibility regarding the support and the 

working electrode, we can use different types of working 

electrodes such as graphite, carbon paste, gold, glassy carbon 

and so on as needed, likewise, other enzyme supports can be 

used even if they don’t have good electrochemical properties 

as glass, nylon, clay, SiO2, TiO2 etc.… We can also find 

flexibility in the commercial design of the position of these 

two electrodes: adjacent, parallel or even use the working 

electrode as a grid on the modified support. According to all 

of the above, it can be said that a promising devices for OPs 

detection was developed and it can be beneficial in a number 

of industrial applications. 
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