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Abstract 
 
We report in this paper about the development of a novel capacitance electrochemical biosensor based on 
silicon nitride substrate (Si3N4) combined with a new structure of magnetic nanoparticles (MNPs). Si3N4 is 
highly stable as it was fabricated by a combination of several layers of Aluminum (Al), silicon p-doped (Si-
p), silicon dioxide (SiO2) and silicon nitride (Si3N4). This structure (Si3N4/SiO2/Si-p/Al) has provided several 
advantages compared with other materials commonly used, and in particular in solid state physics for 
electronic-based biosensors. The MNPs with terminated carboxylic acid were covalently bonded to Si3N4 

through a Self-Assembled Monolayers (SAMs) of the silane-amine (3-Aminopropyl) triethoxysilane (APTES). 
Finally anti-ochratoxin A antibodies were immobilized on MNPs by amide bonding. Contact Angle 
measurements, Atomic Force Microscopy, Scanning Electron Microscopy and Fluorescence Microscopy 
characterizations were performed during the biofunctionalization of the biosensor surface. Electrochemical 
measurements were carried out using Mott-Schottky analysis for ochratoxin A detection. The biosensor was 
highly sensitive and specific for ochratoxin A antigens, with a limit of detection of 4.57 pM, when compared 
to other interferences ochratoxin B and aflatoxin G1. The measurements were highly stable and reproducible 
for detection and interferences. The proposed method is very promising for ochratoxin A detection of several 
agro-food industry applications. 
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1. Introduction 

Ochratoxin A (OTA), is a secondary fungal metabolite produced by various Aspergillus and Penicillium 
strains, which was found to be one of the predominant contaminating mycotoxins in a wide variety of food 
commodities such as cereals, dried fruits, nut, spices, coffee beans, cocoa, beer, wine, etc [1–3]. In the 
European Union, some regulatory limits have already been introduced for the levels of OTA in food products 
such as raw cereal grains (5 g/kg), dried fruits (10 g/kg), roasted coffee and coffee products (5 g/kg), grape 
juice (2 g/kg) (EC No. 123/2005) and also for all types of wines (2 g/kg) [4]. Currently, the methods commonly 
used for OTA detection are based on high-performance liquid chromatography (HPLC) with fluorescent 

detection [5]; the LOD of the proposed method was 0.0025 g/L. However, HPLC is laborious, time-consuming, and 

requires sophisticated equipment and qualified personnel. Furthermore, gas chromatography coupled with mass 

spectrometry (GC–MS) [6] or enzyme-linked immunosorbent assay (ELISA) [7] have also been used for OTA 

detection and the LOD was around 0.15 ng/mL. Although this technique is used for rapid screening and allows 

multiple analyses in a short time, it remains limited by using labeled bio reagents which are expensive. To overcome 

the above limitations, several types of biosensors have aroused the interest of researchers for OTA detection. 

In the last years, several optical and electrochemical techniques based on biosensors have been investigated 
for OTA detection [8–10]. Liu et al. have reported about an ultrasensitive electrochemical immunosensor for 
ochratoxin A using gold colloid-mediated hapten immobilization. The detection limit achieved in this work 
was 8. 2 pg/mL [9]. Biosensors used for this interest in the literature were mainly based on gold or polymer 
substrate combined with SAMs or cross-linkers for biomolecules immobilization [11]. The functionalization 
of the biosensor surface with SAMs is the most important step for the development of robust and stable 
biosensors. Recently, Silicon nitride substrate (Si3N4) based microand nano-fabrication technology has been 
successfully combined with biochemistry, enabling the fabrication of novel biosensing devices with high 
sensitivity and selectivity [12–14]. This material offers more advantages when compared to others, such as the 
absence of undesirable impurities and the excellent control of the film composition and thickness. This is 
especially important for ultra-thin layers used in gate and tunnel dielectrics in the fabrication of biosensor 
devices with metal-oxide-semiconductor (MOS) technology [15]. The combination of its electronic and 
mechanical properties [13,14,16] makes Si3N4 an extremely attractive material for biosensor applications. 
There is a large work in the literature based on SAMs on different metals [17–20], in particular thiols on gold. 
However, less work has been devoted to the study of the electronic properties of SAMs deposited on Si3N4. 
The surface of the latter is usually modified with organosilanes carrying chemically active groups [21,22], to 
provide a suitable interface between silicon-based transducer and immobilized biomolecules. 

Beside the choice of a good and stable material for biosensor substrates, other spherical nano particles (NPs) 
have been used as immobilization support in biosensing technology in order to enhance the sensitivity of the 
biosensors [23]. These NPs are available with a wide variety of surface functional groups and show advantages 
in the process of immobilization by increasing the surface area, the stability of the surface-bound antibodies, 
improving orientation of the immobilized antibody as well as achieving faster assay kinetics [24–26]. 

The aim of the present work was to develop a sensitive, selective, cost-effective, and comparatively fast method 
for quantitative OTA detection. The silicon nitride substrate (Si3N4) combined with a new structure of 
mangnetic nanoparticles (MNPs) was used to develop an electrochemical biosensor for OTA detection. 
Magnetic Nanoparticles (MNP) were composed from a conductive core and carboxylic acid modified shell 
allowing amid bonding with OTA antibodies. This electrochemical structure using Mott–Schottky analysis 
was proposed in our knowledge for the first time for OTA detection. In order to control all steps of the 
biosensing layer, the surface of the biosensor has been characterized by Contact Angle (CA) measurements, 
Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM), and fluorescence microscopy. 

 

 



2. Experimental 

2.1. Chemicals and reagents 

Ochratoxin A (OTA), ochratoxin B (OTB), aflatoxin G1 (AFG1), potassium chloride (KCl), hydrogen chloride 
(HCl), sodium hydroxide (NaOH), sulfuric acid (98%) (H2SO4), ethanol (98%), hydrogen peroxide (30%) 
(H2O2), N-hydroxysuccinimide (NHS), 1-ethyl3-(3-dimethylaminopropyl)-carbodiimide hydrochloride 
(EDC), (3-Aminopropyl) triethoxysilane (APTES), ethanolamine (ETA), octadecyltrichlorosilane (OTS), 
styrene (St), divinyl-benzene (DVB), -Azobis(4-cyanopentanoic acid) (ACPA) and sodium dodecyl sulfate 
solution (SDS) were all supplied by Sigma–Aldrich. The monoclonal anti-OTA antibody was purchased from 
Abcam. Polydimethylsiloxane (PDMS) was purchased from Dow Corning, France. Phosphate buffer saline 
(PBS) with pH 7.4 was used in MottSchottky experiments. 

 

 

Fig. 1. Schematic illustration of the capacitive biosensor based on Si3N4/SiO2/Si/Al substrate. 

 

2.2. Process for Si3N4 substrate fabrication 

Si3N4 coated Si substrates <100> (Si-p/SiO2/Si3N4) 1.2 cm × 1.2 cm in size were obtained from the Centre 
Nacional de Microelectrònica (CNM-IMB, CSIC, Spain). Silicon wafers were thermally oxidized at 850 ◦C 
(78 nm thickness) followed by a deposition of a thin layer (100 nm) of Si3N4 using low-pressure chemical 
vapor deposition. The Si-p layer was uniformly doped with boron (dose 1×1015 cm−2). An ohmic contact was 
realized by a deposition of 1 µm of aluminum on the backside of the wafer (Fig. 1). 

2.3. Magnetic nanoparticle preparation 

Core-shell structure was prepared using a given St/DVB weight ratio (20 wt.% St and 80 wt.% DVB), 2 wt.% 
ACPA was used as an initiator and solubilized first in 0.1 M NaOH solution. Total amount (1200 L) of St/DVB 
respectively was used. The polymerization was carried out in a 60 mL three necked double wall glass reactor 
made up of glass anchor type stirrer, a reflux condenser and a nitrogen inlet. The temperature was regulated at 
70 ◦C by using a thermal bath. The SDS solution was prepared at a concentration below the critical micelle 
concentration (CMC) 1gL−1. Magnetic emulsion was finally dispersed in the SDS solution of the boiled and 
degassed Milli-Q water. First, 50 mL of magnetic emulsion was stabilized with an aqueous solution of anionic 
surfactant SDS via serum replacement process performing only one time separation/dispersion cycles and 
introduced in the reactor and purged under nitrogen for 1 h under stirring (300 rpm) for removal of oxygen 
flux. After that introduced St and DVB at once into reactor for 70 min for swelling of magnetic droplets by 
monomers, temperature was rapidly increased to 70 ◦C and 2 wt.% ACPA (with respect to the weight of 
monomer and cross-linker) was added in the monomer swollen magnetic emulsion. The polymerization was 
run at constant stirring (300 rpm) for 20 h till complete synthesis of magnetic latexes particles which having 
carboxylic group on surface as shown in Fig. S1 (Supplementary material). 

2.4. Contact angles measurements (CAM) 

Contact angle measurements were carried out using an Easy drop OCA 20, DataPhysics Instruments 
(Germany) to characterize silicon nitride substrate after each chemical surface modification. The 
measurements were analyzed with a droplet of 3 L of deionized water. Four values of CAM were recorded for 
each substrate. 

 



  

2.5. Microcontact printing (CP) 

Micro-contact printing (CP) technique was used to confirm the MNPs bonding onto modified silicon nitride 
surface. For this interest, an elastomeric stamp based on PDMS was fabricated by replica molding (RM). Here, 
a mixture of pre-polymer PDMS and curing agent (10:1 w/w) was poured onto a silanised silicon mold which 
contains micropillars on relief of its surface (Fig. 2a, b). The whole PDMS/silicon-mold degassed to ensure all  

 

 

Fig. 2. Micro contact printing (CP) process to immobilize MNP onto APTES pattern. 

 

air bubbles in the PDMS mixture were removed. This prevents the creation of defects on the PDMS stamp 
surface. After polymerization, the PDMS stamp was peeled-off from the silicon mold bearing the micro-holes 
on its surface (Fig. 2c). The stamp was then inked by immersion in heptane solution containing OTS (5 µM) 
and carbon tetrachloride (4 mM) for 1 min and dried with stream of nitrogen (Fig. 2d). The stamp was then 
brought into immediate and conformal contact with silicon nitride substrate previously activated by piranha 
(Fig. 2e, f). After µCP, the PDMS stamp was peeled-off from silicon nitride surface (Fig. 2g). Here SAMs of 
OTS were formed on silicon nitride surface which was placed afterward on the oven for 45 min in order to 
enhance OTS adhesion on the surface (Fig. 2h). Silicon nitride subtract was immersed afterward in ethanol 
solution containing 1% of APTES for 30 min, rinsed with ethanol, dried with a stream of nitrogen and placed 
again on the oven for 45 min. The APTES silane was bonded onto the remaining active silicon nitride surface 
(Fig. 2i). Finally, the silicon nitride surface was dropped in 500 µL of MNPs solution mixed with 0.4 M EDC 
and 0.1 M NHS for 3 h at 37 ◦C. This allows a covalent bonding of MNPs with amine of APTES (Fig. 2j). 

2.6. Fluorescence microscopy 

Fluorescence images were taken using a fluorescence microscope (Zeiss Axioplan 2 Imaging apparatus, 
equipped with 10× and 40× lenses and a monochrome camera). Samples were observed by fluorescent light: 
OTA sample was excited with a 550 (±25) nm band-pass filter and fluorescence from the sample was observed 
with a 605 (±70) nm band-pass filter. 

2.7. Atomic force microscopy (AFM) 

Atomic Force Microscopy (AFM) was performed in air under ambient conditions using a Nano observer, CSI 
Company (France). AFM Nano-Observer has XY scan range 110 µM (tolerance ±10%), Z range 9 µm 
(tolerance ±10%) and XY drive resolution 24 bit control – 0.06 Å. Measurements were made using silicon 
cantilever tip (ScienTec AppNano). The cantilever size L: 125 µm, W: 35 µm and T: 4.5 µm. The tip radius: 
<10 nm, H: 14–16 µm and with a frequency of 200–400 kHz and spring constant of K: 25–75 N/m. The 
scanning images were performed at 5 V amplitude, 8 V set point and Tip DC at 477 nV. Measurements were 
performed in taping mode with a speed of 0.5 lines per second and 1024 resolution. Samples were analyzed in 
a (5 µm × 5 µm) area. 

 



2.8. Mott–Schottky analysis 

Mott–Schottky analyses were performed in a conventional 1 mL electrochemical Teflon cell containing a 
three-electrode system (Fig. 3). Measurements were made by a VMP3 potentiostat (Biologic-Science 
Instrumentation, France). Platinum (Pt) and Calomel saturated electrode (CSE) were used as counter and 
reference electrodes, respectively. Silicon nitride electrodes functionalized with monoclonal anti-OTA 
antibodies acted as working electrodes. The substrate was sandwiched between the two parts of Teflon cell. 
Electrical contact was realized through the aluminum layer from the back side of the substrate (Fig. 3). Mott–
Schottky plots were obtained on the films by sweeping the potential from −1 V/SCE to +3 V/SCE; at frequency 
range 2 kHz–70 kHz and a step rate of 25 mV. 

 

Fig. 3. Teflon electrochemical cell used for electrochemical analysis, with external reference electrode (RE), 
counter electrode (CE). The working electrode (WE) was sandwiched between the two parts of Teflon cell. 

 

 

The measurements were carried out in the absence of a redox probe, in PBS at room temperature. The pH was 
kept constant throughout all the measurements (pH 7.4). All connections were made with coaxial cables to 
minimize any external electrical noise and the measurements were performed in the dark inside a Faraday cage. 

2.9. Antibodies immobilization 

Silicon nitride substrates were cleaned by sonication in acetone for 15 min, 3 times and washed with distillated 
water in order to remove the resin protecting layer. Surface activation of the Si3N4 was performed using a 
Piranha solution (1:3, v/v, H2O2:H2SO4) for 30 min, and sequential surface chemical treatments in aqueous 
solutions of NaOH (0.5 M) for 20 min, HCl (0.1 M) for 10 min and a final immersion in NaOH (0.5 M) solution 
for 10 min [22]. For all these surface chemical treatments, the substrate was floating on the surface and not 
totally immersed in aqueous solutions. Indeed, silicon nitride was floating and in contact with the solutions 
leaving the aluminum back side in the air. This procedure was made to protect aluminum layer from all these 
chemical solutions. Afterward, the samples were then rinsed thoroughly with HCl (0.1 M) and Milli-Q water 
and dried in an oven at 120 ◦C for 10 min [22]. 

 

 

 

 



  

 

Fig. 4. Schematic representation of the functionalization procedure based on MNPs ( ) and anti-OTA 
antibodies. Ethanol-amine (●) was used after antibodies immobilization to avoid nonspecific adsorption. 

 

 

Fig. 5. AFM images of (a) bare (b) Activated, and (c) APTES modified silicon nitride surface. (d) Shows the 
MNPs distribution onto APTES modified silicon nitride substrate. 
 
 

Table 1. Contact angle of cleaned substrates, Piranha oxidation, followed by APTES formation on Si3N4. 

 

 

 

The Si3N4 substrates were functionalized using 1% of APTES in ethanol over night at room temperature. 
Afterward samples were rinsed with ethanol to remove the unbonded APTES and dried with nitrogen and put 
in the oven at 100 ◦C for one additional hour. Consequently, SAMs of APTES were formed onto the Si3N4 

surface with amine terminal groups outward from the surface. These were covalently bonded to carboxylic 
acid groups of the MNPs which have been previously activated with a mixture of EDC (0.4 M), NHS (0.1 M) 
and KCl (1 mM) in 500 µL MNPs for 3 h at 37 ◦C [26]. This activation enabled the bonding of amine group 
of APTES with MNPs. Afterwards the immobilized MNPs were rinsed with HCl (0.1 M) and incubated in 
anti-OTA solution (25 µg/mL) for 3hr at room temperature. The monoclonal anti-OTA antibodies were 
covalently bonded to MNPs though the acid-amine linkage. The residual activated carboxylic acid groups of 
MNPs were blocked with 1% of ethanolamine diluted in PBS for 30 min at room temperature. This step is very 



important to reduce non-specific binding during the detection process. Finally, the biosensor was rinsed with 
PBS and used for ochratoxin A detection. Fig. 4 depicts the biofunctionalization of the biosensor as detailed 
in Section 2. 

 

3. Results and discussion 

 

3.1. Contact angle measurements 

In order to assess the effectiveness of the functionalization, contact angle measurements were performed on 
bare Si3N4, before and after activation, and also after its functionalization with APTES. The results in Table 1, 
demonstrate a slightly hydrophilic nature on bare silicon nitride with a contact angle of 60.5◦, which is in 
agreement with values found in literature [27]. After surface oxidation with Piranha, Si3N4 surface becomes 
highly hydrophilic 8.3◦. This was due to the presence of a high amount of hydroxyl groups on the surface. The 
contact angle has increased again to 86.3◦ after the functionalization process with the APTES. This 
hydrophobic character can be explained by the presence of APTES hydrocarbon chains. 

 

Fig.6. Fluorescent image of (a) a homogenous pattern of MNP/anti-OTA antibodies after recognition of the 
corresponding antigen (b) magnification of the positive pattern showing specific detection by the immobilized 
anti-OTA. 

 

 

Fig. 7. Mott–Schottky plots of the electrodes: (a) Si3N4, (b) Si3N4 + APTES, (c) Si3N4 + APTES + EDC-NHS-
MNP + Ab-OTA. 

 



  

3.2. Atomic force and scanning electron microscopy 

Fig. 5 shows the topography of the silicon nitride modified surfaces, observed by AFM compared to bare Si3N4 

electrode (Fig. 5a). The roughness of the activated Si3N4 (0.337 nm) was clearly higher than the bare Si3N4 

surface (0.152 nm) which confirm the good activation of the surface (Fig. 5b). After the passivation of Si3N4 

with APTES, the roughness was changed from 0.337 nm to 0.23 nm indicating the good formation of APTES 
SAMs onto the electrode surface (Fig. 5c). Finally, the AFM image of the MNPs shows good coverage of the 
surface of the electrode with homogeneous distribution (see Fig. 5d). The MNPs contribute to the high 
roughness on the modified silicon nitride surface. The layer of MNPs presents a very high textured surface 
with average depth of ∼0.2 µm and average roughness of 13.5 nm. This configuration is very important for 
3D bio-functionalization (Fig. S2 Supplementary material). This configuration allows the immobilization of a 
large amount of antibodies which can increase the sensitivity of the biosensor. Fig. S3 in Supplementary 
material shows a SEM image of MNPs onto silicon substrate and confirms the homogenous distribution of 
MNPs. 

3.3. Fluorescence analysis 

Fluorescent imaging is a rapid tool for analyzing bio-layers. This technique is based on the reaction of labeled 
fluorochrome biomolecules with the corresponding bioreceptor in order to ensure detection or bio-recognition 
processes. In the present study OTA is on itself fluorescent, and it has an emission maximum at 467 nm in 
96% ethanol and 428 nm in absolute ethanol after excitation at 340 nm [28]. The soft-lithographical technique, 
µCP, facilitates the printing of the required pattern by applying a structured PDMS stamp as mentioned in 
previous paragraph. Fig. 6 shows fluorescent pattern of OTA. The labeled fluorescent tags formulate positive 
structures, while the non-fluorescent regions were blocked with OTS. Here well-proportioned positive patterns 
were shown with perfectly immobilized OTA antigens. 

3.4. Mott–Schottky results 

Mott-Schottky analyses were performed in order to characterize the semi-conducting behavior of silicon nitride 
substrate after each step of chemical surface modification (SAMs of APTES and the MNPs/anti-OTA 
antibodies). Fig. 7 shows the Mott–Schottky plots evolution for bare silicon nitride, APTES modified silicon 
nitride and after MNPs/anti-OTA antibodies immobilization at the frequency of 70 kHz. This latter has been 
optimized and chosen as the appropriate frequency, as it gives a better capacitive behavior (Fig. S4 
Supplementary material). The capacitance of the substrate (Cs) was normalized by dividing the value of Cs by 
the maximum value of each curve of C (V) and presented as Cs/Cmax versus the potential of the working 
electrode (EWE). Here, the capacitance of the APTES modified silicon nitride has increased when compared to 
the bare Si3N4 due to the formation of new layer onto Si3N4 surface. The same behavior of the capacitance 
increase has been observed after MNPs/anti-OTA antibodies immobilization onto APTES monolayer. 

After MNPs/anti-OTA antibodies immobilization, Mott–Schottky analysis has been performed in order to 
determine blank measurements (Fig. 8a). Then the biosensor was maintained in the electrochemical cell and 
incubated for 30 min in 1 mL of PBS containing OTA antigens at 4 ◦C. The biosensor was then rinsed with 
PBS in order to remove any adsorbed proteins and analyzed afterward by Mott-Schottky using 1 mL of PBS 
as electrolyte. This procedure of the biosensor incubation was made for all OTA concentrations. The detection 
of OTA antigens at various concentrations is shown in Fig. 8a. Here the Cs/Cmax shows a shift in the X-direction 
by increasing OTA concentrations, which confirms a built-in potential difference, equivalent to a flat band 
voltage variation, and thus an increase in the conduction current value. Based on all these elements, the 
biosensor sensitivity can be obtained by measuring the potential shift of the flat bond of the Cs = f (V) curves. 

 



 

 

Fig. 8. (a) Mott–Schottky plots for OTA detection using the capacitance biosensor, (b) The Calibration curves 
of the OTA detection (black curve), and of the two interferences: OTB (red curve) and AFG1 (blue curve). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

 

 

Fig. 9. (a) Mott–Schottky plots for OTB detection and (b) for AFG1 detection using the capacitance biosensor. 

 

 

Fig. 8b shows the calibration curve of the capacitive biosensor based on silicon nitride in a linear range of 
2.47–49.52 pM of OTA. Calibration curve was presented as the absolute value of relative variation of potential 
|E-Eo| versus concentration of OTA in pM, where E is the potential of different OTA concentrations and Eo is 
the potential of the antibodies anti-OTA. The developed biosensor provides a high sensitivity of 0.01VpM−1, 
and a good linearity with a correlation coefficient (R2) of 0.99. The limit of detection of this capacitive 
biosensor was defined at 4.57 pM. 

The specificity of the prepared biosensor was realized using ochratoxin B (OTB) and aflatoxin G1 (AFG1) 
other compounds with similar structures. Mott–Schottky analyses were carried out, using the same 
experimental process based on MNPs/anti-OTA antibodies immobilization. The detection of OTB and AFG1 
was made in the same linear range of 2.47–49.52 pM. The potential difference of both OTB and AFG1 was 
negligible when compared to OTA detection Fig. 9. This shows an excellent specificity and sensitivity of the 
biosensor for OTA antigens (Fig. 8b) and can offer credible results despite the presence of the interfering 
species. 

 



  

4. Conclusion 

 

Novel sensitive and selective biosensor based on Si-p/SiO2/Si3N4 structure combined with new mangnetic 
nanoparticles for the specific detection of OTA was developed. Si3N4 was chosen for its many attractive 
physical and chemical properties as well as its stability for long periods. Moreover, making electrochemical 
analysis using this material provides a stable measurement and rapid response. 

Under optimized conditions, the developed biosensor provides a high sensitivity of 0.01VpM−1, and a limit of 
detection of 4.57 pM was obtained. The biosensor was highly selective for ochratoxin A antigens, when 
compared to other interferences ochratoxin B and aflatoxin G1. The proposed method is very promising for 
OTA detection for several agro-food industry applications. To our knowledge this is the first silicon nitride 
biosensor reported for the detection of OTA. 
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