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Abstract: Carbendazim is a broad-spectrum benzimidazole-type fungicide effective against fungi 

that compromise the safety/quality of food products. Despite its potential usefulness, carbendazim 

constitutes a major environmental pollutant, being hazardous for humans and animals; therefore, 

reliable determination of carbendazim levels in water, soil and food samples remains a highly 

desirable analytical goal. Herein, an optical (white light reflectance spectroscopy, WLRS) label-free 

biosensor for fast and sensitive determination of carbendazim is presented. The transducer is a 

SiO2/Si chip, on which a suitable benzimidazole-conjugate has been immobilized; determination is 

based on the competitive immunoassay format: a mixture of an in-house developed anti-

carbendazim antibody with the calibrators/samples is pumped over the chip, followed by 

biotinylated secondary antibody and unlabeled streptavidin. The WLRS platform allows for real-

time monitoring of biomolecular interactions carried out onto the SiO2/Si chip by transforming the 

shift in the reflected interference spectrum caused by the immunoreaction to effective biomolecular 

adlayer thickness. The sensor is capable of detecting carbendazim levels within 28 min (LoD: 20 

ng/mL; intra- and inter-assay CVs: ≤6.9% and ≤9.4%, respectively). Excellent analytical 

characteristics and short analysis time combined with its small size render the proposed WLRS 

biosensor ideal for future point-of-need determination of carbendazim in food and environmental 

samples. 
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1. Introduction 

Fungal pathogens cause significant damages to the food crops every year resulting in poor yield, 

deficient food quality and huge economic loss; therefore, the use of fungicides gains ground to 

circumvent these problems [1]. Carbendazim (methyl 1H-benzimidazol-2-ylcarbamate) is a low 

molecular weight (191.19), systemic, broad-spectrum, benzimidazole-type fungicide (Scheme 1), used 

worldwide as pre- and post-harvest treatment to control fungi that compromise the quality of various 

vegetables, fruits, cereals and seeds [2,3]. Despite the unquestionable benefits provided to crop yield, 

carbendazim is a major pollutant, which induces acute and late effects on humans and livestock. In 
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this context, carbendazim has been documented to induce infertility, embryotoxicity, teratogenicity, 

hepatocellular dysfunction, endocrine-disrupting effects, disruption of haematological functions and 

mutagenicity [2]. Additionally, the World Health Organization (WHO) has classified carbendazim in 

group 2B, as possible human carcinogen [4]. Due to its afore-mentioned severe toxicities and its 

persistence in food and the environment, carbendazim has been officially banned in most of 

European Union, USA and Australia. However, some countries, such as UK, Portugal, India, China 

and Brazil are still permitting the production and use of carbendazim in various formulations [5], 

raising a growing concern for the health and safety of humans and animals.  

 

Scheme 1. Chemical structures of benzimidazole core-moiety (left) and carbendazim (right). 

Analytical methodologies that ensure fast and accurate determination of carbendazim are a pre-

requisite to guarantee protection of public health. Determination of carbendazim is routinely 

performed by instrumental analysis techniques, mainly high performance liquid chromatography 

(HPLC) coupled to mass spectroscopy (MS) or ultraviolet spectroscopy (UV) [6,7]. Alternatively, 

immunochemical techniques have been developed and used, offering low cost- and short time- 

analyses, simple assay protocols and minimum sample pre-treatment, as well as high-throughput 

sample capacity. In this context, classic enzyme-linked immunosorbent assays (ELISA) and 

immunochromatographic strips have appeared in the literature [8,9], while the modern technologies 

of biosensors have lately attracted much attention due to their simplicity, rapidity, portability and 

potential of point-of-need application [10].  

In this work, a label-free sensor based on White Light Reflectance Spectroscopy (WLRS) is 

presented for the fast and sensitive determination of carbandazim. The transducer employed is a Si 

chip with a 1 μm thick thermal SiO2 on top, which is transformed to a biosensing element through 

immobilization of a suitable benzimidazole conjugate on the SiO2 surface. Carbendazim 

determination is based on the competitive immunoassay format, i.e., a mixture of the antibody with 

the calibrators or the samples is pumped over the chip surface followed by reaction with biotinylated 

secondary antibody/streptavidin for signal enhancement. The WLRS biosensing platform allows for 

the label-free, real-time monitoring of biomolecular interactions carried out onto the SiO2/Si chip by 

transforming the shift in the reflected interference spectrum caused by the immunoreaction to 

effective biomolecular adlayer thickness. The developed sensor is capable of real-time detection of 

carbendazim with LoD: 20 ng/mL, within 28 min total analysis time.  

2. Materials and Methods 

2.1. Reagents and Chemicals 

Four-inch Si wafers (<100>), purchased from Si-Mat Germany (Kaufering, Germany), were 

cleaned with acetone and isopropanol and then a 1-μm thick SiO2 layer was grown on them by 

thermal oxidation at 1100 °C in the clean room facility of the Institute of Nanoscience and 

Nanotechnology of NCSR “Demokritos”. Rabbit polyclonal antibody against carbendazim (anti-

carbendazim antibody) and benzimidazole-conjugate were in-house developed, as previously 

described [11]. Carbendazim pestanal® , biotinylated goat anti-rabbit IgG (biotinylated secondary 

antibody), streptavidin, highly pure ethanol, acetone, isopropanol and (3-aminopropyl) 

triethoxysilane (APTES) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Bovine serum 

albumin (BSA) was purchased from Acros Organics (Geel, Belgium). IgG Elution buffer was from 
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Thermo FisherScientific Inc. (Waltham, MA, USA). Salts and other chemicals were purchased from 

Sigma or Merck. The water used throughout the study was distilled. 

2.2. WLRS Instrumentation 

In the present work, an optical label-free sensor is presented based on White Light Reflectance 

spectroscopy (WLRS). WLRS methodology involves a visible/near infra-red light source 

(ThetaMetrisis SA) and a miniaturized USB controlled spectrometer (Ocean Optics Inc.), operating in 

the corresponding spectral range. The white light emitted from the light source is guided to a 

reflection probe (ThetaMetrisis SA), which delivers the incident light to the biomodified surface and 

collects the reflected light directing it to the spectrometer. The surface consists of a transparent SiO2 

film over a Si reflecting substrate covered by a custom designed microfluidic cell (Jobst Technologies 

GmbH) providing the fluidic connections to the solutions. The particular sensor allows the label-free 

and real-time monitoring of the biomolecular reactions by recording the shift in the interference 

spectrum caused by the increase of the effective thickness of the biomolecular layer on the sensing 

surface during immunoreaction. 

2.3. Preparation of Calibrators 

Carbendazim stock solution of 5 mg/mL was prepared in pure ethanol, aliquoted and stored at 

−30 °C. Calibrators with concentrations ranging from 20 μg/mL to 20 ng/mL were prepared in 10 mM 

phosphate buffer, pH 7.4, containing 0.9% NaCl, 0.4% (w/v) BSA and 5% (v/v) ethanol (assay buffer).  

2.4. Biochip Preparation and Assay Performance 

Chips were first cleaned and hydrophilized by O2 plasma treatment (10 mTorr) for 30 s in a 

Reactive Ion Etcher. Then, they were immersed for 20 min in a 2 % (v/v) aqueous APTES solution, 

gently washed with distilled water, dried under a nitrogen (N2) stream and cured by heating at 120 

°C for 20 min. Chips were kept at room temperature (RT) in a desiccator for at least 48 h prior to use. 

For the chip biofunctionalization, a suitable benzimidazole conjugate was deposited on the chips and 

incubated overnight at RT. The following day, chips were rinsed with phosphate buffer (washing 

buffer), blocked with immersion for 3 h in 2% (w/v) BSA solution in washing buffer, rinsed with 

washing buffer and distilled water, dried with N2 and used for the assay.  

Prior to assay, each biofunctionalized chip was assembled with the fluidic module, placed on 

the docking station and equilibrated with assay buffer to acquire a stable baseline. For the assay, 1:1 

v/v mixtures of calibrators (0.02–20 μg/mL in assay buffer) with the rabbit anti-carbendazim antibody 

(2 μg/mL in assay buffer) were passed over the chip for 18 min (50 μL/min flow rate), followed by a 

biotinylated anti-rabbit IgG antibody (7 min), and streptavidin (3 min). Finally, the biochip was 

regenerated by passing IgG elution buffer, followed by re-equilibration with assay buffer. The 

calibration curve was created by plotting the effective thickness of the built-up biomolecular layer 

(signal) corresponding to different calibrators, Sx (expressed as percentage of the zero-calibrator 

signal -maximum signal; S0), for each one analyte against the respective analyte concentration in the 

calibrator solution. 

3. Results and Discussion 

3.1. Assay Optimization 

In order to achieve a fast and sensitive immunochemical detection of carbendazim, many assay 

parameters had to be optimized. Due to the competitive nature of the assay, the two most crucial 

parameters to optimize were the concentration of benzimidazole-conjugate used for coating and the 

concentration of anti-carbendazim antibody, since their combination determines the highest signal 

(zero calibrator signal) and the assay sensitivity. Hence, based on preliminary titration experiments 

using different concentrations of the benzimidazole-conjugate (100–1000 μg/mL) in combination with 

different concentrations of the anti-carbendazim antibody (0.5–5 μg/mL), the highest analytical signal 
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was obtained when 500 μg/mL benzimidazole-conjugate was employed for surface functionalization 

in combination with 4 μg/mL concentration of anti-carbendazim antibody. Nevertheles, an antibody 

concentration of 2 μg/mL was adopted in the final protocol, since this resulted in an adequately high 

zero-calibrator signal along with signifinantly improved assay sensitivity. Another parameter to 

optimize was the duration of the whole assay, in order to achieve a fast and reliable analysis. As 

shown in Figure 1a, a total analysis time of 28 min was adopted, consisting of 18 min for the primary 

immunoreaction, 7 min for the secondary immunoreaction and 3 min for the biotinylated secondary 

antibody-streptavidin reaction.  

3.2. Assay Characteristics 

A typical calibration curve obtained from the WLRS biosensing system for carbendazim is 

shown in Figure 1b. 

 
(a) 

 
(b) 

Figure 1. (a) Real-time response curve obtained from a biochip in the presence of zero calibrator, 

applying the optimized immunochemical protocol (b) Typical calibration curve obtained with 

carbendazim calibrators prepared in assay buffer. Each point represents the mean value of three 

independent runs ± SD. S0 = zero-calibrator signal; Sx =calibrator signal. 

The main analytical characteristics of the immunochemical detection of carbendazim using the 

WLRS sensor are summarized in Table 1. As shown, the analytical sensitivity of the proposed 

immunosensor was evaluated through calculation of the assay limit of detection (LoD) corresponding 

to mean value -3SD of 15 replicate measurements of zero calibrator, and was found to be 20 ng/mL, 

whereas the dynamic range extended up to 20 μg/mL. The reproducibility of the assay was assessed 

by running three control samples in triplicate within the same day, and also in seven different days, 

in order to calculate the intra- and inter-assay coefficients of variation (CV), respectively. The intra-

assay CV values were ≤6.9%, while the inter-assay CVs ≤9.4%.  

Table 1. Immunochemical detection of carbendazim using the WLRS biosensing platform: Assay 

characteristics. 

Assay Characteristic Value 

LoD (ng/mL) 20 

Dynamic range (ng/mL) up to 20000 

Intra-assay CVs (%) ≤6.9 

Inter-assay CVs (%) ≤9.4 

Duration 28 min 

4. Conclusions 

Herein, a WLRS-based biosensing platform for the label-free and real-time immunochemical 

determination of carbendazim was successfully developed. The proposed sensor allowed for the 
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sensitive and fast quantification of carbendazim levels down to 20 ng/mL within less than 30 min. 

The proposed biosensor is planned to be applied for the determination of carbendazim in samples of 

interest, e.g., citrus fruit juices. Taken it altogether, excellent analytical characteristics and short 

analysis time combined with small size of the analytical device render the proposed WLRS biosensor 

ideal for future point-of-need determination of carbendazim in food and environmental samples.  
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