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Abstract: This work will show, for the first time, the absorptive silica-supported polyaniline (PANI) 

molybdenum trioxide (MoO3) semiconductor hybrid coating onto the optical fiber realizing the concept 

of lossy mode resonance (LMR) incorporated with molecular imprinting (MIP)-based sensors. The 

unique optical absorptive and imprinting (IP) properties and possessing a proper refractive index, 

introducing a versatile optical transducer, were assessed in the detection of Malathion (MAL) to address 

the rising concern of pesticide residue in crops. The accurate structural and morphological 

characterization confirmed the rough crystalline and spherical particles for a ternary composite of 

PANI, SiO2, and MoO3 onto an optical fiber curved surface while spectroscopic analysis confirms the 

formation of imprinting polymer and desirable absorbance characteristics. The experimental and 

numerical sensing studies revealed that the proposed sensing probe allows the rapid 

adsorption/desorption of MAL to the sensing films and highly permeable coating under studying the 

effective parameters influence. The optimized probe exhibits an excellent performance with the 

maximum sensitivity of within 14-224 µM with the linearity coefficient of R2= 0.99 possessing a low 

limit of detection of 9.1 nM. Additionally, this sensor selectively detects. in the presence of other real 

species and also showed good recovery in the various corps samples. 

Keywords: Polyaniline, molybdenum trioxide, silica, optical fiber sensor, Malathion. 

 

Introduction 

Many efforts have been performed to develop various analytical methods for detection of pesticide 

residue, such as gas, mass spectrometry, high performance liquid chromatography (HPLC) and gas 

chromatography (GC) [1, 2], gas chromatography-mass spectrometry (GC-MS) [3], 



 
 
 
 
 
 
 

chemiluminescence [4], and colorimetric sensing [5-8]. Although these common detection techniques 

of GC, HPLC and GC-MS provide such a high sensitivity and good accuracy, these strategies raise a 

number of issues related to complexity, cost, and time-consuming. Also, chemiluminescence has the 

advantages of simple instruments, fast detection, low limits of detection, and wide dynamic range, while 

suffering from poor selectivity and stability. Among all these analytical methods, colorimetric method 

incorporating nobel material such as gold nanoparticles (AuNPs) has received great attention owing to 

its rapidity, high sensitivity, and potential on-site detection ability based on the operating principle of 

localized surface plasmonic resonance (LSPR) [9]. Despite that LSPR detection methods have been 

developed for rapid detection of malathion residues with a detection limit down to 0.15 μM and 0.5 pM 

by exploiting aptamer in water and real samples, respectively reported by  Kohzadi et al. Bala et al. 

reported [10, 11] but these techniques have also varies drawbacks of high costs, eligible operators and 

complicated instruments, making them not suitable for onsite and real time detection [4, 5, 12]. 

Recently, visible absorption spectroscopy-based optical fiber sensors have been attracted more 

consideration for their unique properties such as intrinsic immunity to electromagnetic interference, 

small size, low cost, high sensitivity to refractive index changes, real time and onsite detection ability, 

and rapid response and recovery time [6-9, 13-16]. This work presented the use of optical fiber sensor 

based on lossy mode resonance (LMR) synthesized with a very selective sensing layer for fast MAL 

detection at low concentrations in which an attenuation at a special wavelength range is observed, which 

is called LMR. These emergence of resonances are not limited using specific material (e. g. nobel 

metals) and are feasible by using wide range of materials including semiconductors, dielectric and 

polymers [9, 17]. Molybdenum trioxide (MoO3) is an n-type semiconductor material with a versatile 

stoichiometry, changing oxidation situations (+2 to +6), good catalytic acting, wide tunable bandgap 

(3.1 eV) and well biocompatibility. Due to these unique characteristics, MoO3 is being applied for wide 

applications including biomedical sensors [18, 19]. In this work MoO3 thin film has been prepared 

using a sol-gel path [20, 21] by exploiting the silica network of interlinked pores. Besides rendering the 



 
 
 
 
 
 
 

facility in synthesizing, mechanical stableness, optical clearness and great porosity, the main and 

important point is that, sol–gel technique at rather low temperatures allows their integration into 

complex sensor systems [22], herein is adhesion of sensing agents to the optical fiber surface,. 

Optimization of the thin film parameters through its fabrication lets to create the best efficiency of the 

sensor in terms of sensitivity. Between these parameters, the layer thickness is highly important [23-

26]. These sensors are used as biosensors with extremely low limit of detection [27]. In the next step, 

as of the important parameters in evaluating sensor performance is selectivity Molecular Imprinted 

Polymers (MIP) was exploited which is also named "plastic antibodies", is able to specifically recognize 

and selectively adsorb specific target molecules [28-30]. In practical sensing application, up to our 

knowledge, the MIP-based have not been performed for optically detection of MAL [31], especially by 

using polyaniline, (PANI). Owing to unique electrical, electrochemical properties, high environmental 

stability, easy polymerization and low cost of monomer [32], incorporating PANI with SiO2/MoO3 onto 

optical fiber curved surface introduces a versatile optical absorptive transducer to detect low volume of 

Mal in the corpse. Since the silica supported MoO3 agents form chemical bonds with molecules 

containing functional groups of PANI, this leads to different semiconducting properties depending on 

their nature. This work focuses on design, fabricating and characterizing a versatile MAL fiber-based 

sensor by coating LMR/MIP responsible functional layers to detect pesticide in aqueous media. These 

properties represent improvements in water resistance, interfacial adhesion, and optical and electrical 

properties that have been optimized, as an LMR fiber-based optical sensor.  

Experimental 

   Sensing probe fabrication:             

    (a) pretreatment of the fiber optic probe 

The multimode plastic-clad silica fiber with a core diameter of 400 µm is used in fabrication of the 

sensor. After removing the outer jacket of a 10cm length of optical fiber, to expose the evanescent field 



 
 
 
 
 
 
 

of core modes, the clad of 1.5 cm length of fiber is etched chemically by immersion of the fiber in a 

40% HF solution for 90 min. Before coating the thin film, it is necessary to explore the speed of etching 

to optimize the leaked light from the etched region (evanescent light) according to the attenuated output 

power. It means that we have to tradeoff between the leaked light and the transmitted output light 

intensity. When the etching is more than a critical stage, the fiber become very thin leading to an 

intensive evanescent wave. On the other hand, it should be noted that the longer etching time causes a 

very low intensity of transmitted output light leading not able to recognize properly the variations. 

Therefore, we have etched optical fiber with time of 90 min and the 60% of light can be transmitted 

through the etched fiber and the output power experiences nearly 40% loss which is a proper intensity 

of measurement, as reported in our earlier works [17]. Then the unclad-fibers are placed in piranha 

solution for several hours, which removes resistant organic matter from the silica surface and makes 

the cleaned surface extremely hydrophilic. Both heads of the fiber are then polished with 2000-gritd 

polishing film that increase the intensity of the outing light of fiber [33-35]. Fig. 1 (a) and (b) shows 

schematic and image of optical fiber before and after etching. 

 

 

 

 

 

 

 

 

Fig.1. Sensor probe preparation steps along with the images of the undergoing optical fibers. 



 
 
 
 
 
 
 

 (b) Synthesis of MoO3 and silica supported MoO3 thin films 

First, MoO3 is synthesized by the following method. In a generic synthesis, 2.5 g (0.01 mol) sodium 

molybdate is solved in 30 ml of instilled water under magnetic stirring. Thereupon 12 ml HBF4 is gently 

increased into the solution. After 10 min stirring, the obtained solution is transferred and sealed in a 

Teflon-lined stainless autoclave with a capacity of 100 ml, and the autoclave is heated to 180 °C for 24 

h. After the reaction, the autoclave is allowed to cool down to the room temperature naturally. Finally, 

the precipitate is washed several times with absolute ethanol and distilled water, respectively, and then 

dried at 60 °C for several hours and kept for further characterization. As a contrast experiment, 1.67 g 

H2MoO4 (0.01 mol) is dissolved in 30 ml of distilled water and then 12 m HBF4 is gradually added 

into the solution or not. Finally, the obtained solution is kept at 180 °C for 24 h by a hydrothermal 

reaction . 

Then, SiO2 supported MoO3 film preparation was carried out using the sol–gel dip-coating method. 

Solgel is an optically transparent glasslike material formed by hydrolysis and polymerization of metal 

alkoxides or metalorganic compounds. The silica glass formed by this method is a porous matrix that 

contains interconnected pores formed by a three-dimensional network of SiO2. This hydrolysis resulted 

in the formation of silanol groups (Si–OH) and the silanol groups reacted more to form siloxane 

polymers (Si–O–Si). First, the solution was prepared by dissolving 1 ml of Tetraethyl orthosilicate 

(TEOS) and 0.3 ml of (3-Aminopropyl) triethoxysilane (APTES) as Precursor in 10 mL of methanol 

as  solvent. This solution was continuously stirred for 30 minutes without temperature to yield 

homogeneous solution. Then, added 3 drops of glycine solution (0.01 g of glycine in 10 ml of water) 

which is a surfactant and causes a thin layer and 0.2 ml diluted HCl (2ml of HCl of 37% in 15 ml of 

water) as a catalyst to initiate the reaction. After that, again the solution was stirred for 10 min. 

Subsequently, the MoO3-doped sol solution was prepared by mixing 5 ml of MoO3 solution (.01 gr of 

MoO3 in 10 ml of ethanol) into the sol solution [36]. Then, optical fibers were placed into the solution 



 
 
 
 
 
 
 

at various intervals and coated. Various ratios of the above substances were tested to we found optimal 

values to give the best performance. Fig.1 (c) shows fiber coated with SiO2 supported MoO3 layer. 

(c) polymerization: MIP, NIP 

Fig. 2 depicts schematic of the synthesis procedure for molecular imprinting polymer on the etched 

optical fiber; it was obtained by in situ oxidative polymerization of aniline in the presence of an oxidizer 

ammonium persulphate (APS). In the first step, (Fig. 2), 0.4 mL of aniline (100% in concentration), 3 

mL of HCl (0.5 M, 25% in concentration) and 16 mL of ethanol were mixed together and refrigerated 

for 3 h. Then, 13 mL of APS (0.1 M in 50 mL) and 2 ml of Malathion toxin as an analyte were added 

to this mixture.َ Above compound continuously was stirred for 2-8 hr. The polymer produced in this 

step is called non- molecular imprinting (NIP) because the analyte molecules are still present inside the 

polymer. Finally, ethanol and DI water were used to wash the solution Which then creates a MIP layer 

[37]. Fig.1 (d) and (e) show NIP and MIP coated on optical fiber respectively.  

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 

Fig.2. Schematic of the synthesis procedure for molecular imprinting polymer 

Determination of Malathion in solution samples 

The experimental setup for MAL detection is consist of a white light source (tungsten-halogen lamp) is 

used for connecting to optical fiber probe that is in contact with the medium that is being investigated. 

The output end of the fiber is connected to Ocean Optic spectrometer. The data is obtained from signal 

processing on a laptop. The spectral variation at the fiber output end that is the result of the evanescent 

wave absorption is then recorded with software from Ocean Optics. The optical fiber coated region is 

embedded inside a cell. The sensitive area of the sensor probe in the cell is exposed to different 

concentrations of malathion in the range of 300 nM to 1 mM, respectively. Then changes in the output 

spectrum of the fiber are recorded. 

 

Results and discussion 

 Characterization 

Fig.3 (a) describes the XRD pattern of the MoO3 in the range, 10−80°. The peaks found at 2θ = 12.8, 

23.5, 25.8, 27.4 and 39.1° were displayed to the characteristic hkl planes of MoO3 at (001), (100), (002), 

(011) and (003), corresponding to the orthogonal structure of MoO3 with the lattice parameters (a = 

3.95, b = 3.68, and c = 7.09). The highest intensity apperceived at 2θ = 27.44° at the plane (011) 

manifested that MoO3 crystallites grew more regular along the (011) plan [18]. XRD pattern amorphous 

SiO2/MoO3 are shown in Fig.3 (b). The broad band XRD of SiO2/MoO3 at theta = 22.5◦ indicated in 

Fig. 3 (b). This is in correspondence with same XRD patterns of amorphous silica [38, 39]. Fig.3 (c) 

illustrates XRD diffraction pattern of polyaniline. This analysis indicates an amorphous structure with 

a broad peak centered on 2θ ≈ 26.400 [40, 41]. Additionally, the broad peaks of PANI display an 

amorphous nature of the polymer [40] and the immerged sharp in PANI/MAL/IP correspond to the  

structure of MAL [42]. Fig. 3 (d) shows the diffraction pattern of PANI/MAL/IP peaks at 2θ: 8.45°, 



 
 
 
 
 
 
 

14.83°, 20.90° and 26.31°. Therefore, incorporation of MAL modifies the structural character of PANI. 

The FTIR spectra in Fig. 3 (e) display stable interference. The stretching mode of MO-O-MO are 

located at 989 cm–1 and 873 cm–1. The absorption bands at 611 and 481 cm–1 are assigned to stretching 

vibrations of the O(3) and O(2) atoms linked to two or three molybdenum atoms, respectively. The 

broad band at about 3423 cm–1 and the peak at around 1635 cm–1 are the O–H stretch and the bending 

of water [43-46]. FTIR spectra of in Fig. 3 (f) undoubtable confirm the presence of hydroxyl (OH) 

groups because of absorption bands at 3473, 2927 and 1637 cm–1 and absorption band at 1057 cm–1 

relates with Si–O vibrations. Generally, due to the Mo-O vibration, has created breaded peak and 

absorption bands below 1000, which are related to O(3) and O(2) stretching  vibrations, are almost 

eliminated [47-49]. Fig. 3 (g) shows FTIR spectroscopy of PANI. The peak at 1450 cm−1 is ascribed to 

a C-N stretching in the proximity of a quinanoid ring. The 1326 cm–1 band is appropriated to the C-N 

stretch of a secondary aromatic amine, because of different configurations of the polymer, the C-N bond 

has different chemical perimeters, and it leads to different frequencies of the C-N stretching vibration 

band. In the bands of 1048 and 877 cm–1, respectively the aromatic C-H in-plane and out-plane bending 

modes are apperceived. O–H stretching vibrations were also observed at 2974 cm−1 [50-53]. Fig.3 (i) 

shows the registered FTIR spectrum for the malathion. The signal at 1731 cm−1 is due to the stretching 

of carbonyl of the ester group. The absorptions band about 1455 and 1370 cm−1 are because of the 

various vibrational modes of -CH2 and CH3 groups. The band at 1008 cm−1 is due to stretching of P-

OCH3 group, while the absorption band that visible at 2981 cm−1 stems from the alkyl chains [54, 55]. 

Fig.3 (h) shows FTIR spectra of PANI/MAL/IP. A comparison between Fig. 3(h) and (i) shows that the 

adsorption band 1731 cm−1 created in PANI/MAL/IP is due to the presence of malathion in the PANI. 

 

 

 



 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Fig3. X-ray diffraction and FTIR of composites                                           

The morphology of the nanocomposite coatings over optical fiber were verified at each step by the 

scanning electron microscopy (SEM) images. Figure 4 (a) and (b) illustrates SEM images of surface 

and cross section of coated optical fiber with silica. After functionalization and coating of SiO2/MoO3 

surface optical fiber with PANI during nanocomposite, their dispersibility and homogeneity also well 

deposited as evident from Fig. 4 (c) and (d) SEM images. In Fig. 4(a) and (c) images a homogenous 

distributed spherical nanoparticles with the mean size of ∼30-40 nm with a compact morphology is 

observed. These results evidence that the polymer was well deposited on the optical fiber surface. 

Energy dispersive X-ray spectrometry (EDS) analysis results shown in fig.2s.Fig 2S (a) confirm the 

presence of molybdenum in silica supported MoO3 layer.  
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Fig.4 (A) and (B) SEM of surface and cross section of silica supported MoO3 layer. (c) and (d) SEM of surface 

and cross section of MIP layer 

 

UV-vis spectroscopy 

The optical characteristics of the SiO2/MoO3/PANI solution were evaluated by a UV−Vis spectrometer. 

The SiO2/MoO3 nanoparticles could absorb visible light upon PANI incorporation, which resulted from 

PANI optical absorption of visible light, especially by red color region, Fig. 5. The as-prepared MAL 

incorporated SiO2/MoO3/PANI in an aqueous solution exhibit an intense absorption spectral from 400 



 
 
 
 
 
 
 

to 600 nm; implying the trace of MAL molecules presence clearly by the emergence of stronger 

absorption within the starting visible region (around 600 nm). This can directly introduce this composite 

as an efficient and versatile sensing layer to trap and detect MAL molecules. 

 

 

 

 

 

 

Fig. 5. UV–VIS absorption spectra of sensing solution without analyte (NIP), red color line, MIP solution 
analyte (MIP-MAL removed), darker red color line, MIP solution including MAL, darkest red color line.  

Theory 

In order to find out an intuitive understanding of the LMR effect of the as-prepared coated layers, a 

theoretical study to recognize and characterize the optical absorptive features of the coated optical fiber 

was also displayed in more details. Herein, to disclose the concrete absorbing sensing mechanism, the 

finite element method (FEM) with commercial software (COMSOL Multiphysics) was used to analyze 

the effective refractive index and electric field distribution of the guided modes in the core region. The 

details of the simulation model and calculated parameters are introduced in our earlier work [17]. The 

main differential wave equation is solved within the whole structure with considering the continuity 

and boundary condition as more detailed theory and the main equation was reported in the Appendix of 

our earlier work [17] with choosing a proper mesh distribution. For this purpose, the etched core at 100 

µm diameter is taken as pure silica dielectric with the refractive index of the optical fiber core 

considered as 1.45 according to the its data sheet. The first coating layer is a silica composite 

Eq. (1) 



 
 
 
 
 
 
 

incorporated MoO3 with about 110 nm thickness whose effective dielectric function of the composite 

can be calculated from Maxwell-Garnett model given in Eq. (1) [56], as following  

𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜀𝜀2
𝜀𝜀1 + 2𝜀𝜀2 + 2𝑓𝑓(𝜀𝜀1 − 𝜀𝜀2)
𝜀𝜀1 + 2𝜀𝜀2 − 𝑓𝑓(𝜀𝜀1 − 𝜀𝜀2)    

Where for two component materials with dielectric constants, ε1 (component 1, nanoparticles) and ε2 

(component 2, dielectric host material), and f is the filling fraction of first component (MoO3) into 

second component (SiO2), where was estimated from the volume incorporated into the solution 

according to the above mentioned experimental procedure. the effective dielectric function of the 

composite material (SiO2/MoO3) was calculated by this formula. Thereby effective refractive index, 

which is the square root of dielectric constant, for this layer is 1.65. The LMR is very sensitive to the 

thickness of the integrated SiO2/MoO3/PANI ternary composite such that the thickness was considered 

170 nm according to the cross-section view of SEM image of the optimized as-prepared probe (Fig. 4 

(b and d)) with effective refractive index for this layer also calculated 1.7 from Eq (1). The preliminary 

numerical assessment was carried out via the electromagnetic frequency domain module for two-

dimensional modeling from cross section point of view with considering the light propagation along 

the optical fiber both in the transverse component and in the z component. Solving the eigenvalues 

problem is solved of a five layered waveguide structure, i.e. core, SiO2/MoO3 composite as first layer, 

polyaniline with MAL as second layer, surrounding solution and lastly, air layer. In this case the 

problem is solved as a 2D calculation.  

In this calculation, mode analysis technique is used for the fiber whit two layers coating and the 

normalized electric field and corresponding the z component electric field distribution of several guided 

core modes were depicted in Fig. 6. The results supported for first modes of this structure which is 

acting as a waveguide are presented in Fig. 6 (a) and (b), respectively. To better understand the coupling 

of propagating light of some higher modes into the coating layer resulting lossy modes [57], the electric 

field core-guided mode distribution was indicated at launched wavelength light of 620 nm, second box 



 
 
 
 
 
 
 

in Fig. 6 (a and b). It can be seen that the electric field distributions of the lossy modes in the vicinity 

of the coated layer resulting to the strongest coupling between the core guiding modes and leaked modes 

of coated layer. In this situation, the phases match well, and the energy of emerging higher order modes 

transfer to the coating layer; implying transit maximally into the lossy mode. The longitudinal point of 

view also was illustrated as shown in Fig. 6 (c and d). The Eigen-value mode analysis results revealed 

the electric field distributions in the vicinity of the coated layer resulting to the strongest coupling 

between the core guiding intensity and leaked intensities of coated layer. The decaying behavior of 

evanescent field along the fiber longitudinal could be observed clearly such that the norm of electric 

field and the z component in a magnified scaled were confined in the interface facet allows the 

evanescent wave trapping in this region, leading to the sensing enhancement.  
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Fig. 6 (A) Mode profile of norm of E (left side) and the corresponding z components (right side) of core-guided 

and lossy modes of ternary composite SiO2/MoO3 and PANI bilayer coated on optical fibers, from both views of 

the cross section and along the optical fiber.  

 

Optimization of sensor probe characterization based on LMR-MIP bilayer coating  

To achieve the best sensor performance, first the amount of the main elements in the composition of 

silica and polymer, namely molybdenum and aniline, were changed to obtain the optimal value (Fig. 

S1). Then, the thickness of the layers was optimized by changing the synthesis time. Measurement and 

detection of malathion began at a greater thickness, where the fiber optic probe was in situ for 5 hours 

in the sol-gel process and 8 hours in the polymerization then were exposed to different concentrations 

of malathion in the cell in the range of 300 nM to 1000 μM.  For each concentration of MAL, we fill up 

the flow cell with MAL solution, and wait for about 12 seconds to a nearly stable condition to ensure 

the fully interaction of MAL molecules with MIP layer. As shown in Fig. 7 (a), the transmitted spectra 

were recorded showing the dip absorption wavelength and intensity values corresponding to the various 

concentration. After every measurement, deionized water was injected into the flow cell to wash and 

also to flush away the unbounded or adsorbed analyte molecules. Fig. 7 (b) demonstrates the magnified 

normalized transmission spectra corresponding to the transmitted spectrum, with various MAL 

concentration to more clarify the minimum (dip) wavelength changes. A redshift from 579 to 614 nm 

in dip wavelength has been observed for various MAL concentration which confirms an increase in the 

real part of the effective refractive index of sensing region. Furthermore, the decrease of transmission 

minimum value in the same range indicates an increase in the imaginary part of the effective refractive 

index, as well.  As shown in calibration graph, Fig. 7 (c) indicates a linearly decrement of transmission 

dip and increasing resonant wavelength with linearity coefficient of R-square of about 0.99 and then, 

gradually saturated versus concentration more than 214 µM which are adopted with sensing 

performance.  



 
 
 
 
 
 
 

 

Fig. 7. (a) LMR absorption spectrum of sensing probe coated by SiO2@MoO3 with 5 h synthesis time and then 

undergoes 8 h PANI/MAL polymerization, (b) the magnified normalized transmission spectra indicating 

35 nm shift of resonant dip, (c) Calibration curve of LMR absorption spectra. 

 

The exposing synthesis period of every coating layer decides the thickness of the functional layer in a 

way that directly affect the sensing performance. Herein, the functional layer comprises a LMR 

responsible layer of silica supported MoO3 layer and a MIP-PANI layer for selective detection of MAL 

in aqueous environment. The thickness was manipulated by the dipping period of every layer synthesis 

process to tune and enhance the resonant property. Since the evanescent field decays as the thickness 

of functionalization layer increases, both LMR and MIP layers thickness according to the synthesis 

dipping period were changes to find out the optimized sensing performance. Thus, in the following, 

probes coated with two categories of thin and thinner layers; firstly, only one-layer thickness reduced 

and then thicknesses of both layers simultaneously reduced and the output spectra were characterized 

in both wavelength and intensity interrogations. The synthesized conditions of 3 hr SiO2/MoO3 and then 

8hr PANI/MAL polymerization period was investigated and the results were recorded as shown in Fig. 

8 (a, b and c). This SiO2/MoO3-LMR layer which is thinner than the as-mentioned prepared probe 

reported in Fig. 7, with the identical MIP layer, revealed an improved sensing performance in which 

the dip resonance undergoes a redshift of about 80 nm and linearity coefficient of 0.9955. This 
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enhancement is attributed to this fact that this thinner LMR can provide more exposed evanescent filed 

within sensing region. Although, for the case with the thinner MIP-layer prepared with 3hr 

polymerization synthesis coated on the LMR thickness of 5hr dipping period, the results showed 70 nm 

redshift of dip wavelength and appreciable linearity. It can be concluded that the reducing LMR 

thickness was more efficient; emphasizing the significance of LMR role in the proposed sensing 

performance. In the all sensing studies, the intensity variations were corresponding to the wavelength 

shifts, so the foundations show identical explanation in terms of intensity interrogation.   

 

 

 

 

 

 

 

 

 

 

Fig. 8. (a, b and calibration curve, c) LMR- sensing spectra of functional layer synthesized with 3 hr SiO2 /MoO3 

plus 8 hr PANI/MAL, and (d, e and calibration curve f) LMR–sensing spectra of probe coated with 5 hr SiO2 

/MoO3 plus 3 hr PANI/MAL synthesized layer. 
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To further assessment, in the same way, the thicknesses of both LMR and MIP responsible layers were 

more reduced to 2 hr SiO2 /MoO3 along with 3 hr PANI/MAL, and then 3 hr SiO2 /MoO3 with 2 hr 

PANI/MAL synthesized layer. As shown in Fig. 9, probes with the as-prepared functional layers shows 

nearly similar results without a profound effect on the sensing output rather than above-mentioned 

conditions, besides that during the measurements, the response time were slightly increased and it needs 

to wait more to reach a stable condition to record the result.  

 

 

 

 

 

 

 

 

 

Fig. 9. (a, b and calibration curve, c) LMR- sensing spectra of functional layer synthesized with 2 hr SiO2 /MoO3 

plus 3 hr PANI/MAL, and (d, e and calibration curve f) LMR–sensing spectra of probe coated with 3 hr SiO2 

/MoO3 plus 2 hr PANI/MAL synthesized layer. 

According to the mentioned results, the best performance of the sensor in terms of wavelength changes 

and selectivity is related to the fiber optic probe, which has been in the sol-gel process for SiO2/MoO3 

with 5h synthesis time and then undergoes 8h PANI/MAL polymerization. The rest of sensing studies 

were carried out by the optimized fiber optic sensing probe. To observe the stability and the response 
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time of the of the output spectrum of the sensor, the dynamic behavior of the sensor was investigated. 

Fig. 10 (a) shows the dynamic diagram of sensor  under injection of a fixed concentration with several 

repetitions and Fig. 10 (b) shows the dynamic diagram of sensor against different concentrations, in 

sequence. The sensor has indicated that the changes in intensity and wavelength, accuracy and response 

time of the sensor, ignoring a slight difference, are comparable and similar to the results of the first test. 

 

 

 

 

 

 

 

 

Fig.10. dynamic diagram of sensor (a) under injection of a fixed concentration with several repetitions 

and (b) against different concentrations, in sequence. 

 

Selectivity and the effect of some interfering species 
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represents the ratio of the sensor response in attendance of MIP probe to NIP probe (IF = MIP/NIP), 

was investigated for appraisal of imprinting operation (Figure 11(a)). As seen IF factor for malathion is 

8000

8500

9000

9500

10000

10500

7000

7500

8000

8500

9000

9500

10000

10500

11000

11500

Tr
an

sm
itt

ed
 L

ig
ht

 In
te

ns
ity

 (c
ou

nt
) 

Time (s)

Repeat 84 µM Concentration

2010 30 40 50 60 70

(a)

Tr
an

sm
itt

ed
 L

ig
ht

 In
te

ns
ity

 (c
ou

nt
) 

Time (s)
10 20 30 40 50 60 70

56 µM

84 µM

168 µM
224 µM

Different Concentration(b)



 
 
 
 
 
 
 

more than other toxins which illustrate the great selectivity of this sensor. The sensor response for other 

molecules was considerably low. Also sensor probe with NIP coated did not distinguish between 

malathion and other pesticides. This high selectivity of the system shows that the MIP method is highly 

selective for own templates and can does successfully in the sensors for label free selective detection of 

analyte. A certain concentration of malathion solution was combined with a defined amount of 

cklorpyrifos, cypermethrin, imidacloprid, propiconazol and fevalerate pesticides widely used in 

agriculture fields and examined. The results displayed that the existence of other toxins did not effect 

in MAL detection in this method as the changes in MAL detection was less than 5%. All these results 

prove the high selectivity of sensor probe towards malathion and negligible detection of other pesticides 

(Fig. 11 (b))  .  

The unique sensitive and selective properties of the proposed sensor may be caused by two factors. 

First, polyaniline incorporated with MoO3 in a network was formed by numerous of MoO3/PANI 

hybrids as a versatile molecular imprinting which will be favorable to adsorption and diffusion of 

analyte molecules on the sensing surface. This effect can be attributed to the strong interaction between 

PANI and MAL molecules driven by strong H-bonding and pi-bonding as shown in Fig. 2. The more 

important factor being responsible for the enhancement of sensing response is the formation of ternary 

composite of SiO2, MoO3, and PANI as a semiconductor material can absorb the visible light launched 

through the fiber optic, shown in fig. UV. The formation of p-n heterojunctions at interface between p-

type SiO2/MoO3 and n-type PANI [58] with mutual charge transfer until equilibrium being established 

and making the Fermi level equal in n and p regions [59]. The formation of p–n heterojunctions lowers 

the activation energy and also provides higher conductivity which is responsible for promoting sensing 

performance. Nearby the heterointerface of -MoO3 and PANI, the adsorption of MAL results in an 

increase of the electron concentration in -MoO3, which breaks the original equilibrium and induces a 

decrease of the width of depletion layer between PANI and -MoO3, leading to further charge transfer 



 
 
 
 
 
 
 

around the junction region and so, the decreasing of the band gap of the sensing layer will emerged as 

transmitted dip in a longer wavelength position.   

  

 

 

 

 

 

 

 

 

Fig. 11. selectivity of sensor for PANI/MAL/MIP and PANI/MAL/NIP, (b) The effect of some 

interfering species on determination of MAL 

LOD was calculated based on the standard deviation of the response (Sy) of the curve and the slope of 

the calibration curve (S) at levels approximating the LOD according to the formula: LOD = 3.3(Sy/S). 

LOD of 9.1 nM has been obtained for this biosensor (Table 1).  

 

 

 

Table1. Comparison of the suggested method with the previous reported methods for MAL 

determination. 
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Technique Followed  LOD  Refs. 
LMR 

Electrochemical 
Fluorescence 

Electrochemical 
Raman Scattering 

UV-Vis Spectroscopy 
Amperometric 

9.1 nM 
0.2 μM 

0.92 μM 
1 nM 

10 μM 
2.4 nM 
3.3 nM 

Current work 
[4] 
[60] 
[61] 
[62] 
[63] 
[64] 

 

Real sample 

To verify the applicability and reliability of sensor, the proposed optimal method was applied to detect 

malathion in different vegetables juices including lettuce, cucumber and potato. For this, certain 

concentrations of MAL added to vegetables juices and after applying the method the amount of 

malathion in vegetable juice was obtained from the graph. Table 4 shows, the relative standard deviation 

(RSD%) values and recovery. These results demonstrate the usability of senor for practical applications. 

Table2. Determination of MAL in vegetable extracts 

Sample MAL 
added(μM) 

MAL 
found(μM) Recovery(%) RSD(%) 

Cucumber 
112 
140 
168 

116 
137 
159 

103.6 
97.8 
94.6 

3.5 
2.1 
5.3 

Lettuce 
112 
140 
168 

108 
148 
173 

96.4 
105.7 
102.9 

3.6 
5.6 
2.9 

Potato 
112 
140 
168 

104 
147 
161 

92.8 
105 
95.8 

7.2 
4.9 
4.1 

 

 



 
 
 
 
 
 
 

 

Conclusion  

In conclusion, we demonstrate a silica supported MoO3/PANI sensing film coated optical fiber as a 

proof-of-concept of hybrid semiconductor and polymer absorptive lossy waveguide selective biosensor. 

We prove by numerical analysis and experimental measurement that aniline polymeric layer added on 

a LMR supported film effectively enhances the leaked lossy modes towards transducing the presence 

of specific analyte molecule demonstrated in both wavelength and intensity interrogations. The 

fabrication and characterization of the proposed fiber optic sensor were carried out and the optimal 

constructing condition was determined based on the experimental sensing performance assessments for 

each as-prepared probe addressing the MAL detection. The sensing probe with the SiO2/MoO3 with 5 

h synthesis time and then undergoes 8 h PANI/MAL polymerization showed the best sensing results of 

an appreciable linearity in the concentration range of 14 μM to 224 μM with limit of detection of 9.1 

nM. Hence, this optical sensor can be used successfully to determine MAL and introduce optical fiber 

substrate design as feasible and remote monitoring with required miniaturization for any bio-sensor 

applications. Additionally, these efficient achievements confirm the label-free diagnosis of Ep, 

introduce a proposing route to recognize any other specific pesticide, and open up a novel opportunity 

to quantitatively monitor analyte molecules with a poor concentration in different aqueous matrices. 
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