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Abstract 

A novel biosensor for rapid, sensitive and selective monitoring of p-nitrophenyl substituted 

organophosphate pesticides (OPs) in aqueous system was developed using a functional 

nanocomposite which consists of elastin-like-polypeptide-organophosphate hydrolase 

(ELP-OPH), bovine serum albumin (BSA), titanium dioxide nanofibers (TiO2NFs) and 

carboxylic acid functionalized multi-walled carbon nanotubes (c-MWCNTs). ELP-OPH was 

simply purified from genetically engineered Escherichia coli based on the unique phase 

transition of ELP and thus served as biocatalyst for OPs, while BSA was used to stabilize 

OPH activity in the nanocomposite. TiO2NFs was employed to enrich organophosphates in 

the nanocomposite due to its strong affinity with phosphoric group in OPs, while c-MWCNTs 



 

was used to enhance the electron transfer in the amperometric detection as well as for 

covalent immobilization of ELP-OPH. ELP-OPH/BSA/TiO2NFs/c-MWCNTs nanocomposite 

were systematically characterized using field emission scanning electron microscopy (SEM), 

Raman spectra, Fourier Transform infrared spectroscopy (FTIR) and X-ray Diffraction 

(XRD). Under the optimized operating conditions, the ELP-OPH/BSA/TiO2NFs/c-MWCNTs 

based biosensor for OPs shows a wide linear range, a fast response (less than 5 s) and limits 

of detection (S/N = 3) as low as 12 nM and 10 nM for methyl parathion and parathion, 

respectively. Such excellent sensing performance can be attributed to the synergistic effects 

of the individual components in the nanocomposite. Its further application for selectively 

monitoring OPs compounds spiked in lake water samples was also demonstrated with good 

accuracy. These features indicate that the developed nanocomposite offers an excellent 

bisoensing platform for rapid, sensitive and selective detection of organophosphates 

compounds. 

Key words: ELP-OPH; titanium dioxide nanofibers; multi-walled carbon nanotubes; methyl 

parathion; parathion. 

 

1. Introduction 

Highly neurotoxic organophosphates (OPs) have been widely used as pesticides and 

insecticides and also have the potential to be used as chemical warfare agents by terrorists, 

thus imposing significant strains on public health, environmental/food safety and homeland 

security (Giordano and Collins 2007; Kumar et al. 2015). As OPs especially p-nitrophenyl 

OPs (e.g., methyl parathion, parathion and paraxon, etc.) are extremely toxic and it is still a 



 

big challenge to remove the residues of OP compounds from contaminated water, many 

countries have imposed strict restrictive regulations on the maximum concentration of OP 

residues in water system (Li et al. 2014). Up to date, a wide spectrum of conventional 

analytical methods have been developed for the determination of OPs in water samples, 

including gas and liquid chromatography (Oliveira et al. 2008; Walorczyk 2007; White and 

Harmon 2005), chemoluminescence (Hu et al. 2010), high-performance liquid 

chromatography (Perez-Ruiz et al. 2005), capillary electrophoresis (Chen and Fung 2010), 

and mass spectrometry (Fidder et al. 2002). These conventional analytical technologies offer 

highly sensitive and accurate assays of OPs, but also suffer from many disadvantages such as 

time-consuming procedures, the use of bulk and expensive instruments and requirement of 

skilled personnel. Therefore, they are not suitable for in-field application. Consequently, there 

is an urgent need to develop a simple, sensitive, low-cost and rapid method for OPs detection.  

In the past decade, enzyme-based electrochemical bisoensors for OPs have been becoming a 

promising method in this regard. Unlike acetylcholinesterase (AChE) based single-use OP 

biosensors which rely on the non-selective and irreversible inhibition of the enzyme activity, 

organophosphorus hydrolase (OPH) based OP biosensors are more attractive as OPH can 

selectively hydrolyze a wide range of OPs, thus endowing the reusability of OPH-based 

biosensors in OPs determination (Wang et al. 1999; Chough et al. 2002; Lei et al. 2005; Liu 

et al. 2014; Mulchandani et al. 2001; Mulchandani et al. 2006). Specifically, p-nitrophenyl 

substituent OPs can be catalyzed by OPH to generate electroactive p-nitrophenol (PNP), and 

the oxidation current of PNP can be correlated to the OP concentration in amperometric 

detection, which offers a convenient biosensing platform (Tang et al. 2014; Stoytcheva et al. 



 

2014). However, to purify OPH is tedious and time-consuming, which could limit its wide 

applications. Therefore, in this study, elastin-like polypeptide fused with organophosphorus 

hydrolase (ELP-OPH) was constructed to allow a very simple and rapid method for 

ELP-OPH purification based on the temperature-triggered phase transition of ELP (Shimazu 

et al. 2003). Moreover, the ELP domain could also improve the stability of the fusion enzyme. 

However, OPH or ELP-OPH is intrinsically no-conducting, which is not favorable for 

electrochemical sensing application. Therefore, in recent years, nanomaterials have been 

exploited to enhance electron transport and promote oxidation of electroactive compounds on 

the sensing electrodes, which could result in OPs biosensors with high performance. For 

example, the discovery of carbon nanotubes (CNTs) in 1991 has brought increasing attentions 

in academic and research area owing to the unique chemical and physical properties (IIJIMA 

1991). Particularly, carbon nanotube (CNT) has been reported as an excellent sorbent and 

good electrocatalytic nanomaterial for nitroaromatic OP detection due to its π-conjugative 

interaction upon the benzene ring and high conductivity (Zhang et al. 2003; Yan et al. 2005; 

Zhou et al. 2007). Carboxylic acid functionalized multi-walled carbon nanotubes 

(c-MWCNTs) are also attractive in biosensor applications due to their advanced mechanical 

property and excellent electrical conductivity. Moreover, their carboxylic groups can provide 

a large number of covalent or non-covalent binding sites for enzyme immobilization, thus 

significantly improving analytical performance of sensors (Pedrosa et al. 2010). Some 

transition metal oxides such as zirconium dioxide (ZrO2) and titanium oxide (TiO2) have also 

been widely used for selectively enriching free OP compounds due to their strong affinity 

with the phosphoric group in OPs as well as their low price, long-term chemical stability and 



 

good biocompatibility (Du et al. 2011; Bavykin et al. 2006; Kweon and Hakansson 2006; 

Yang et al. 2012). For example, similar mechanism of absorption of organophosphate 

pesticides by titanium dioxide was also witnessed in literature (Huang et al. 2010). All these 

studies suggest that high performance biosensors could be developed taking use of the 

synergistic effects of individual components in nanocomposites. 

In this work, a novel nanocomposite-based biosensor, consisting of ELP-OPH, bovine serum 

albumin (BSA), TiO2 nanofibers (TiO2NFs) and c-MWCNTs, was developed for rapid, 

sensitive and selective determination of organophosphate (OP) pesticides. Unique 

thermal-triggered phase-transition of ELP was employed to simply purify ELP-OPH (serving 

as biocatalyst for OPs) from genetically engineered Escherichia coli through two cycles of 

centrifuge, while BSA, TiO2NFs and c-MWCNTs in the nanocomposite will be used to 

stabilize OPH activity, to enrich organophosphates in the nanocomposite, and to covalently 

immobilize ELP-OPH/BSA and enhance the electron transfer in the amperometric detection, 

respectively. The micromorphology and structure of the as-prepared 

ELP-OPH/BSA/TiO2NFs/c-MWCNTs nanocomposite were systematically characterized 

using scanning electron microscopy (SEM), Raman, Fourier transform infrared spectroscopy 

(FTIR) and X-ray powder diffraction (XRD). The as-developed OP biosensor was optimized 

in terms of material loading and the applied potential. Under the optimal conditions, 

ultra-sensitive amperometric detection of methyl parathion and parathion in both buffer and 

spiked lake water samples was realized. These features indicate that the developed 

nanocomposite offers an excellent biosensing platform for rapid, sensitive and selective 

detection of organophosphates compounds, which could have the potential to play an 



 

important role in securing public health, environmental/food safety and homeland security. 

2. Experimental part 

2.1 Reagents and materials 

Genetically engineered Escherichia coli with ELP-OPH expression was constructed 

according to a procedure reported elsewhere (Shimazu et al. 2003) Titanium isopropoxide 

(Ti(OiPr)4, 97%), polyvinylpyrrolidone (PVP, MW=1300000 g/mol), c-MWCNTs, Nafion 

117 solution, and N, N-dimethylformamide (DMF, anhydrous, 99.8%) were purchased from 

Sigma-Aldrich. Methyl parathion and parathion were purchased from SUPELCO Analytical 

(USA) and used without further purification. 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were bought from Thermo Scientific 

(USA), while bovine serum albumin (BSA) was purchased from Bio-Rad (USA). Lake water 

samples were collected from Hollow Lake (Mansfield, Connecticut, USA). All aqueous 

solutions were freshly prepared with deionized (DI) water (18 MΩ•cm) generated by a 

Barnstead DI water system.  

2.2 Electrode preparation and modification 

Preparation of ELP–OPH and TiO2 NFs 

The ELP-OPH was purified from cell culture according to a phase-transition method reported 

elsewhere (Shimazu et al. 2003) and the final stock concentration was determined to be 2 

mg/mL with OPH activity (for methyl parathion) of 3785 IU/mg. Titanium dioxide 

nanofiberswere prepared using electrospinning followed by calcination, according to the 

procedure reported in our previous publication (Ding et al. 2011). 

Preparation of the ELP-OPH/BSA/TiO2NFs/c-MWCNTs nanocomposite modified 



 

electrodes 

Prior to the surface modification, the bare glassy carbon electrode (GCE, dia. 3 mm) was 

polished with 0.3 μm and 0.05 μm alumina slurries successively, and then sonicated with 

acetone, ethanol and DI water in sequence to remove any alumina residue on the electrode 

surface. 2 mg TiO2NFs and 0.5 mg c-MWCNTs were homogenously dispersed in 1 mL DMF 

through 30-min sonication, respectively, and then 6 μL of TiO2NFs and c-MWCNTs mixture 

were prepared with an appropriate volume ratio of TiO2NFs suspension and c-MWCNTs 

suspension and directly drop-cast onto the surface of GCE. Next, 10 μL Nafion (NF) solution 

(0.05 wt %) was loaded on the modified GCE to dry at room temperature, thus forming 

highly porous Nafion membrane to entrap TiO2NFs/c-MWCNTs on GCE. Subsequently, the 

as-prepared TiO2NFs/c-MWCNTs electrodes were immersed into freshly prepared EDC (2 

mg/mL)/NHS (10 mg/mL) solution to active the carboxylic groups on c-MWCNTs surface 

for 20 min. After drying in air, 8 μL of ELP-OPH/BSA (1/1, v/v) solution was coated on the 

as-prepared TiO2NFs/c-MWCNTs electrodes surface for 2h crosslinking to immobilize the 

ELP-OPH/BSA on the activated c-MWCNTs, followed by extensively rinsed with 0.05 M pH 

7.4 PBS buffer. The as-prepared electrode is denoted as ELP-OPH/BSA/TiO2NFs/ 

c-MWCNTs/GCE. In addition, control electrodes including bare GCE, c-MWCNTs/GCE and 

ELP-OPH/BSA/c-MWCNTs/GCE are also prepared to elucidate the role of individual 

component in OP biosensing.  

2.3 Characterization and electrochemical measurements 

The morphology of the as-prepared samples was obtained using a JEOL 6335F field emission 

scanning electron microscopy (FESEM) at an acceleration voltage of 10 kV. Raman spectra 



 

were collected using a Renishaw 2000 Ramascope Micro-Raman coupled with a 514 nm 

argon-ion laser (50 mW). FTIR spectra and XRD patterns of the samples were performed on 

Nicolet Magna-IR 560 spectrophotometer and Oxford diffraction XcaliburTM PX Ultra with 

ONYX detector, respectively. The absorption spectra to study the interaction between 

TiO2NFs and methyl parathion were obtained using a Cary 50 UV−vis spectrophotometer 

(Agilent Technologies). Cyclic voltammetric (CV), amperometry (i–t), differential pulse 

voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) measurements were 

carried out using a CHI 660D electrochemical workstation (CH Instrument, USA) with the 

modified GCE electrode, Ag/AgCl (3 M KCl) electrode and Pt wire as the working, the 

reference and auxiliary electrodes, respectively. All the measurements were triplicated and 

recorded at room temperature. 

3. Results and Discussion 

3.1 Purification and characterization of ELP-OPH 

The elastin-like-polypeptide (ELP) as the thermal-responsive purification tag offers simple 

purification and reversible immobilization of ELP-OPH (Shimazu et al. 2003). Cells 

(genetically engineered Escherichia coli with expressed ELP-OPH) were grown in LB broth 

at 37 °C with shaking and harvested after 2 days of incubation and the cell lysate was 

harvested through ultra-sonication and centrifugation at 4 °C. Then 2 M NaCl was added to 

the cell lysate and the mixture was incubated at 37 
o
C. The resulting pellet containing 

ELP-OPH was recovered after centrifugation. After solubilization at 4 
o
C, the supernatant 

was subject to an additional round of inverse temperature cycling resulting in highly purified 

ELP-OPH. Purified ELP-OPH fusion protein (20 L) was then analyzed on 8% SDS-PAGE 



 

gel. As shown in Figure S1, after two-cycle purification, relatively pure ELP-OPH with a 

molecular weight of ~ 60 kDa was obtained. The size is slightly smaller than the expected 

value because of the low percentage gel used. The final ELP-OPH concentration was 

determined to be 2 mg/mL through protein analysis by UV−vis spectrophotometer and the 

OPH activity expressed as μmol of methyl parathion hydrolyzed to generate p-nitrophenol per 

min (U) per mg through OPH activity assay and the activity value was 3785 IU/mg (Shimazu 

et al.2001). 

 

3.2 Characterization of the as-prepared TiO2NFs/ c-MWCNTs hybrid composite 

The morphology of the as-prepared TiO2NFs/ c-MWCNTs composites was first investigated 

by SEM. As shown in Figure 1A, TiO2NFs exhibit uniform rod structure with an average 

diameter of 80 ± 20 nm, while c-MWCNTs (dia.: 15±5 nm) entangle with each other to form 

mesh structure (Figure 1B). FTIR study (Figure S2A) of c-MWCNTs shows the peaks around 

1658 (C=O) and 1100 (C-O) cm
-1

, distinctly corresponding to the stretching mode of the 

carboxylic acid group (-COOH) of the c-MWCNTs (Park et al. 2009). It is worth noting that 

the TiO2NFs/c-MWCNTs hybrid composite form a highly-intensive, intertangled network 

structure (Figure 1C), in which the entangled c-MWCNTs could provide good electron 

transfer as well as a number of –COOH groups for covalent immobilization of OPH, and 

TiO2NFs could offer high binding affinity with OPs, thus enriching local OPs concentration 

to OPH in the final OP detection.   

Raman spectra were also collected for the nanocomposites. As shown in Figure 1D, two 

prominent Raman bands at 1360 cm
-1

 and 1604 cm
-1

 are assigned to the Disorder mode and 



 

Tangential mode of c-MWCNTs (Atchison et al. 2015; Hariharasubramanian et al. 2014), 

respectively, while the Raman bands at 145 cm
−1

, 451cm
 −1 

and 637 cm
−1

 are ascribed to three 

active Eg modes of the TiO2 nanofibers (Nasr et al. 2015). FTIR study also indicates the 

presence of –COOH group (Figure S2A). The crystalline structures of TiO2NFs/c-MWCNTs 

nanocomposite were further revealed by XRD analysis (Fig. S2B). The diffraction peaks 

located at 2θ values of 26.05°, 41.04°, 55.03°and 62.8°, correspond to (101), (200), (211) and 

(204) crystal planes of the TiO2 nanofibers (Li and Xia 2003), respectively, while the 

diffraction peaks at 2θ value of 25.5° and 42.75° are assigned to (002) and (001) planes in 

c-MWCNTs (Hariharasubramanian et al. 2014). All these results suggest the successful 

preparation of TiO2NFs/c-MWCNTs nanocomposites, which could provide not only a large 

number of carboxylic acid sites for enzyme immobilization, but also highly meshed structure 

with entangled c-MWCNTs as the electron conduction channels, which is favorable for the 

electrochemical biosensor application.  

3.3 Electrochemical behavior of the as-prepared biosensors in the absence and presence 

of methyl parathion 

In order to study the feasibility of using ELP-OPH for OP detection, ELP-OPH was 

immobilized on GCE using Nafion and then cyclic voltammetry (CV) was first employed to 

investigate the electrochemical behavior of the as-prepared electrode in 0.05 M pH 7.4 PBS 

buffer solution containing 0 mM, 0.2 mM, and 0.5 mM methyl parathion, respectively. Figure 

2A displays a concentration-dependent oxidation peak at ca. +0.93 V in the presence of 0.2 

mM and 0.5 mM methyl parathion, which can be attributed to the electrochemical oxidation 

of p-nitrophenol (PNP) (Scheme 1), liberated from OPH-catalyzed hydrolysis of methyl 



 

parathion. (Karami et al. 2014; Stoytcheva et al. 2014). However, the oxidation peak current 

is weak in magnitude, and thus nanocomposite (ELP-OPH/BSA/TiO2NFs/c-MWCNTs) was 

developed to enhance the signal. In order to understand the role of individual component in 

nanocomposites in enhancing the electrochemical signal, CVs of four electrodes with 

different material composition in 0.05 M pH 7.4 PBS buffer solution containing 0.5 mM 

methyl parathion were collected and shown in Figure 2B. Compared to the signal obtained on 

the bare GCE (Figure 2B, trace a), the incorporation of c-MWCNTs (c-MWCNTs/GCE) 

enhanced the background current (Figure 2B, trace b), but no prominent oxidation peak was 

observed. Upon the immobilization of ELP-OPH/BSA on c-MWCNTs, the oxidation peak 

current at the ELP-OPH/BSA/c-MWCNTs/GCE was significantly enhanced (Figure 2B, trace 

c). It is mainly attributed to the catalytic activity of OPH for methyl parathion as well as the 

enhanced conductivity resulted from c-MWCNTs (Du et al. 2008; Pedrosa et al. 2010). The 

highest oxidation peak was obtained at the ELP-OPH/BSA/TiO2NFs/c-MWCNTs/GCE 

(Figure 2B, trace d). The incorporation of TiO2NFs into nanocomposite results in the 

oxidation peak sharper, which was also supported by Figure 3B using 

ELP-OPH/BSA/TiO2NFs/c-MWCNTs/GCE in the study. Such sharper peak favors DPV 

detection of OPs. One can see that methyl parathion as low as 200 nM can be easily detected 

using DPV on the ELP-OPH/BSA/TiO2NFs/c-MWCNTs/GCE. In order to further elucidate 

the role of TiO2NFs, UV-vis spectrometry was used to evaluate the adsorption of methyl 

parathion by TiO2NFs. PNP, a hydrolysis product of methyl parathion by OPH, displays 

yellowish color with a characteristic UV-vis absorption peak at 406 nm. As shown in Figure 

3A, the freshly prepared 1 mM methyl parathion solution upon the addition of 50 μL 



 

ELP-OPH (Inset of Figure 3A, bottle b) displayed a light yellow color with a prominent 

absorption peak at 405 nm (Figure 3A, curve b) due to the generation of PNP. However, when 

1 mM methyl parathion solution was first treated with TiO2NFs for adsorption and removal, 

the addition of OPH did not generate obvious yellow color (Inset of Figure 3A, bottle a), 

corroborated by the much weaker absorption peak at 406 nm (Figure 3A, curve a). This study 

indicates that significant amount of methyl parathion was adsorbed and removed by TiO2NFs. 

Such excellent adsorption ability of TiO2NFs can be attributed to its strong affinity with the 

phosphoric group in methyl parathion (Yang et al. 2012; Kweon and Hakansson 2006).  

Based on aforementioned discussion, such good performance of the nanocomposite can be 

attributed to the synergistic effect of good adsorption of methyl parathion on TiO2NFs, 

enhanced electron transfer by c-MWCNTs and the proximity of OPH enzyme to c-MWCNTs 

and enriched methyl parathion in the nanocomposites, favoring the generation of PNP and its 

subsequent electrochemical oxidation and electron transfer. (Wang et al. 2011; Bavykin et al. 

2006).  

3.4. Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a useful technique to study the electronic 

transfer properties and the impedance changes of surface modified electrodes (Dervisevic et 

al. 2015; Du et al. 2010). To further elucidate the role of c-MWCNTs in the enhancement of 

electron transfer, EIS was carried out for four representative electrodes. Figure 4 illustrates 

the Nyquist plots of bare GCE, ELP-OPH/BSA/GCE, TiO2NFs/c-MWCNTs/GCE and 

ELP-OPH/BSA/TiO2NFs/c-MWCNTs/GCE using 10 mM Fe(CN)6
3-/4- 

as the redox probe in 

the frequency range from 10
-1

 to 10
5
 Hz. The diameter of semicircle at higher frequencies 



 

corresponds to the electron transfer limited process and can be used as the indicator of the 

electron transfer resistance (Rct). As shown in Nyquist Impedance Circular Fitting Plots 

(Supplementary material, Figure S3), the coating of ELP-OPH/BSA on GCE increases GCE’s 

Rct from 1120 Ω (Figure S3A) to 2912 Ω (Figure S3B), which can be attributed to the poor 

conductivity of protein/enzyme. However, compared to bare GCE, the Rct of 

TiO2NFs/c-MWCNTs/GCE is ~883 Ω (Figure S3C), suggesting that TiO2NFs/ c-MWCNTs 

composite greatly enhances the electron transfer efficiency due to the excellent conductivity 

of c-MWCNTs. After the covalent immobilization of ELP-OPH/BSA on the 

TiO2NFs/c-MWCNTs/GCE, the Rct increases to 2008 Ω (Figure S3D). Such increase of Rct 

can be attributed to the successfully covalent immobilization of ELP-OPH/BSA on 

carboxylic acid functionalized c-MWCNTs, which could partially block the interfacial 

electron transfer (Wang et al. 2011). 

3.5 Optimization of the ELP-OPH/BSA/TiO2NFs/c-MWCNTs biosensor 

In order to further optimize the ELP-OPH/BSA/TiO2NFs/c-MWCNTs based biosensor, the 

effects of the loading of ELP-OPH/BSA, the ratio of TiO2NFs to c-MWCNTs and the applied 

potential on the biosensor response to OPs were systematically investigated. During the 

optimization of one parameter, all other parameters are maintained at their optimal 

conditions. 

As the total amount of ELP-OPH attached onto the surface of electrode can largely affect the 

biosensor response, the effect of loading volume of the mixture of ELP-OPH/BSA 

(concentration: 1% BSA and 1 mg/mL ELP-OPH) on the GCE electrode was optimized. 1% 

BSA was used to stabilize OPH (Mulchandani et al. 1999). As shown in Figure S4 



 

(Supplementary material), with the increasing of the loading volume from 4 μL to 10 μL, the 

oxidation current initially increases almost linearly and then gradually levels off due to the 

increased loading of ELP-OPH. Since the loading volume larger than 8 μL (~30 IU OPH) 

was not beneficial, this loading volume of ELP-OPH/BSA was used for subsequent 

experiments. Furthermore, 6 μL of TiO2NFs and c-MWCNTs mixture were prepared with an 

appropriate volume ratio of TiO2NFs (2 mg/mL) and c-MWCNTs (0.5 mg/mL) for studying 

its effect on the biosensor response. As shown in Figure S5, a ratio (v/v) of TiO2NFs to 

c-MWCNTs results in the highest normalized signal. To investigate the effect of the applied 

potential on the biosensor response, amperometric response of the as-prepared biosensor to 

successive addition of 0.5 M methyl parathion was collected at an applied potential ranging 

from 0.84 V to 0.96 V (vs. Ag/AgCl) with 0.03 V increment. As shown in Figure S6, the 

biosensor response increased sharply up to 0.93 V and then leveled off thereafter. An applied 

potential of 0.93 V resulted in the maximum signal, which was used in the subsequent 

experiments.  

3.6 Amperometric detection of methyl parathion and parathion 

Under the optimal operating conditions, the current-time amperometric response of the 

ELP-OPH/BSA/TiO2NFs/c-MWCNTs biosensor was generated by continuous addition of 

OPs (methyl parathion and parathion) from 0.1 μM to 20 μM (3 times per concentration) in 

0.05 M pH 7.4 PBS buffer solution. As shown in Figure 5A, the current response of 

ELP-OPH/BSA/TiO2NFs/c-MWCNTs biosensor increased rapidly within 5 s after the 

addition of methyl parathion (curve a) and the response was about 6-fold higher than that of 

ELP-OPH/BSA biosensor (curve b). The corresponding calibration curve of 



 

ELP-OPH/BSA/TiO2NFs/c-MWCNTs biosensor was presented in Figure 5B, which was 

linear up to 36.4 μM for methyl parathion with a sensitivity of 0.1519 μA/μM (linear 

regression equation: I= 0.1519·C+0.159, R
2
=0.9945) and the lower limit of detection (S/N = 

3) of 12 nM. The same biosensor was also applied for parathion detection and the result was 

presented in Figure 5C. The corresponding calibration curve (Inset of Figure 5C) shows that 

the response was also linear up to 36.4 μM for parathion with a sensitivity of 0.1647 μA/μM 

(linear regression equation: I = 0.1647·C +0.2564, R
2
=0.981) and the lower limit of detection 

(S/N = 3) of 10 nM. Particularly, the LOD values of the as-developed biosensor were 

calculated with the corresponding calibration plots for methyl parathion (Figure 5B inset) and 

parathion (Figure 5D inset) detect from 0.1 μM to 5.4 μM, respectively. The sensitivity and 

the limit of detection of this biosensor for parathion are slightly better than methyl parathion 

which can be attributed to higher catalytic activity of OPH towards parathion (Lei et al. 2005; 

Lei et al. 2004a, b; Lei et al. 2005). The sensing performance (the linear range and the limit 

of detection) of the as-developed OP biosensor was also compared with other OPH-based 

biosensors in literature (Table 1). One can see that both the linear range and the LOD 

obtained in present work were among the best values, indicating the excellent sensing 

performance, which can be attributed to several factors such as enrichment of OPs in 

nanocomposite (strong adsorption between OPs and TiO2NF), enhancement of electron 

transfer offered by c-MWCNTs and the proximity of enzyme to c-MWCNTs. The synergistic 

effect of those factors favors the generation of PNP and its subsequent electrochemical 

oxidation and electron transfer, thus resulting in excellent sensing performance. In addition, 

OPH takes OPs as substrates instead of inhibitors, and thus the reusability of the 



 

ELP-OPH/BSA/TiO2NFs/c-MWCNTs biosensor is a significant advantage over the 

single-use AChE-based OP biosensors (due to the irreversible inhibition of AChE by OPs). In 

conjunction with simple purification of ELP-OPH based on the thermal-triggered phase 

transition and the reusability of the as-developed OPs biosensor based on ELP-OPH, the 

developed OPs biosensor provides a cost-effective and sensitive sensing platform for OPs 

detection.  

3.7 Application of the ELP-OPH/BSA/TiO2NFs/c-MWCNTs biosensor for spiked real 

water sample analysis 

To further study the potential practical applications of the ELP-OPH/BSA/TiO2NFs/ 

c-MWCNTs/GCE, lake water samples spiked with parathion and methyl parathion were used. 

The lake water sample collected from Hollow Lake, Mansfield, CT, USA was first filtered 

through a well-defined 0.2 μm PVDF filter to remove any large particles, and then its pH and 

ionic strength were adjusted to match with the buffer solution used in previous sections. The 

amperometric response to the injection of spiked lake water samples with different 

concentration of methyl parathion and parathion is presented in Fig. S7. As summarized in 

Table 2, the recoveries of spiked methyl parathion and parathion in real samples were 

observed in the range from 94.67% ± 2.82% to 106.73% ± 2.61%, indicating the excellent 

reliability of the developed OPs biosensor. This study also corroborates that the matrix effect 

from real water samples did not interfere with the detection of OPs, indicating its good 

selectivity against naturally occurring compounds in real water samples. The long-term 

storage stability of the ELP-OPH/BSA/TiO2NFs/c-MWCNTs biosensor was also an 

important criterion in evaluating the sensor performance; therefore, a corresponding study 



 

was carried out. When stored in 0.05 M pH 7.4 PBS buffer at 4 C, there was no obvious 

decrease in the response to methyl parathion for the first 7 days. After a period of 15 days, the 

biosensor also retained 93% of its initial response to OPs, indicating the good stability of the 

as-developed biosensor and also demonstrating the ability of the ELP domain to improve the 

stability of OPH in conjunction with BSA. Such good recovery rates and stability of the 

developed OPs biosensor demonstrate that the ELP-OPH/BSA/TiO2NFs/c-MWCNTs 

nanocomposite based biosensor is highly reliable and suitable for practical application.  

4. Conclusion 

In summary, an ultrasensitive, selective and rapid ELP-OPH/BSA/TiO2NFs/c-MWCNTs 

biosensor was developed for detection of p-nitrophenyl substituent OPs. ELP-OPH was 

simply purified based on thermal-triggered phase transition of ELP and then covalently 

immobilized to form ELP-OPH/BSA/TiO2NFs/c-MWCNTs nanocomposite through 

carboxylic acid functionalized c-MWCNTs in the presence of BSA stabilizer. Under the 

optimal operating conditions, the ELP-OPH-BSA/TiO2NFs/c-MWCNTs based biosensor can 

detect OPs with a wide linear range, a fast response (less than 5 s) and limits of detection 

(S/N = 3) as low as 12 nM and 10 nM for methyl parathion and parathion, respectively. Such 

excellent sensing performance can be attributed to enrichment of OPs in nanocomposite 

(strong adsorption between OPs and TiO2NF), enhancement of electron transfer by 

c-MWCNTs and the proximity of enzyme to c-MWCNTs and absorbed OPs in the 

nanocomposites, favoring the generation of electroactive PNP and its subsequent 

electrochemical oxidation and electron transfer. Its further application for monitoring OPs 

compounds spiked in lake water samples was also demonstrated with good accuracy. In 



 

conjunction with the easy purification of ELP-OPH and good stability, these features 

demonstrate that the developed nanocomposite based biosensor holds great promise in rapid, 

cost-effective, sensitive and selective detection of OPs in real water samples.  
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Figure 1. SEM images of TiO2NFs (A), c-MWCNTs (B), and TiO2 NFs/c-MWCNTs hybrid 

composite (C), respectively. (D) Raman spectra of TiO2NFs/c-MWCNTs hybrid 

nanocomposite. 

 

Figure 2. (A) CVs of the ELP-OPH/BSA/GCE in 0.05 M pH 7.4 PBS buffer containing 0 

mM, 0.2 mM, and 0.5 mM methyl parathion, respectively. (B) CVs of the different electrodes 

in 0.05 M pH 7.4 PBS buffer containing 0.5 mM methyl parathion: a) GCE; b) 

c-MWCNTs/GCE; c) ELP-OPH/BSA/c-MWCNTs/GCE; and d) ELP-OPH/BSA/TiO2NFs/ 

c-MWCNTs/GCE. The scan rate is 0.10 V/s. 

 

Figure 3. (A) UV-vis absorbance spectra of different samples: (a) 1 mM methyl parathion 

with the addition of 50 μL ELP-OPH; and (b) 1 mM methyl parathion was first treated with 1 

mg TiO2NFs for 15 min and then TiO2NFs were removed by centrifuge, followed by the 



 

addition of 50 μL ELP-OPH. The inset shows the optical image of samples in (a) and (b), 

respectively. (B) DPVs on the ELP-OPH/BSA/TiO2NFs/c-MWCNTs/GCE in 0.05 M pH 7.4 

PBS containing different concentration of methyl parathion (from bottom to top, 0 μM, 0.2 

μM, 0.5 μM, 1 μM, 2 μM, and 5 μM, respectively). 

 

Figure 4. Electrochemical impedance spectra (EIS) of (a) bare GCE, (b) 

ELP-OPH/BSA/GCE, (c) TiO2NFs/c-MWCNTs/GCE, and (d) ELP-OPH/BSA/TiO2 

NFs/c-MWCNTs/GCE recorded in 0.05 M pH 7.4 PBS containing 10 mM K3Fe(CN)6 and 

K4Fe(CN)6. 

 

Figure 5. Current-time response of the ELP-OPH/BSA/TiO2NFs/c-MWCNTs/GCE (a) and 

ELP-OPH/BSA/GCE (b) toward continuous addition of methyl parathion (A) and 

Current-time response of the ELP-OPH/BSA/TiO2NFs/c-MWCNTs/GCE toward continuous 

addition of parathion (C) from 0.1 μM to 20 μM in 0.05 M pH 7.4 PBS buffer solution. (Inset 

shows the current-time response of the ELP-OPH/BSA/TiO2NFs/c-MWCNTs/GCE for 

methyl parathion and parathion detect from 0.1 μM to 1 μM). The corresponding calibration 

plot for methyl parathion (B) and parathion (D) detect from 0.1 μM to 20 μM. (Inset shows 

the corresponding calibration plots for methyl parathion and parathion detect from 0.1 μM to 

5.4 μM, respectively. 

 

Scheme 1. Reaction Scheme for the OPH-catalyzed hydrolysis of methyl parathion. 



 

Table 1. Comparison of the ELP-OPH/BSA/TiO2NFs/c-MWCNTs biosensor in this study 

with other reported OPH-based amperometric biosensors for the detection of p-nitrophenyl 

substituent OPs. 

Sensing electrode OP substrate Linear range 

(μM) 

(μM) 

LOD 

(nM) 

Ref. 

OPH/Nafion Methyl parathion 

Paraoxon  

 

up to 5 μM  

up to 40 μM 

 

70 

90 

 

(Mulchandani 

et al. 1999) 

OPH-bacteria Methyl parathion 

Paraoxon 

up to 140 μM 

up to 120 μM 

20 

20 

(Mulchandani 

et al. 2001) 

OPH-bacteria/OMCs Methyl parathion 

Parathion 

0.08-30 μM 

0.05-25 μM 

15 

10 

(Tang et al. 

2014) 

OPH/Carbon-paste Parathion 

Paraoxon  

 

— 

— 

15 

20 

(Chough et al. 

2002) 

OPH/CNTs Methyl parathion 

 

2-10 μM 800 (Deo et al. 

2005) 

ELP-OPH/BSA/TiO2

NFs/c-MWCNTs 

Methyl parathion 

Parathion 

up to 36.4 μM  

up to 36.4 μM  

12 

10 

Present 

Present 

 

 

Table 2. Recovery studies of spiked methyl parathion and parathion in lake water samples 

(each result was the average of five determinations). 

Pesticides Added (μM) Found (μM) Recovery (%) RSD (%) 

Methyl Parathion 0.50 0.473 94.67 2.82 

 2.00 2.047 102.33 3.79 

Parathion 0.50 0.503 100.48 4.96 

 2.00 2.134 106.73 2.61 

 

 

 

 

 



 

Highlights 

1. ELP-OPH was simply purified from genetically engineered Escherichia coli based on the 

unique phase transition of ELP and thus served as biocatalyst for OPs. 

2. TiO2NFs was employed to enrich organophosphates in the nanocomposite due to its strong 

affinity with phosphoric group in OPs. 

3.  MWCNTs-COOH was used to enhance the electron transfer in the amperometric 

detection as well as for covalent immobilization of ELP-OPH. 

4. the ELP-OPH-BSA/TiO2NFs/MWCNTs based biosensor can detect OPs with a fast 

response (less than 5 s) and limits of detection as low as 12 nM and 10 nM for methyl 

parathion and parathion, respectively. 
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