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SYNOPSIS 

1. Introduction 

Agricultural advancements focusing on increasing crop 

production have led to excessive usage of insecticides and pesticides, 

resulting in leaching and accumulation of these highly toxic chemicals 

in soil, water, and food-chain. Organophosphorus (OP) compounds are 

the most commonly used insecticides and pesticides, which cause a wide 

range of long-lasting and life-threatening conditions. OP compounds 

were introduced as pesticides mainly in the 1950s and 1960s, and are 

widely used as insecticides, herbicides, nematicides as well as 

acaricides. Several derivatives of OPs are commercially marketed and 

they show prolonged half-life in the soil. For example, methyl parathion 

shows half-life in the soil for 25-130 days, whereas another OP 

compound, coumaphos, shows half-life in the soil for 24-1400 days 

(Singh and Walker 2006).  

Continuous or prolonged exposure of the OPs leads to deposition 

of these compounds at the human organ depot sites, from where they are 

uninterruptedly released into the blood. Subsequently, from blood, they 

reach the nervous system where one of their targets is the AChE enzyme. 

(Masson et al. 1998) Figure 1 represents the bioavailability and 

metabolism of OPs in humans. Once a person is exposed to OPs, these 

compounds may get deposited into sites like liver, kidney, muscles, 

adipose tissue or they may get distributed to the central nervous system 

via blood circulation. The amount that remains in the blood is eliminated 

out via urine, expired air, or in faeces (Masson et al. 1998; Paraíba et al. 

2009). In addition to AChE, these compounds target some important 

enzymes like lipases and esterases that are crucial for proper functioning 

of the human body. Due to the acute toxicity and long-term side effects 

of OP compounds, their timely, on-the-spot, and rapid detection has 

gained importance for efficient healthcare management.  

In this respect, several OP degrading enzymes have gained the 

spotlight in developing enzyme-based biosensors, owing to their high 
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activity and broad specificity. Among these enzymes, 

Organophosphorus acid anhydrolase (OPAA) and organophosphorus 

hydrolase (OPH) have emerged as a promising candidate for the 

detection of OP compounds, due to their ability to act on a broad range 

of substrates having a variety of bonds, like P-F, P-O, P-S, and P-CN, 

as well as chemical warfare agents and nerve agents (Kang et al. 2008). 

Enzymatic hydrolysis is reportedly 40-2450 times faster compared to 

chemical hydrolysis (Shimazu et al. 2003), and thus attracts great 

interest from a scientific viewpoint for the remediation as well as 

detection of organophosphorus compounds in the environment. The 

catalytic action of OPH and OPAA is shown in Figure 2. OPH and 

OPAA, in presence of metal ion (Vyas et al. 2010), hydrolyses methyl 

parathion and ethyl paraoxon into dimethyl thiophosphate and diethyl 

phosphoric acid, respectively, and a p-nitrophenol, a yellow-colored 

product, which can be detected calorimetrically (Fig. 2). This reaction 

also releases two protons, which eventually decreases pH and in 

conjunction with a pH-sensitive fluorophore or fluorescent protein like 

fluorescein isothiocyanate (FITC) and monomeric Teal Fluorescent 

Protein1 (mTFP1), respectively can be used for indirect fluorometric 

detection of OP substrates.  

 

There are several reports on the sensing of organophosphorus 

compounds using OPAA and OPH through electrochemical, optical, 

and other methods (Xiong et al. 2018). However, an optimal sensor that 

achieves good enzymatic catalytic activity and low enough detection 

limits to detect organophosphorus compounds in practical use cases 

remains elusive; primarily due to reproducibility and cost concerns. In 

this study, we report colorimetric, as well as fluorescence-based sensing 

using a known fluorescent dye FITC and fluorescent protein, mTFP1 of 

organophosphorus compounds, by the interaction of OPAA and OPH 

with OP compounds such as methyl parathion and ethyl paraoxon. 
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      Thus, the main objectives of this study are: 

1. Expression and purification of recombinant organophosphorus acid 

anhydrolase (OPAA)-FL variant, organophosphorus hydrolase 

(OPH), and OPAA-FL-mTFP1 fusion protein in E. coli. 

2. Development of recombinant OPAA-FL variant, OPH, and OPAA-

FL-mTFP1 fusion protein-based biosensors for detection of OP 

compounds. 

3.  Detection and quantification of pesticides using the recombinant 

OPAA-FL variant, OPH, and OPAA-FL-mTFP1 fusion protein-

based biosensor. 

 

 

 

 

 

 

 

 

 

Figure 1. Representation of the bioavailability and metabolism of 
OPs in the human body. When a person accidendently or deliberately 
inhales, ingests or absorbs the OPs, it reaches either to its depot sites 
like muscles, adipose tissue, liver, kidney, or gut or it may get 
distributed to the central nervous system through the blood circulation. 
Excess amount that remained in the blood is eliminated out via urine, 
expelled air, or in faeces (Jain et al. 2019). Modified from (Masson et 
al. 1998). 
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Figure 2. OPAA and OPH reaction mechanism. Depiction of 
hydrolysis of OP compounds in presence of OP degrading enzymes with 
p-nitrophenol and H+ as a product which can be detected by colorimetric 
and fluorometric detection methods, respectively (Jain et al. 2021). 
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2. A novel biosensor for the detection of organophosphorus (OP) 

based pesticides using Organophosphorus acid anhydrolase 

(OPAA) -FL variant 

Indiscriminate use of organophosphorus (OP) based insecticides 

is a great concern to human health because of bioaccumulation induced 

health hazards. Potentially fatal consequences and limited treatment 

methods of OP poisoning necessitate the need for development of 

reliable, selective, cost-effective, and sensitive methods of OP detection. 

To tackle this issue, the development of effective devices and methods 

is required to sensitively detect as well as degrade OPs. Enzymatic 

sensor systems have gained popularity due to high catalytic activity, 

enhanced detection limits, and high sensitivity with the environmentally 

benign operation. OPAA-FL variant  (Daczkowski et al. 2015) with 

mutations Y212F and V343L which is a 50.8 kDa monomeric enzyme 

obtained from Alteromonas sp. JD6.5 is capable of hydrolyzing the P-F, 

P-O, P-S, and P-CN bonds, in OPs, including nerve agents of the G/V-

series. Several mutants of OPAA are reported which have greater 

activity against various OPs. In this study, recombinant expression of 

the OPAA-FL variant in E. coli was performed, recombinant OPAA-FL 

variant was purified, and subsequently tested for activity against ethyl 

paraoxon and methyl parathion. OPAA-FL variant showed its optimum 

activity at pH 8.5 and 50°C. It is found that OPAA-FL mutations 

enhance the specific activity towards paraoxon which is 1.96 U/mg, 

which is 1.2 fold higher when compared to OPAA from marine 

bacterium Pseudoalteromonas sp. SCSIO 04301 (1.6 U/mg) reported by 

Xiao Yunzhu and his group (Xiao et al. 2017) but diminish the specific 

activity towards methyl parathion, 0.149 U/mg. Colorimetric and 

fluorometric assays were used for the estimation of ethyl paraoxon based 

on p-nitrophenol and FITC fluorescence intensity, respectively. OPAA-

FL variant conjugated with FITC dye as a sensor for the detection of 

OPs. Furthermore, the OPAA-FL variant was immobilized into the 

sodium alginate microspheres to enhance the sensitivity for colorimetric 

detection of ethyl paraoxon. 



X 
 

The colorimetric detection method developed using purified 

unencapsulated and alginate-encapsulated OPAA-FL variant exhibited 

detection limits of 0.04 and 0.036 mM, with the linear range of 0.01 to 

1 mM and 0.025 to 1 mM, respectively, for ethyl paraoxon (Fig. 3A-B). 

The fluorometric detection method using purified OPAA-FL variant, 

with ethyl paraoxon as the substrate, reveals the lower limit of detection 

as 0.038 mM with the linear range of 0.1 to 0.5 mM (Fig. 3C). This is 

the first study on alginate encapsulation of the OPAA-FL variant for 

biosensing of paraoxon. This work is expected to be of interest to 

researchers across the biological and environmental sciences while 

providing insight into the structure-function relationship of the mutant 

OPAA-FL variant enzyme. 
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Figure 3. Biosensing of ethyl paraoxon using the OPAA-FL variant 
enzyme. Colorimetric biosensing of ethyl paraoxon with Bis-Tris 
propane buffer pH 8.5, at 50 °C for 15 minutes. (A) Colorimetric 
biosensing of 0.01-1 mM ethyl paraoxon using the purified 
unencapsulated OPAA-FL variant enzyme. (B) Colorimetric 
biosensing of 0.025-1 mM ethyl paraoxon using encapsulated OPAA-
FL variant enzyme. (C) Bio-sensing of ethyl paraoxon using the OPAA-
FL variant via fluorescence assay.  1:1 ratio of OPAA-FL variant and 
FITC-dextran were used with 0.1 to 0.5 mM ethyl paraoxon as the 
substrate at 50 ºC, for 3 minutes without activity buffer. Fluorescence 
intensity of FITC decreased linearly with an increase in the 
concentration of ethyl paraoxon. The values are an average of duplicate 
samples and error bars represent standard deviation. At least three 
independent experiments were performed, and a representative result is 
shown. 
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3. Recombinant organophosphorus hydrolase (OPH) expression in 

E. coli for the effective detection of organophosphate pesticides 

Organophosphorus Hydrolase (OPH), an 

organophosphotriester-hydrolyzing enzyme originally isolated from 

Pseudomonas diminuta MG and Flavobacterium sp., has attracted the 

attention of researchers for potential biosensing applications for 

pesticide products due to its broad substrate scope and specificity. OPH 

has been proved to be an effective biocatalyst for hydrolysis of OPs, 

owing to which it has been considered for the purpose of detection 

and/or remediation of OPs. In this regard, a novel biosensor based on 

the enzymatic action of OPH is developed by recombinant expression in 

E. coli. In this chapter, I report the development of colorimetric and 

fluorometric biosensors made of His-Nus-OPH for OPs detection. I have 

cloned, expressed, and purified recombinant His-Nus-OPH fusion 

protein, and also encapsulated His-Nus-OPH into alginate microspheres. 

A colorimetric method developed using solution-phase and alginate-

encapsulated His-Nus-OPH for OPs detection, and a fluorometric 

method using pH-sensitive FITC dye was employed for OPs detection. 

The colorimetric detection method developed using solution-phase and 

alginate-encapsulated His-Nus-OPH exhibited detection limits of 0.034 

and 0.024 mM, respectively, for ethyl paraoxon, and 0.06 and 0.049 

mM, respectively, for methyl parathion (Fig. 4A-D). The fluorometric 

detection method using solution-phase His-Nus-OPH, with ethyl 

paraoxon and methyl parathion as the substrate, reveals the lower limit 

of detection as 0.014 mM and 0.044 mM, respectively (Fig. 4E-F). The 

results demonstrate the viability of His-Nus-OPH for OPs detection with 

good sensitivity, LOD, and linear range. Biosensing parameters show 

better results for ethyl paraoxon over methyl parathion. I report the first 

use of N-terminal His-NusA-tagged OPH, which enhances solubility 

significantly and presents a significant advance for the scientific 

community and also the first report on alginate encapsulation of His-

Nus-OPH for biosensing of OPs.  
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Figure 4. Biosensing of OPs using the His-Nus-OPH enzyme. 
Colorimetric activity assay of solution-phase His-Nus-OPH with 0.005 
to 1 mM of the substrate with CHES buffer pH 9.0, at 37 ºC for 5 
minutes. (A) With ethyl paraoxon (B) With methyl parathion. 
Colorimetric activity assay of encapsulated His-Nus-OPH with different 
substrate concentrations with CHES buffer pH 9.0, at 37 ºC. (C) Activity 
assay of His-Nus-OPH with 0.005 to 1 mM of ethyl paraoxon, for 10 
minutes. (D) Activity assay of His-Nus-OPH with 0.005 to 1 mM of 
methyl parathion, for 20 minutes. Bio-sensing of ethyl paraoxon using 
solution-phase His-Nus-OPH via fluorescence assay. The 1:12 ratio of 
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His-Nus-OPH and FITC-dextran was used at 37 ºC for 5 minutes, 
without activity buffer. (E) Fluorescence assay of His-Nus-OPH with 
0.001 to 0.5 mM of ethyl paraoxon. (F) Fluorescence assay of His-Nus-
OPH with 0.005 to 0.5 mM of methyl parathion. The values are 
represented as the average of duplicate samples and the standard 
deviation is indicated by error bars. A representative result is shown 
based on at least three separate experiments. 
 
4. Fluorometric biosensing of organophosphates using a 

recombinant organophosphorus acid anhydrolase (OPAA)-FL 

variant with monomeric teal fluorescent (mTFP) fusion protein 

expressed in E. coli. 

In continuous efforts to explore enzymatic systems and sensing 

platforms for the detection of organophosphorus compounds, fusion 

proteins have often been employed in the literature, comprised of a 

protein of interest and a fluorescent protein, to obtain enhanced 

interactions between the fluorescent molecule and the enzyme for 

sensing applications. To tackle this problem, effective devices and 

methods are required to sensitively detect and degrade 

organophosphorus compounds. In this chapter, we explore the use of 

mTFP1 as the pH-sensitive fluorophore to evaluate the enzymatic 

activity of OPAA-FL-mTFP1 as a biosensing platform based on the 

OPAA-FL-mTFP1 fusion protein for the sensitive detection of 

paraoxon, which is found to detect paraoxon in fluorometric assay. As 

per colorimetric assay specific activity of OPAA-FL-mTFP1 fusion 

protein was 0.668 U/mg. The colorimetric detection method developed 

using purified OPAA-FL-mTFP1 exhibited detection limits of 0.0254 

mM, with the linear range of 0.005 to 1 mM and good sensitivity for 

ethyl paraoxon (Fig. 5A). The fluorometric detection method using 

purified OPAA-FL-mTFP1, with ethyl paraoxon as the substrate, 

reveals the lower limit of detection as 0.066 mM with the linear range 

of 0.1 to 1 mM (Fig. 5B). This chapter represents one of the first studies 

with potential mTFP1 for enzymatic sensing applications and is 

expected to further drive research efforts towards the development of 

sensitive probes for the estimation of organophosphorus pesticides. 
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Figure 5.  Biosensing of ethyl paraoxon using the OPAA-FL-
mTFP1 enzyme. (A) Colorimetric activity assay of OPAA-FL-mTFP1 
with 0.005 to 1 mM of the substrate with Bis-Tris propane buffer pH 
8.5, at 65 °C for 15 minutes. (B) Bio-sensing of ethyl paraoxon using 
the OPAA-FL-mTFP1 and mTFP1 as a control via fluorescence assay 
with 0.1 to 1 mM ethyl paraoxon as the substrate at 50 ºC, for 10 
minutes with activity buffer. The fluorescence intensity of mTFP1 
decreased linearly with an increase in the concentration of ethyl 
paraoxon. The values are an average of duplicate samples and error bars 
represent standard deviation. At least three independent experiments 
were performed, and a representative result is shown. 
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5. Scope of the thesis 

  The thesis is presented in six chapters. A review of the relevant 

literature leading to the focus and objectives of this research are 

presented in Chapter 1. Chapter 2 presents the methodologies used 

during experiments. The results of the studies showed biosensing of OPs 

with OPAA-FL variant, His-Nus-OPH, and OPAA-FL-mTFP1 fusion 

proteins are presented in the next three chapters. Chapter 3 covers the 

work carried out for biosensing of ethyl paraoxon using the OPAA-FL 

variant enzyme. Chapter 4 describes the biosensing of ethyl paraoxon 

and methyl parathion using His-Nus-OPH enzyme. Chapter 5 addresses 

the biosensing of ethyl paraoxon using OPAA-FL-mTFP1 fusion 

protein. The thesis concludes in Chapter 6, with a summary and scope 

for future work.  

The present thesis thus explores the use of recombinant OPAA-

FL variant, His-Nus-OPH, and OPAA-FL-mTFP1 as enzymatic sensing 

elements for the detection and potential remediation of 

organophosphorus compounds, while using fluorescent dyes such as 

FITC or proteins such as mTFP1 as the fluorophore. The results are 

discussed in details along with the potential for future improvements and 

enhancements to the detection mechanism, linear range, sensitivity, and 

limits of detection. Synergistic approaches with complementary 

enzymes and nanomaterials are also discussed. 
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Chapter 1  

Introduction and literature review  

 

1.1. The global pesticide problem 

Pesticides have been widely used in the agriculture industry since 

the beginning of the 19th century when sulphur compounds were developed 

as fungicides (Lamberth 2004). Later on, arsenic-based compounds were 

introduced mainly to target insects attacking fruit and vegetable crops like 

apples and grapes (Strekopytov et al. 2017). Meanwhile, mercuric 

compounds were utilised to protect artifacts and objects in museums from 

pest infestation (Strekopytov et al. 2017). These all were widely used until 

the 1940s before organochlorine pesticides (OCPs) such as 

dichlorodiphenyltrichloroethane (DDT) were introduced. This latest class 

of OCPs was considered safer because of low immediate toxicity 

(Chattopadhyay and Chattopadhyay 2015). 

After World War II, pesticide use was bolstered by many 

organophosphate compounds derived or inspired from nerve agents 

initially for use as chemical weapons such as sarin, soman, tabun, etc. 

(Porzio et al. 2018). These became popular due to short-term effectiveness 

and relative ease of manufacture, and have become ubiquitous in pesticide 

products today. A representative figure for the consumption of pesticides 

in India and in the world is presented in Fig. 1.1 (Aktar et al. 2009). 

The use of pesticides has resulted in positive and visible gains 

across the world for crop productivity and yield, as well as has also 

contributed to food security for many countries (Cooper and Dobson 

2007). Pesticides are also regularly used for the preservation of museum 

samples, control of vector-borne diseases such as malaria/dengue, etc., 
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Figure 1.1: Pesticide usage by category. (A) In India and (B) In the 
world. In India, the pattern of pesticide use is distinct from that of the world 
in general. 76% of the pesticide used in India is in the form of insecticide, 
as opposed to 44% globally. Accordingly, the use of herbicides and 
fungicides is less prevalent. Cotton crops (45 %) are the main use of 
pesticides in India, followed by paddy and wheat. Reproduced from (Aktar 
et al. 2009)
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and unwanted plants such as weeds and grass in gardening and landscaping 

(Gilden et al. 2010). However, it was only in the 1960s that adverse effects 

of these pesticides were first brought to light, and it was not until the 1980s 

that global organizations such as Food and Agriculture Organization 

issued guidelines on the distribution and handling of pesticides (Murray 

and Taylor 2000). It is estimated that the majority of pesticide residue is 

actually found in areas and items other than their intended targets due to 

inappropriate handling and excessive spraying. For example, in cases of 

agriculture, the sprayed pesticides often reach water bodies via agricultural 

and stormwater runoffs, (Weston et al. 2009; Arora et al. 2010; Rasmussen 

et al. 2011; Birch et al. 2011) and tend to accumulate on soils, in air and 

forests (Daly et al. 2007; Syed et al. 2013; Lupi et al. 2016) (Fig. 1.2). 

They also tend to linger on where they are sprayed, especially at public 

places such as museums (Behrooz et al. 2009; Holt et al. 2017; Deering et 

al. 2019). 

Today, pesticides pose numerous problems for all living beings the 

humans, plants as well as animals. Several dangers and risks of pesticide 

accumulation, contamination, and poisoning have surfaced consistently 

over recent times. Pesticides are now regularly found in water bodies, 

where they are difficult to assess and remediate in a cost-effective and non-

disruptive manner (Silva et al. 2015; Lorenz et al. 2017). They are known 

to affect the biodiversity of insects and bacteria along with aquatic life 

(Cycoń and Piotrowska-Seget 2009; Beketov et al. 2013; Dudley et al. 

2017) causing a threat to birds (Smith et al. 2010; Chiron et al. 2014) and 

endangered species (Macneale et al. 2010; Belenguer et al. 2014; Forbes 

et al. 2016). Pesticides are highly prone to bioaccumulation inside living 

organisms. Humans are not exempted from this, and children are 

especially prone to the harmful effects of pesticides (Abdel Rasoul et al. 

2008; Harari et al. 2010; Muñoz-Quezada et al. 2013). Pesticide use and 

prevalence are linked to a number of diseases in humans such as asthma, 

cancer, hormone disruption, allergies, neurological disorders, and 

hypersensitivity (Kim et al. 2017). In some cases, just a few micromoles 

of certain pesticides are enough to cause significant damage to humans 
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(Bjørling-Poulsen et al. 2008; Ekinci and Beydemir 2010; Meijer et al. 

2014). 

1.2 Importance of pesticides detection  

The rise of chemical synthesis techniques has led to the use of new 

highly specific and active pesticides with good success rates against a 

variety of pests for crop protection. However, particularly from the 20th 

century onwards, pesticide residues, accumulation, and contamination 

have emerged as significant problems causing harm not only to humans 

but also to animals in the environment. Moreover, the presence of 

pesticides in the food chain has created alarming situations for human 

health in many parts of the world. Governments across the world have 

formulated guidelines and regulations for the use, accumulation, 

remediation, and detection of pesticides in food and environment samples. 

These guidelines are based on medical data of mortality and lethality 

accumulated over the years through animal tests and human patient 

reports. To comply with the regulations and also to ensure total 

environmental health, measures are necessary to effectively and precisely 

detect the presence of pesticides in soil, water, or food samples. In terms 

of human health, pesticide contamination can only be mitigated in food 

samples if the concentration is below certain specified thresholds such that 

adverse health effects do not occur. Considering these factors, precise, 

portable, and accurate methods of pesticide estimation and detection are 

necessitated. 

Detection of pesticides is traditionally done using techniques like 

High-Performance Liquid Chromatography and Gas Chromatography-

Mass Spectroscopy. However, these techniques often require intensive 

sample collection, preparation and/or purification and, experienced 

operators, high costs, with general inability to deliver on-site detection. 

The proliferation of pesticide residues in the environment and the massive 

effects on the biosphere hence necessitates the development of a more 

advanced, portable, and on-site detection methodology for detecting 

pesticides across food, water, soil, air, etc.
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Figure 1.2: Schematic representation of exposure of pesticides: Possible sources of environmental exposure of pesticides and their residues 
that contaminate soil, water, air, and food and also affects human and wildlife. Adapted and modified from (Pirsaheb and Moradi 2020). RSC Adv 
10:7396–7423 - Published by the Royal Society of Chemistry. 



6 
 

1.3 Classes of pesticide compounds 

1.3.1 Organophosphorus Compounds (OPs) 

Organophosphates - also called phosphotriesters due to the 

presence of three phosphodiester bonds (Fig. 1.3) (Barr et al. 2004), are of 

substantial interest due to their low-cost of synthesis and high efficacy. 

Some examples of OPs are paraoxon, malathion, Dementon-S, 

Diisopropyl fluorophosphate (DFP), Sarin, Tabun, Hexadeuterio Tabun. 

Strikingly, OP-based compounds today constitute anywhere between 33% 

of available pesticides in the developed countries and 50-60% in 

developing countries (Atwood and Paisley-Jones 2017).  

Incidentally, a trace amounts of these compounds exhibit toxicity 

when absorbed through the skin, ingested, or inhaled. World Health 

Organization reports show that around 200,000 people suffer annually 

from pesticide-related poisoning due to direct or indirect exposure to 

organophosphorus compounds (OPs) (Theriot and Grunden 2011).  

For researchers in medical and environmental sciences, the use of 

OPs has been of particular concern due to its lower biodegradability 

compared to the newer pesticides, as well as their tendency to block the 

active site of important enzymes in neurons, such as acetylcholinesterase 

(AChE), which breaks down and removes acetylcholine from the nerve 

synapse. The inability to break down acetylcholine results in neurological 

problems, such as convulsions, tremors, and even death (Zimmer et al. 

1998). Although the OP poisoning is treatable using a combination of 

atropine and pralidoxime(Eddleston et al. 2008), such medication has 

several side effects (Headley 1982) and are not as effective in patients with 

prolonged exposure due to a phenomenon known as the aging effect, in 

which a non-enzymatic loss of alkyl chain from the phosphate group in the 

OP compound renders the inhibited/blocked AChE into a non-

reactivatable form (Masson et al. 2010). Strikingly, poisoning by the OPs 

has a high rate of mortality (Eddleston 2000) that exceeds the normal 

expectations for exposure to toxic chemicals, such as mercury, cyanide, 

and cadmium. These higher mortality rates are a cause of concern for 
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healthcare professionals to this day (Muley et al. 2014), necessitating 

measures to facilitate a convenient and accurate detection of OPs in human 

samples as well as the environment.  

1.3.1.1 Nerve agents  

Nerve agents are organic chemicals most known for their use in 

wars and terrorist attacks as chemical warfare agents. Nerve agents are 

divided into two categories, the V-series (VE, VG, VM, VR, and VX) 

where V stands for Victory, Venomous, or Viscous, based on the source 

(Pita et al. 2013; Hayoun et al. 2020) and the G-series (GA, GB, GD, GF, 

and GV), which are are highly toxic G-nerve agents (Sidell and Borak 

1992). The G series is named because they were first synthesized by the 

German scientist, Gerhard Schrader. Nerve agents work by blocking the 

active site of essential enzymes in neurons, such as acetylcholinesterase 

(AChE), which is responsible for the breakdown and release of 

acetylcholine from the nerve synapse. The inability to break down 

acetylcholine results in neurological problems, such as tremors, 

convulsions, and even death (Zimmer et al. 1998). In general, nerve agents 

are tasteless, colourless to amber-coloured, and liquid that can vaporize 

into a gas. Agents such as soman have an odour like camphor, tabun has a 

faint fruity scent, VX and sarin are odourless (Moshiri et al. 2012). 

Poisoning is reported to begin within seconds of exposure to nerve 

agents. In the human body, OPs and nerve agent metabolism meet the same 

fate. Owing to the difficulty of detection, nerve agents are specifically 

hazardous. There are few reports on OP compound detection in 

blood/serum or human samples, but human serum Paraoxonase 1 may be 

used for the detection of nerve agents as it has shown potential for 

degradation of nerve agent VX (Peterson et al. 2011). OPAA has the 

strongest activity against G-agents but has no activity against V-agents 

(Cheng et al. 1999).  
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Figure 1.3. The general structure of OPs: R1 and R2 are aryl or alkyl 
groups that are either bonded to phosphorus via the oxygen or sulfur link 
or they are directly bonded to the phosphorus. X group attached to the 
phosphorus may be an aromatic group, halogen, aliphatic or heterologous 
cyclic group (Vilanova and Sogorb 1999; Barr et al. 2004). 

 

 

 

 

 

 

 



9 
 

1.3.2 Carbamates  

Carbamates act similarly to organophosphorus compounds in 

terms of AChE inhibition and resistance characteristics. The symptoms of 

exposure are largely similar, however, carbamate compounds like 

methomyl, carbaryl, and carbofuran have been known to accumulate in 

aquatic environments (Tien et al. 2013). They tend to have half-lives of a 

few days to a month or more, making them some of the most dangerous 

pesticides known today. In this case, the AChE active site serine residue 

hydroxyl is carbamylated rather than phosphorylated as in the case of OP 

compounds (Van Dyk and Pletschke 2011). 

1.3.3 Organochlorines  

An organochlorine (OC) also known as organochloride, 

chlorinated hydrocarbon, chlorocarbon, OCPs are chlorinated 

hydrocarbons used extensively from the 1940s through the 1960s in 

agriculture and mosquito control. This class of compounds is comprised 

of chemicals such as polychlorinated biphenyls, polychlorinated 

dibenzofurans, DDT, heptachlor, mirex, dieldrin, chlordecone, etc. These 

compounds have a long half-life of a few years to up to 20 years or more. 

The Stockholm Convention on persistent organic pollutants has mandated 

the reduction or complete phase-out of organochlorine compounds in view 

of the threat to human health and effects on the immune system (Van Dyk 

and Pletschke 2011). 

1.3.4 Pyrethrin 

Pyrethrins are the active compound(s) from the pyrethrum flower 

extract, which are harmless to mammals under normal conditions and an 

effective insecticide with proven efficacy in grain protection. It is usually 

deployed to protect food items and warehouses from the infestation of 

fleas, mosquitoes, ants, moths, and other pests. Pyrethrins, unfortunately, 

are limited by poor stability under visible light and hence only see limited 

use in agriculture (Chen and Wang 1996). However, the commercial 
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preparations of pyrethrins contain piperonyl butoxide, which limits the 

metabolic degradation of pyrethrins in mammals. As a result, the 

accumulation of pyrethrins causes nervous problems, hypersensitivity, 

dermatitis, and corneal erosions (Proudfoot 2005). The biodegradability of 

pyrethrins makes them preferable to pyrethroids, which are synthetic 

derivatives of pyrethrins (Barimani et al. 2013). 

1.3.5 Pyrethroids  

Pyrethroids are synthetic derivatives of pyrethrins developed for 

high biological activity and photo-cum-chemical stability (Ding et al. 

2012). Though they are nonpersistent and less toxic than organophosphate 

or carbamate compounds, they are known to cause changes in dopamine 

expression levels, leukaemia, abnormal glucose regulation, and hormonal 

problems in humans (Meeker et al. 2009; Wang et al. 2011; Ding et al. 

2012; Wagner-Schuman et al. 2015). They are prone to toxicity changes 

based on stereochemistry – for example, a cis-isomer would likely be more 

toxic than a trans-isomer (Mueller-Beilschmidt 1990). Cypermethrin, 

allethrin, cismethrin, permethrin, fenvalerate, resmethrin, phenothrin, and 

fenpropathrin are some examples of pyrethroids.  

1.4 Effects of OP compounds on health 

Organophosphorus compounds were introduced as pesticides 

mainly in the 1950s and 1960s, and are widely used as insecticides, 

herbicides, nematicides as well as acaricides. Several derivatives of OPs 

are commercially marketed and they show prolonged half-life in the soil. 

For example, parathion shows half-life in the soil of 30-180 days, methyl 

parathion in the soil of 25-130 days, whereas another OP compound, 

coumaphos, in the soil of 24-1400 days (Singh and Walker 2006).  

Continuous or long exposure of the OPs leads to the deposition of 

these compounds at the depot site, from where they are uninterruptedly 

released into the blood. Subsequently, from blood, they reach the nervous 

system where one of their targets is the AChE enzyme (Masson et al. 

1998). Fig. 1.4 represents the routes of exposure; Fig. 1.5 represents the 
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bioavailability and metabolism of OPs in the human body. Once a person 

is exposed to the OPs, these compounds may get deposited into the site 

like liver, kidney, muscles, adipose tissue or they may get distributed to 

the central nervous system via blood circulation. The amount that remains 

in the blood is eliminated out via urine, expired air, or faeces (Masson et 

al. 1998; Paraíba et al. 2009). In addition to AChE, these compounds target 

some important enzymes like lipases and esterases that are crucial for the 

proper functioning of the human body.  

1.4.1 Effect of OPs on acetylcholinesterase (AChE) 

AChE is an enzyme that catalyses the hydrolysis of acetylcholine, 

a neurotransmitter that is involved in the transfer of nerve impulses to the 

effector cells at cholinergic, synaptic as well as neuromuscular junctions 

(Fig. 1.6). Several studies have indicated that OPs mainly interact with the 

AChE active sites (residues Ser203, His447, and Glu334) through 

phosphorylation (Fig. 1.7), wherein a covalent bond between the central 

phosphorous atom of the ligand and an oxygen atom from the side chain 

of a serine residue is formed (Guo et al. 2006). In some cases, the reaction 

may continue further, causing the loss of an alkyl chain from the resulting 

phosphyl alkoxy substituent. This process is known as ‘aging’ and 

prevents reactivation of AChE by conventional therapy. Once AChE is 

inactivated, the enzyme loses its ability to hydrolyze acetylcholine, and the 

build-up of acetylcholine causes continuous stimulation of muscle or nerve 

fibers, resulting in exhaustion and/or tetany (Fukuto 1990). A schematic 

of the inhibition mechanism of AChE by paraoxon, a well-known OP 

compound, is given in Fig. 1.6. The aging process is caused by a 

dealkylation reaction (Barak et al. 1997)  which causes the resultant adduct 

to be remarkably unreactive and hence results in the irreversible 

inactivation of AChE. 

Quinn et al., proposed that the inherent unreactivity and 

irreversibility caused by the aging is attributed to the structural similarity 

of the aged adducts to the tetrahedral intermediate of AChE in the 

deacylation stage of catalysis (Quinn et al. 2017). It is speculated that the 
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overstimulation of glutamate receptors caused by inhibition of AChE as 

well as non-AChE targets, leads to cardiac collapse, convulsions, and 

respiratory arrest, whereas massive histamine release may be responsible 

for anaphylactic shocks (Duysen et al. 2001). Thus, OPs target not only 

AChE but also other enzymes, which make them a severe health hazard 

and thus warrants urgent development of detection as well as remediation 

techniques (Duysen et al. 2001). 

1.4.2 Organophosphorus compounds induced neuropathy 

OP-induced delayed polyneuropathy is also a severe toxic effect of 

OPs exerted on the central nervous system and peripheral nervous system. 

The root cause of this neuropathy is the modification and phosphorylation 

of the neuropathy target esterase enzyme in the central nervous system. An 

increase in autophosphorylation has been observed in the calmodulin 

kinases due to the presence of OPs. This increases the phosphorylation of 

cytoskeletal proteins, such as myelin basic protein, α and β tubulin, 

neurofilament protein, microtubule-associated protein-2. Consequently, 

the transport rate of cytoskeletal protein is decreased down the axon 

compared to their entry rate resulting in their accumulation in the distal 

part of the axon. Thus, the delayed OP-induced polyneuropathy is marked 

by bulging in the axons of the central and peripheral nervous system with 

subsequent ataxia and paralysis (Abou‐Donia 1995). 

Additionally, OPs shows other cellular effects such as inhibition of 

catecholamine released in chromaffin cells, inhibition of brain of rats, 

alteration in the level of inositol phosphate in SH-SY5Y cells, inhibition 

of pig kidney Na+/K+  ATPase, alteration in the hindbrain of the chicken 

on the ganglioside profile, change in the fluidity of the membrane, and 

biochemical changes in the bovine chromaffin cell’s mitochondria 

(Vilanova and Sogorb 1999; Sogorb and Vilanova 2002).  
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Figure 1.4. Representation of the routes and rates of exposure, of OPs 
in the human body: (A) Probable routes of pesticide exposure. 
Reproduced from the U. S. Environmental Protection Agency (US EPA 
2015) (B) Routes of pesticide exposure reported by surveyed farmers 
presented in percentage (Toe et al. 2013). (C) Rates of pesticide exposure 
through dermal uptake: Pesticides are absorbed by various parts of the 
body through the skin at different rates. Marked places indicate places of 
highest exposure rate relative to places of lowest exposure rate. Adapted 
from the U.S. Department of Agriculture 
(https://www.ars.usda.gov/northeast-area/docs/safety-health-and-
environmental-training/field-pesticide-work/) 
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Figure 1.5. Representation of the bioavailability and metabolism of 
OPs in the human body: When a person accidentally or deliberately 
inhales, ingests, or absorbs the OPs, it reaches either to its depot site like 
muscles, adipose tissue, liver, kidney, or gut or it may get distributed to 
the central nervous system through the blood circulation. The amount that 
remains in the blood is eliminated out via urine, expired air, or faeces (Jain 
et al. 2019). Modified from (Masson et al. 1998).
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Figure 1.6. Inhibition of AChE by OPs: OPs bind to the hydroxyl group 
of the serine at the active site to form the phosphorylated enzyme resulting 
in the accumulation of the Acetylcholine at the synapses because 
inactivated AChE is unable to hydrolyze acetylcholine. Modified from 
(Raushel 2002).
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Figure 1.7. Structure of human Acetylcholinesterase (PDB ID-4PQE). 
Inhibition of AChE enzyme in the presence of OP compounds. In case of 
water addition at active site serine residue (203) P-EtO bond, AChE is 
inactivated through the aging effect. 
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1.5 Biodegradation of OPs 

In general, since bacteria do not have AChE, OP compounds are 

either benign or an energy source to these microorganisms. Several studies 

have suggested increased biodegradation caused by repeated application 

of pesticides, which is dependent on the soil properties and chemical 

nature of the OPs. Some groups have explored the use of microorganisms 

as a sustainable option for the detoxification and decontamination of 

organophosphorus compounds. The use of bio-remedial microorganisms 

includes an understanding of the physiological, ecological, biochemical, 

and molecular aspects of OP degradation (Iranzo et al. 2001). In recent 

years, a significant number of reports have explored the use of various 

bacteria for organophosphate degradation (Pang et al. 2018; Santillan et al. 

2020). Many bacterial strains have been identified for the degradation of 

commonly used organophosphorus pesticides such as parathion, methyl 

parathion, diazinon, dichlorvos, malathion, and others (Kumar et al. 2018). 

Microbial degradation usually involves hydrolysis, oxidation, alkylation, 

and dealkylation (Sidhu et al. 2019). A large gene diversity has been 

observed among microorganisms, which depend on the form, function, 

location, and host organism in question. Some of the more frequently 

reported microorganisms displaying activity for organophosphate 

degradation are Arthrobacter, Burkholderia, Enterobacter, 

Flavobacterium, Pseudomonas, and Serratia (Sidhu et al. 2019). Recent 

efforts have focused on the construction of bioreactors with bacterial 

isolates for functional applications, such as water decontamination 

(Santillan et al. 2020) and decontamination efforts in sewage sludge (Pang 

et al. 2018). 

1.6 Organophosphate-hydrolyzing enzymes 

There are several methods known for the degradation of OPs like 

incineration and chemical neutralization but, among all the advanced 

technologies known microbial enzyme mode of degradation is the safest. 

Although several OPs degrading enzymes have been identified in numbers 

of organisms including mammals, however, the microbial enzymes have 
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caught more attention and be more potent in degrading OPs (Siddavattam 

2017). OPs degrading enzymes were first time reported in 1946 by Mazur. 

These enzymes were later categorized in the category of phosphotriester 

hydrolase by the Nomenclature Committee of the International Union of 

Biochemistry and Molecular Biology. These enzymes were further 

classified based on their substrate specificity (Raushel 2002). Although 

OPH is the most studied and well-categorized among all OP degrading 

enzymes, other enzymes have also been reported which are capable of 

detoxifying OPs (Theriot and Grunden 2011). Table 1.1 shows the 

comparison of known organophosphorus degrading enzymes. 

1.6.1 Organophosphorus Hydrolase (OPH) 

The hazardous OPs can be degraded naturally by enzymes, such as 

OPH and methyl parathion hydrolase (MPH), into less toxic or non-toxic 

compounds like p-nitrophenol (PNP) and diethyl phosphate (Orbulescu et 

al. 2006). OPH enzyme is isolated from soil microorganisms, such as 

Pseudomonas diminuta and Flavobacterium species. OPH is also known 

as phosphotriesterase (PTE), organophosphorus degrading enzyme, and 

parathion hydrolase. This enzyme is encoded by the phosphate degrading 

gene (opd) located on the extrachromosomal plasmid (Raushel 2002). It 

has a broad substrate specificity and can hydrolyse P-O, P-CN, P-F, and 

P-S bonds (Orbulescu et al. 2006). On hydrolysis of the bond, it generates 

2 protons and one alcohol, which are often electroactive or chromophoric 

(Mulchandani et al. 2001a; Theriot and Grunden 2011). Thus, OPH can be 

combined with a pH electrode or a field-effect transistor-based pH 

indicator to measure the protons produced or optical transducer to quantify 

the amount of PNP produced during hydrolysis based on the chromophore 

produced (Mulchandani et al. 2001a). OPH has been proved to be an 

effective biocatalyst for hydrolysis of OPs, owing to which it has been 

considered for detection and/or remediation of OPs (Fig. 1.8 A) (Jacquet 

et al. 2016). 
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 Table 1.1: Features of OP compound degrading enzymes 

Enzyme Isolated from 
microorganism 

Bonds cleaved by the enzyme Metal 
ion 

Active 
form of 
enzyme 

Size Substrate specificity Reference 
P-O P-F P-CN P-S P-C 

Organophosphorus 
Hydrolase (OPH) 

Pseudomonas diminuta, 
Flavobacterium, 
Agrobacterium 
radiobacter 

✓ ✓ ✓ ✓ ✕ Zn Dimer 37  
kDa 

Paraoxon, DFP, VX, Soman, 
Mipafox, Dursban, Parathion, 
Coumaphos, Diazinon, 
Fensulfothion, Methyl 
parathion, Cyanophos, 
Acephate, Azinophos-ethyl 
demethon-S, Malathion, 
Phosalone, Methamidophos, 
tetriso, (Sp)-EPN 

(Vilanova and Sogorb 
1999; Di Sioudi et al. 
1999; Benning et al. 
2001; Karpouzas and 
Singh 2006) 

Organophosphorus 
Acid Anhydrolase 
(OPAA) 

Alteromonas sp.  JD6.5, 
Pseudoalteromonas 
haloplanktis 

✓ ✓ ✓ ✓ ✕ Mn Monomer 58  
kDa 

 

Paraoxon, DFP, Soman, Sarin, 
Mipafox 

(Vilanova and Sogorb 

1999; Di Sioudi et al. 

1999; Karpouzas and 

Singh 2006; 

Daczkowski et al. 2015) 

Paraoxonase 
(PON) 

Human ✓ ✓ ✓ ✕ ✓ Ca Monomer 43  
kDa 

Alkyl fluorophosphate, 
Paraoxon, Soman, DDVP, 
Glyphosate 

(Di Sioudi et al. 1999) 

Methyl Parathion 
Hydrolase (MPH) 

Pseudomonas sp. WBC 3 ✓ ✕ ✕ ✕ ✕ Zn Dimer 34 
 kDa 

Methyl parathion, Parathion, 
Paraoxon 

(Chu et al. 2003; Liu et 
al. 2007; Farnoosh and 
Latifi 2014) 
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Di-isofluoro-
phosphatase 
(DFPase) 

Loligo vulgaris ✕ ✓ ✕ ✕ ✕ Ca Monomer 35  
kDa 

DFP, Tabun (Di Sioudi et al. 1999) 

Aminopeptidase P 
(Pa-pepP) 

Escherichia coli Amino-terminal X-pro peptide bond Mn Tetramer 49.65 
kDa 

p-nitrophenyl methyl 
phosphonates, Paraoxon, 
Substrate consisting of methyl 
isopropyl and methyl isobutyl 
group 

(Yoshimoto et al. 1989; 
Jao et al. 2004; Graham 
et al. 2005; Farnoosh 
and Latifi 2014) 
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Figure 1.8. Structure of OP degrading enzymes. (A) PTE from 
Pseudomonas diminuta (OPH) “1HZY”: Two chain metalloprotein with 
46 helices and 6 sheets and the Zinc as its central atom. It belongs to the 
alpha and beta protein class having a TIM beta/alpha barrel-fold (Benning 
et al. 2001) (B) OPAA “3L7G”: It is a three chain metalloprotein having 
54 helices and 6 sheets with central atom Manganese in its structure. The 
protein is capable of performing biological processes like 
dephosphorylation, proteolysis and respond to toxic substances (Vyas et 
al. 2010). (C) Serum PON “1V04”: Single-chain beta class metalloprotein 
with the central calcium-binding site, 4 helices, 5 sheets, and 6 bladed beta-
propeller fold (Harel et al. 2004). (D) MPH “1P9E”: It is two chain 
metalloprotein with 20 helices, 7 sheets, and Zinc central atom. It belongs 
to the class of alpha and beta proteins (Dong et al. 2005). (E) DFPase 
“1E1A”: It is a single chain Calcium-dependent PTE with 1 helix and 4 
sheets in its structure, that belongs to the class of beta protein having 6-
bladed beta-propeller (Scharff et al. 2001a). (F) Pa-pepP “1WL9” from E. 
coli, a protease with manganese at its center comprising of two domains. 
The C-terminal domain with the characteristic “pita-bread” fold is 
versatile, with the ability to execute a variety of catalytic functions. It 
belongs to the class of alpha and beta proteins and is capable of performing 
molecular functions such as peptidase activity, hydrolase activity, and 
biological functions like proteolysis (Graham et al. 2005). 
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1.6.1.1 Structure of OPH 

Phosphotriesterase (PTE)/OPH, a homodimer metalloprotein, is a 

member of the superfamily amidohydrolase. It utilizes a divalent ion, such 

as Co2+
,
 Zn2+

,
 Mg2+

, Ca2+
,
 and Fe2+

,
 etc., for the nucleophilic attack by 

activating the hydrolytic water molecules (Ghanem and Raushel 2005). 

With respect to the normal activity, enzymes supplemented with these ions 

show 121%, 86%, 81%, 74%, and 48% activity, respectively. The high-

resolution X-ray structure showed that the protein folds into αβ barrel 

motif also known as TIM Barrel (Raushel 2002). OPH adopts TIM barrel 

fold where the active site is located at the C terminal of the β barrel 

(Ghanem and Raushel 2005). Two Zn2+ are bound to the histidine residues 

at the binuclear metallic center. One zinc cation is bound to two histidine 

residues, H201 from β strand 5 and H206 from β strand 6. Another zinc 

cation is bound to two histidine residues (H55, H57) and one aspartic acid 

(D301) (Ghanem and Raushel 2005; Bigley and Raushel 2013). 

Carboxylated lysine from β strand 4 and hydroxide ion form the bridge 

between the two cations (Bigley and Raushel 2013).  

1.6.1.2 Reaction mechanism of OPH 

The enzymatic reaction mechanism of hydrolysis for 

organophosphate triesters involves the binding of substrate to the binuclear 

metal ion at the active site of the enzyme. The binding occurs via the 

coordination of phosphoryl oxygen to one of the metal ions that weaken 

the hydroxide bridging between the metal ions. The distance between the 

metal and phosphoryl oxygen of the substrate is 2.5 Å. The bond between 

the metal and the oxygen polarizes the P=O bond and gives more 

electrophilicity to the phosphorus center. The hydroxide ion acts as a 

nucleophile and attacks the phosphorous center resulting in the weakening 

of the bond to the leaving group (Raushel 2002; Ghanem and Raushel 

2005; Nath et al. 2016). The nucleophilic attack of hydroxide ion at the 

phosphorous center with the release of the leaving group is believed to be 

assisted by H254 by transferring a proton from D301 to the solvent and 

away from the active site. With the release of proton in the solvent the pH 
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of the solvent decreases, this can be exploited for the detection of OPs. The 

formation of phosphorylated intermediate does not take place during the 

reaction mechanism because it proceeds by an SN2 mechanism which 

involves the inversion of stereochemistry at the phosphorous center 

(Ghanem and Raushel 2005). The rupturing of the phosphorous oxygen 

bond is the rate-limiting step of the hydrolytic mechanism. Substrates with 

leaving group that possess a pKa value under 7 are all hydrolyzed at the 

same rate, while substrates with the leaving group, that have pKa over 7, 

are hydrolyzed slower as pKa increases (Vilanova and Sogorb 1999). 

The central metal ion plays three major roles in the hydrolysis 

reaction of organophosphate. The metal ion reduces the negative charge 

development on the leaving group by the process of neutralization. The 

metal ion increases the polarization of the P=O bond and thus enhances 

the electrophilicity at the phosphorous center, thereby it accelerates the 

attack of the hydroxyl ion. The metal ion may also increase the 

nucleophilicity of the attacking hydroxide ion and decrease the pKa of the 

bound water molecule (Raushel and Holden 2000). 

1.6.1.3 Substrate specificity of OPH 

OPH has quite a broad substrate specificity implying a plastic active 

site (Reeves et al. 2008; Wales and Reeves 2012). The broad substrate 

specificity is due to the non-specific substrate binding site (Bigley and 

Raushel 2013). The rate-limiting step and the catalytic efficiency are 

dependent on the pKa of the leaving group (Ghanem and Raushel 2005). 

The enzyme is found to have the highest efficiency for hydrolyzing the 

electron withdrawing phenolic leaving groups, but it also cleaves the 

halide bond and thiol linkage (Bigley and Raushel 2013). The surface of 

the enzyme has three hydrophobic pockets, to which the three esters 

groups of substrates interact. The leaving group pocket is made up of the 

residues W131, F132, F306, and Y309. These residues largely govern the 

specificity of the leaving group. The other ester groups interact with the 

large and small pockets. This determines the specificity of the side ester 

groups of the substrate. In the hydrolysis reaction of organophosphate, the 
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enzyme exhibits a significant amount of stereoselectivity. In the hydrolysis 

reaction of the racemic mixture, the enzyme prefers the Sp enantiomer over 

the Rp enantiomer. When the actual bond cleavage is the rate-limiting step, 

the corresponding phosphate esters are found to be hydrolyzed slower than 

the thiophosphate esters. And when the rate-limiting step is associated with 

the conformational step or product release then the hydrolysis of phosphate 

esters is found to be faster than the thiophosphate esters (Raushel and 

Holden 2000; Bigley and Raushel 2013). 

1.6.1.4 Enzyme activity of OPH 

The enzymatic activity of OPH is influenced by temperature, pH, 

and substrate concentration. The activity of the enzyme varies with varying 

temperatures. Initially, with the rise in temperature, the reaction rate also 

increases because of the increasing kinetic energy of the reacting molecule. 

Eventually, the kinetic energy of the reacting molecules crosses the 

threshold energy required for the breaking of hydrophobic and hydrogen 

bonds that maintain the secondary structure. At this temperature the 

structure of the active site changes resulting in the loss of catalytic activity 

because of the denaturation of the enzyme. Therefore, the OPH enzyme 

shows its maximum activity at an optimal temperature of 35 °C and pH of 

7.5. Enzyme activity increases with increasing substrate concentration but 

once all the active site of the enzyme is occupied by the substrate no further 

increase in the activity of the enzyme is observed (Maheshwari et al. 

2017).  

1.6.2 Organophosphorus Acid Anhydrolase (OPAA) 

OPAA is an enzyme isolated from the extract of halophilic 

Alteromonas species and is found to be able to hydrolyze a large number 

of OPs. Fig. 1.8 B shows the crystal structure of OPAA (Jacquet et al. 

2016). It is a monomeric 58 kDa polypeptide metalloprotein having Mn in 

its natural form. It can hydrolyze organophosphate triesters and the protein 

appears to be dipeptidase (Raushel 2002). It displays stereospecificity 

similar to PTE, but the rate of hydrolysis is slightly less than that of PTE. 
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It also shows high activity in hydrolyzing the P-F bond in OPs like sarin, 

soman, and DFP, among others. However, it is less effective in 

hydrolyzing P-CN, P-O, P-S and is unable to hydrolyse P-C bonds 

(Raushel 2002). 

Among the OP compound degrading enzymes, OPH demonstrates 

wider substrate activity that includes P-O, P-F, P-CN, and P-S bonds 

(Table 1.1). OPH shows its activity on substrates such as Paraoxon, DFP, 

VX, Soman, Mipafox, Dursban, Ethyl parathion, Coumaphos, Diazinon, 

Fensulfothion, Methyl parathion, Cyanophos, Acephate, Azinophos-ethyl 

demethon-S, Malathion, Phosalone, Methamidophos, Tetriso, O-ethyl O- 

(4-nitrophenyl) phenylphosphonothioate, making it a favorable candidate 

for biosensor and bioremediation studies. Similar to OPH, OPAA also 

shows wider substrate specificity and thus can be used for detection as well 

as for bioremediation applications. Interestingly, human PON is the only 

reported enzyme that can cleave P-C bond compounds and reported to be 

more efficient for the degradation of some OPs like cyclosarin and soman 

than OPH and DFPase (Amitai et al. 2006).  

1.6.2.1 Structure of OPAA 

OPAA enzymes were first identified in Alteromonas species 

(Matula et al. 2020), of which Alteromonas sp. JD6.5 is most well 

evaluated. Other strains, like Alteromonas haloplanktis or Alteromonas 

undina, also produce the enzyme which is active for the hydrolysis of 

organophosphate compounds. These OPAAs have a striking similarity in 

terms of structure and function to each other – represented by a molecular 

weight of 50–60 kDa, optimal operation at pH 7.5-8.5, and 40 to 55 ◦C, 

with the requirement of Mn2+ to maximize the activity. OPAA is a 

polypeptide comprised of 517 amino acids when isolated from 

Alteromonas sp. JD 6.5, while the enzyme isolated from Alteromonas 

haloplanktis contains 440 amino acids and lower molecular weight. Both 

enzymes have 77–80% amino acid homology, and the difference between 

them was found to be due to the presence of an extended C-terminal region 

in the JD 6.5 enzyme (Chishti et al. 2013). OPAA from Alteromonas sp. 



26 
 

JD6.5 has been classified into the prolidase family of enzymes based on 

its functionality. OPAA was initially believed to be a monomer but was 

later determined to be a dimer of dimers, and hence a tetramer (Matula et 

al. 2020). 

The OPAA structure comprises a small N and a large C-terminal 

domain, with an active site having binuclear Mn2+ ions (Cheng and 

Defrank 2000; Vyas et al. 2010; Theriot and Grunden 2011; Daczkowski 

et al. 2015). Six β-sheets with an antiparallel central pair of strands and 

parallel flanking pairs are found in the N-terminal domain. In the C-

domain, all five β-strands are antiparallel. The N-domain β-sheet is twisted 

while tightly curved in the C-domain, displaying a “pita bread” style (Vyas 

et al. 2010). In the two domains, there are variations in the composition 

and topological structures of alpha-helices. There are four helices in the 

N-domain, while the C-domain with the pita bread structure has eight 

(Vyas et al. 2010). The C-terminal region houses the binuclear metal 

center, and it has amino acid residues Asp244, Asp255, His336, Glu381, 

and Glu420 (Cheng et al. 1997; Vyas et al. 2010). For full catalytic action, 

two bridging Mn2+ ions are required (Theriot and Grunden 2011). In the 

enzyme's active site, a non-proteinaceous density was found, but not 

definitively characterized. A bonded glycolate whose three oxygen atoms 

coordinate the two Mn2+ ions is presumed to be (Cheng et al. 1997; Cheng 

and Defrank 2000; Vyas et al. 2010).  

1.6.2.2 Reaction mechanism of OPAA 

Three pockets represent the substrate-binding pocket of OPAA. 

Tyr212, Val342, His343, and Asp45 make up the small pocket, and the 

large pocket is made of Leu225, His226 His332, and Arg418 residues. The 

leaving group is composed of residues Tyr292 and Leu366 (Bigley and 

Raushel 2013). The OP compound cleaving ability in OPAA largely arises 

from the bridging water molecule or hydroxide ion in the metal center that 

facilitates a nucleophilic attack on either the carbonyl oxygen of the 

scissile peptide bond of the dipeptide [Xaa-Pro] or the phosphorus center 

of NA (Vyas et al. 2010; Theriot and Grunden 2011; Bigley and Raushel 
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2013; Daczkowski et al. 2015). In the C-terminal domain, the binuclear 

Mn2+ site is found in the central cleft of the fold, with a more solvent-

exposed A-metal ligated to H336 and E381 and the B-metal ligated in a 

bidentate manner to D244. Structural studies have suggested that the free 

phosphoryl oxygen binds to the solvent-exposed A-metal of OPAA, as 

well as the ester oxygen extending to the small pocket, ligates to the B-

metal. This bidentate ligation of the substrate possibly allows the 

hydroxide to attack the phosphorus center without dissociation from either 

of the metals. The leaving group is then expelled, and the phosphoryl 

product gets bound in a tridentate fashion (Bigley and Raushel 2013). 

1.6.2.3 Substrate specificity of OPAA 

OPAA is a bimetalloenzyme that responds to different toxic OP 

compounds. It is prolidase cleaving dipeptides with C-terminal proline 

(Hoskin and Prusch 1983; Blum et al. 2008; Wymore et al. 2014). Because 

of this aspect, the physiological function of the enzyme may be correlated 

with the metabolism of cellular dipeptides (Kitchener and Grunden 2012). 

For OP compounds with P-F bonds, a high degree of hydrolysis activity 

was observed, but rather limited activity for P-O or P-C bonds and no 

activity against P-S bonds. Similar activity with substrate from 

Alteromonas undina and Alteromonas haloplanktis was later seen for the 

OPAA (DeFrank and Cheng 1991; Cheng et al. 1993; DeFrank et al. 1993; 

Cheng et al. 1996; Cheng et al. 1997; Cheng et al. 1999). Nerve agent 

soman is the ideal substrate for OPAA hydrolysis. OPAA can also act on 

other nerve agent analogs containing a PNP leaving group, such as sarin, 

tabun, DFP, and nerve agents. Additionally, it is less active toward V- 

nerve agents (DeFrank et al. 1993; Cheng et al. 1999; Hill et al. 2000; Hill 

et al. 2001; Richardt and Blum 2008; Theriot and Grunden 2011; Harvey 

et al. 2020) and mipafox a relative analogue of DFP, a competitive 

inhibitor and not a substrate under normal assay conditions (DeFrank et al. 

1993; Vyas et al. 2010). Normally, OPAA shows a preference towards 

hydrolysis of less toxic stereoisomers of nerve agents like sarin and soman 

(Hill et al. 2001) OPAA is stereoselective for Rp-enantiomers of methyl 
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phosphonates (Hill et al. 2000). OPAA is less active towards paraoxon but 

highly active towards G-nerve agents when compared to OPH. 

1.6.2.4 Enzyme activity of OPAA 

OPAA can perform biological processes such as 

depshosphorylation, proteolysis and act on toxic substances. OPAA has 

good activity against G-agents (GD> GF~ DFP> GB> GA), unlike OPH, 

but less active for OPs. While this enzyme does not show any activity 

against V-agents (Cheng et al. 1999), site-directed mutagenesis will 

change this in the future (Daczkowski et al. 2015). OPAA is catalytically 

active on broad pH, ranging from 6.5-9.5, with 7.5-8.5 being optimal, 

and temperature ranging from 10-65 °C, with an optimal range of 40-55 

°C optimum. Furthermore, OPAA requires manganese for the highest 

activity. 

1.6.3 Other OP compound degrading enzymes 

1.6.3.1 Paraoxonase (PON) 

PON enzyme in human serum has the ability to degrade paraoxons 

and nerve agents. Its structure revealed that it is a Ca-containing monomer 

enzyme (Fig. 1.8 C). It is a single chain beta class metalloprotein with 

central Calcium binding site, 4 helices, 5 sheets, and 6 bladed beta-

propeller (Harel et al. 2004). Human PON preferably cleaves bonds like 

P-O, P-C, P-F, P-CN (Di Sioudi et al. 1999). A variant of mammalian PON 

is found to be more efficient for the degradation of some OPs like 

cyclosarin and soman than OPH and DFPase (Amitai et al. 2006). 

1.6.3.2 Methyl parathion hydrolase (MPH) 

MPH belongs to a family of metallo beta-lactamase and is an 

aryldialkyl phosphatase (Fig. 1.8 D). The first mpd encoding gene for 

MPH was identified in Plesiomonas sp. strain M6 (Jacquet et al. 2016). 

Another closely related gene was identified and sequenced from 

Pseudomonas sp. WBC3. Its structure revealed that it is a Zn-containing 
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homodimer enzyme. It catalyzes the degradation of methyl parathion. 

Each subunit consists of hybrid binuclear Zn in which most solvent-

exposed β metal cation is replaced with Cd. It is found to be homologous 

to other metal β lactamases but does not show any similarity to PTE 

(Jacquet et al. 2016). 

1.6.3.3 Diisopropyl-fluorophosphatase (DFPase) 

DFPase is a 35 kDa monomer protein obtained from the brain of 

Lolilgo vulgaris squid (Fig. 1.8 E). DFP is the main substrate and 

hydrolyze P-F bond releasing isopropyl phosphate and fluoride. Two 

highly effective Calcium sites are required for its stabilization and 

catalysis function. To identify the residues important for the active site and 

to decipher the reaction mechanism of the enzyme, site-directed 

mutagenesis and kinetic studies were performed (Scharff et al. 2001a; 

Scharff et al. 2001b; Hartleib and Rüterjans 2001; Katsemi et al. 2005). 

Three histidine residues were found to play an important role at the active 

site, in which two histidine H274 and H174 have the role of stabilization 

and residue H287 was found to act as a general base catalyst (Jacquet et 

al. 2016). 

1.6.3.4 Aminopeptidase P (Pa-pepP) 

It is an exopeptidase of 49.65 kDa that cleaves the N-terminal 

residue from a polypeptide when the second residue is proline. It is a 

tetrameric metalloprotein in E. coli that consists of 4 Pep monomers and 

requires two Mn ions for its activity (Farnoosh and Latifi 2014). The 

enzyme adopts ‘pita bread’ fold like creatinase and methionine 

aminopeptidase that functions as a tetramer (Ghanem and Raushel 2005) 

The two Manganese ions in the active site at the C terminal of the β sheet 

are separated by 33Å. The two ions bridge together via a hydroxide ion 

which acts as the nucleophile in the attack of the peptide bond (Fig. 1.8 F) 

(Karpouzas and Singh 2006). Its substrate for degradation includes methyl 

isobutyl and methyl isopropyl groups (Farnoosh and Latifi 2014).  
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Incidentally, it shows only 31% sequence similarity with OPAA 

(Theriot and Grunden 2011). 

1.7 Enzymatic Biosensor 

1.7.1 Basic mechanism of biosensing with enzymes  

Typically, the detection systems used in conjunction with 

biological components can be classified into electrochemical 

(Potentiometric, Amperometric, and Conductometric) and optical (UV-

Visible, Fluorescence) systems of measurement (Fig. 1.9). Detection 

systems employing potentiometric measurement utilize changes in 

potential with corresponding changes in current which is the result of 

oxidation and reduction potential of the electrochemical reaction. On the 

other hand, amperometric detection systems work on the basis of changes 

in current according to changes in chemical concentrations of interest. 

They typically utilize two/three-electrode systems constituted as a 

reference, a working electrode, and an auxiliary electrode. Amperometric 

detection systems are believed to be superior due to the linear increase 

which solves the perils, such as salt screening and exponential or 

logarithmic increase with the concentration in a potentiometric detection 

system. The conductometric detection systems measure the electrical 

conductivity or resistivity of analyte samples based on the number of ions 

and electrons. The effect produced is also influenced by temperature and 

pH. Electrical impedance is another phenomenon utilized by detection 

systems wherein the resistance of biological components and ionic 

conductance across it is utilized for the measurement. The optical detection 

systems typically utilize photons as mediating components in electrical 

transduction in comparison to the direct use of electrons in electrochemical 

detectors. Intensity, decaying time, quenching efficiency, radiant energy 

transfer, anisotropy, etc. are the critical parameters measured while using 

absorption, reflectance, or fluorescence using ultraviolet (UV), visible, 

near-infrared radiations in photometric measurement. Some optical 

detection tools also work on the principle of evanescent waves and the total 

internal reflection phenomenon occurring due to the changes in the 
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refractive index. Some hybrid mechanisms like 

electrochemiluminescence, amperometric-potentiometric, piezoelectric, 

and magneto-elastic detection systems are also utilized in several reports 

of biosensors. 

1.8 Biosensors for organophosphate detection  

The currently accepted and utilized methods for detection and 

quantification of OPs such as liquid chromatography or immunoassay-

based techniques have limitations of being time-consuming, non-suitable 

for infield determination, and online monitoring. Lately, biosensors have 

emerged as leading analytical techniques owing to miniaturization of 

transduction, development of microelectronic circuitry, and interfacing 

using bio-recognition units. Cost-effective and miniaturized analytical 

tools have led to the transformation of sophisticated instruments into point-

of-care devices. Enzymes are the most commonly utilized biological 

recognition units considering the ease of application and translation. 

Analysis of OPs can best be investigated using OPH and OPAA as a 

biological recognition unit and converting the catalytic reaction to a 

measurable signal in a biosensor. The broad substrate specificity of OPH 

and OPAA makes them attractive enzymes of interest for researchers and 

professionals interested in monitoring and detoxification of OPs present in 

the environment. The OPH/OPAA catalyzed hydrolysis reaction of OPs 

generates two protons and an alcohol, which can be chromophoric or 

electro-active. This provides ample opportunities for use of OPH and 

OPAA in a variety of sensors ranging from fluorometric to 

electrochemical, or even a pH-based sensor that can quantify changes in 

pH based on the increase in protons generated during the hydrolysis 

process. A broad classification of the various biosensors employing OPH 

and OPAA for the detection of OPs is described here. 
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Figure 1.9. Schematic representation of enzymatic biosensor for detection of Organophosphorus pesticides: Microbial OP degrading 
enzymes degrades the organophosphate compounds present in environmental samples, food, water, tissue, muscle. The degradation process is 
monitored by a change in optical output through monitoring of by-products. Finally, the changes are logged on a computer, wherein the data is 
analysed to quantify the organophosphates present in the samples and the results are calibrated to standard scales. This method provides a direct, 
fast and effective way of quantifying organophosphate poisoning in common foods, crops, soil and water as well as diagnosis of severe pesticide 
poisoning in humans by means of tissue analysis. 
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1.8.1 Organophosphorus hydrolase sensors 

1.8.1.1 Electrochemical 

A typical electrochemical sensor is based on the processes 

occurring inside an electrochemical cell, in which the working electrode 

(usually glassy carbon electrode or a conductive strip) is coated with the 

compound of interest, while the analyte (or substrate) is inserted into the 

electrolyte of the electrochemical cell. Here, sensing is based on changes 

in current and/or voltages upon the addition of the analyte to the 

electrolyte. Additionally, a transducer, amplifier, and a data analysis 

system are other components included which define the biosensing 

performance of electrochemical biosensors. The property of electrodes is 

the key determining factor in the performance using this electrochemical 

catalysis. The basis of detection can be the changes in current or potential 

differences occurring at the biological receptor-electrode interface. In the 

case of OPH, OPs (such as methyl parathion or paraoxon) are the analytes 

introduced in specific concentrations into the electrolyte (Fig. 1.10). The 

reaction of OPs with OPH results in the formation of PNP, which gives a 

current when oxidized that serves as the response of the electrochemical 

sensor. 

1.8.1.2 Optical sensors 

Most of the reports on optical sensors (Table 1.2) are based on the 

changes in absorbance or fluorescence during hydrolysis of OPs through 

the generation of byproducts like PNP and the resultant change in the pH 

of the medium, which can be measured by the output of a UV-Vis 

spectrophotometer or a fluorescence spectrophotometer. Changes in 

absorbance due to the production of PNP during the catalytic activity of 

OPH are the main mechanism of use of UV-Vis-based detection of OP 

compounds. Quenching of fluorescence due to pH changes and employing 

pH-sensitive fluorophores form the most common mechanism for the use 

of a fluorescence-based OPH biosensor (Fig. 1.11). 
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Figure 1.10. Schematic diagram of electrochemical sensing system: 
Glassy carbon electrode surface showing the conversion of OP compound 
into p-nitrophenol (PNP), in the presence of OPH and the various 
configurations for developing electrochemical biosensor found in 
contemporary literature. (A) OPH. (B) OPH with the nanoparticle. (C) 
OPH with quantum dots. (D) OPH inside bacterial cell (E) OPH on the 
bacterial cell surface. (F) OPH with gold nanoparticle and binder. (G) 
Encapsulated OPH.
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Table 1.2: Characteristics of OPH based optical-based biosensors 

Cell Type Type (Material) Substrate (LOD) Linear Range Sensitivity Stability Response time Reference 

1.2.1 UV Spectrophotometric biosensors 

E. coli  1. Reversible inhibition of OPH by copper 
complexed meso-tri (4-

sulfonatophenyl)mono(4-
carboxyphenyl)porphyrin (CuC1TPP) 

Paraoxon (2.5×10−5 μM) 10-2 - 105 ppb  - 230 days 10 Sec (paraoxon) (White and 
Harmon 2005) 

Diazinon (2.6×10−3 μM) 1 - 105 ppb 

Malathion (0.302×10−2 μM) 10-104 ppb 

Coumaphos (0.689 μM) 10-105 ppb 

2. E. coli whole cells harbouring plasmid 
pTInaPb-N/OPH 

Paraxon (0.2 μM) 0.5 -150 μM - Approx. 30 
days 

<= 10 min. (Tang et al. 
2014) 

Parathion (0.4 μM) 1-200 μM 

Methyl parathion (1 μM) 2.5-200 μM 

3. OPH on nylon membrane connected to 
optical fibres 

Paraoxon (2 μM) 0.01-0.48 mM (steady 
state) 0.02-0.5 mM 
(kinetic) 

0.0022/μM 
(steady state); 
0.00092/min/μ
M (kinetic) 

10 days 14 min. (steady 
state), 2 min. 
(kinetic) 

(Mulchandani 
et al. 1999) 
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Parathion (2 μM) 0.01-0.2 mM (steady 
state) 

0.002/μM 
(steady state) 

Coumaphos (5 μM) 5-35 mM (kinetic) 0.0005/min/% 
(kinetic) 

4. MAP based adhesion    Paraoxon (5 μM) 5-320 μM - 28 days 5 min. (Kim et al. 
2013) 

Flavobacterium 
sp. MTCC 2495 

1. Glass fiber filter paper Methyl parathion (0.3 μM) 4-80 μM - 1 month < 3 min. (Kumar et al. 
2006) 

Sphingomonas sp. 
JK1 

 

1. Glutaraldehyde as linker; direct deposition 
of Spinghomonas sp. JK1 on microplate reader 
wells 

Methyl parathion (4 μM) 4-80 μM - 18 days 5 min. (Kumar and 
D’Souza 
2010) 

2. Inner epidermis of onion bulb scale and 
glutaraldehyde 

Methyl parathion (4 μM) 4-80 μM - 32 days 5 min. (Kumar and 
D’Souza 
2011) 

 

1.2.2 Fluorometric biosensors 

E. coli 1. CdSe QDs / OPH Paraoxon (10-9 mol/L) 1 x 10-8 to 1 x 10-5 
mol/L 

- - ~10 min. (Constantine 
et al. 2003a) 
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2. OPH with a histidine tail (OPH6His) 

bioconjugated with pyranine—with the aid of 
silica-coated silver nanoparticles 

Paraoxon (2 ppb)  5-100 ppb - - <3 min. (Thakur et al. 
2013) 

Methyl parathion (10 ppb)  20-100 ppb 

3. Fluorescein isothiocyanate covalently bound 
to OPH 

Paraoxon (8 μM)  25-400 μM   - 90 days - (Rogers et al. 
1999) 

4. OPH-conjugated gold nano particles with 7-
hydroxy-9H-(1,3-dichloro9,9-dimethylacridin-
2-one(DDAOphosphate) as decoy 

Paraoxon (20 μM)  0-240 μM   - - - (Simonian et 
al. 2005) 

P. aeruginosa 1. OPH-conjugated gold nanoparticles with and 
without linking system (glutaraldehyde-
cystamine) and cumarin1 as decoy 

Paraoxon (5×10−5 μM)  50 – 1050 nM - - - (Kamelipour 
et al. 2014) 

2. Chitosan- gold nanoparticles 
organophosphorus hydrolase nano bio 
conjugate with Coumarin1 as decoy 

Paraoxon (5×10-5 μM)  0–1050 nM - 21 days, 
80% 
activity 

< 30 min. (Karami et al. 
2016) 

P. diminuta 1.  OPH-conjugated nano magnet-silica core-
shell with coumarin 1 as decoy  

Paraoxon (5×10−6 μM)  10-250 nM - - - (Khaksarineja
d et al. 2015) 

2. Fluorescent dye/OPH Paraoxon (5×10−9  mol/L) 5×10-9 - 1×10-5 M - - 30 s (Zheng et al. 
2005; 
Orbulescu et 
al. 2006) 
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1.2.3 Fiber optic microbial biosensor 

E. coli 1. E. coli cell suspension on fiber optic sensor 
strip 

Paraoxon (3 μM) 0.0-0.6 mM 5.98 × 10-4 min-

1 µM-1 

32 days < 10 min. (Mulchandani 
et al. 1998) 

Parathion (3 μM) 0.0-0.03 mM 3.4 × 10-4 min-1 
µM-1 
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Figure 1.11. Schematic diagram of optical sensing system: Inset shows 
the mechanism of fluorescence as well as spectrophotometric-based 
sensing of OPH. (A) OPH/OPAA conjugated with nanoparticle, linker and 
the fluorescent dye does not exhibit fluorescence when excited at “x” nm, 
but exhibits fluorescence by emission at “y” nm when OP compound is 
added due to competitive binding of OP compound with OPH/OPAA. (B) 
OPH/OPAA in presence of a fluorescent dye exhibits fluorescence. Upon 
addition of the OP compound, binding of OPH/OPAA with OP compound 
may either increase or decrease the fluorescence emission.  
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1.8.1.2.1 UV-Vis based sensors 

UV-Vis-based sensors refer to a type of optical sensing wherein a 

change in absorption upon creation of hydrolysis product of OPs is 

measured. In this case, however, the change is quantified either through 

measuring the signal from an optical fiber system or directly using UV-

Visible spectrophotometers or plate readers. The principle of evanescent 

field optical fiber-based biosensors, in which an evanescent field is created 

by the presence of an extremely thin cladding on a dense core using total 

internal reflection at the interface, has also been used by several authors 

(Yang et al. 2008a) due to their convenience, lower cost and easy-to-

deploy characteristics in various kinds of sensors. In terms of OPs 

detection and sensors, both enzymatic and cell-based detection 

methodologies have been investigated. Fiber-optic detection mechanisms 

are very commonly described in literature while investigating OPH-based 

UV-Vis or fluorescence-based sensors owing to their portability, cost, and 

ease of use. In a report of enzyme immobilization by Mulchandani et al., 

who used an optical fiber-based biosensor by immobilizing OPH on a 

nylon membrane attached to a sensor tip composed of a bundle of optical 

fibers. This system was attached to a measurement system comprising of 

a light source in which 400 nm light is delivered, a cutoff filter, reaction 

chamber, and an optical fiber system. The output measurement consists of 

a photomultiplier tube that can quantify changes in absorbance (at 400 nm) 

due to the generation of PNP. Using this assembly of sensor tips a 

detection limit of 2 μM for paraoxon and parathion and 5 μM for 

coumaphos was reported (Table 1.2.1) (Mulchandani et al. 1999). In 

another study, Zourob et al., described another way of using immobilized 

OPH in a pH-sensitive matrix and estimating using a waveguide sensor 

developed from absorber material-clad, using solvent blue and 

polythiophene as clad layers and a sol-gel layer as a wave-guide. The 

principle of detection here was the change in refractive index when the 

OPH enzyme was immobilized in a pH-sensitive matrix containing OPs. 

This sensor was able to achieve a detection limit of 4 nM for paraoxon and 
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parathion, with 81 nM for diazinon, with a linear range of 1 - 5 μM (Zourob 

et al. 2007b). 

A direct whole cell-based biosensor utilizing Flavobacterium sp. 

expressing OPH was developed by Kumar et al., who immobilized the 

cells on the glass fiber filter paper discs and analyzed methyl parathion. 

The absorbance of PNP was measured in a specially designed reaction 

vessel connected through optical fibers to a UV-Vis spectrophotometer. 

The discs were inserted into the reaction medium in the presence of OP 

compounds, and the changes in absorbance were noted through the UV-

Vis spectrophotometer. This method reported a detection limit of 0.3 μM 

and a linear range of 4 - 80 μM for methyl parathion (Table 1.2.1) (Kumar 

et al. 2006). White and Harmon developed a biosensor based on 

immobilization of E. coli expressing OPH on ProbeOnTM Plus slides with 

glutaraldehyde as a linker and complexation with the porphyrin meso-

tri(4-sulfonato  phenyl)  mono(4-carboxy  phenyl)  porphyrin (C1TPP) 

which is competitively bound to OPH. Upon introduction of OP 

compounds, the porphyrin is unbound and the reaction of OP compound 

with OPH generates PNP, which is measured by a change in absorbance 

at 412 nm, through an optical fiber-based UV-Vis spectrophotometer. This 

sensor was able to display a low detection limit of 7 ppt (25 pM) for 

paraoxon (Table 1.2.1) (White and Harmon 2005). Kim et al., developed 

a biosensor by immobilizing whole cells of recombinant E. coli expressing 

periplasmic OPH onto the surface of a 96-well microplate using mussel 

adhesive protein as a microbial cell immobilizing linker. The resultant 

setup was able to detect through changes in absorbance at 410 nm, 

paraoxon in quantities as low as 5 μM, with a linear range of 5 - 320 μM 

and good stability, 80% activity retention up to 28 days and reusability up 

to 20 times (Table 1.2.1) (Kim et al. 2013). Intending to improve the 

catalytic activity of substrates, researchers have investigated surface 

expression in cells. Tang X. et al., developed a sensor based on surface 

expression of E. coli bacteria expressing OPH with an anchored ice 

nucleation protein, which showed detection limits of 0.2 μM, 0.4 μM and 

1 μM for paraoxon, parathion, and methyl parathion, respectively, based 

on monitoring of the production of PNP through absorption spectra at 410 



42 
 

nm, a principle that is followed for most studies in this category. The same 

sensor showed a broad linear range of 0.5 - 150 μM paraoxon, 1 - 200 μM 

parathion, and 2.5 - 200 μM methyl parathion, respectively (Table 1.2.1) 

(Tang et al. 2014). Thus, both periplasmic and surface-expressed bacteria 

have shown promise in achieving the detection of OPs. Another approach 

shown to be effective for improved detection of OPs is by mineralization 

of cells for attachment of OPH using Co3(PO4)2.8H2O. Han and Liu, 

developed a novel biosensor using Co3(PO4)2.8H2O which was 

mineralized onto the surface of OPH fused bacteria expressing OPH. The 

embedding of OPH into Co3(PO4)2.8H2O crystals greatly enhanced the 

activity through the allosteric effect. The resultant hybrids, when used as 

a sensor based on the change in absorbance at 410 nm in the presence of 

paraoxon, were found to have a detection limit of 0.08 μM and a linear 

range of 0.2 - 200 μM. Furthermore, this sensor was found to have greater 

recovery rates of 97% to 102% when used to detect paraoxon in real 

samples, such as seawater, tap water, and sewage water (Han and Liu 

2017). In addition to the location of expression of OPH inside cells, 

advanced materials like nanomaterials, or nanofabricated chips, or solid 

crystals have also been described to be able to detect OPs. Kim et al., 

developed a MEMS chip with etched gaps between two electrodes wherein 

Single Walled Carbon Nanotube attached E. coli strain expressing 

periplasmic OPH was inserted. This chip was then attached to a ‘chamber’ 

containing the analyte solution (e.g., paraoxon), and then the reaction was 

allowed to proceed for up to 50 minutes. The absorbance of the analyte 

solution was then measured at 400 nm to determine the effect of OPH on 

the OPs. The authors reported a linear range of 20 - 500 μM and a detection 

limit of 5 μM for this sensor (Kim et al. 2015). 

Absorbance based sensors developed by White and Harmon using 

copper complexed meso-tri (4-sulfonatophenyl) mono (4-carboxyphenyl) 

porphyrin as a reversible inhibitor for OPH displays encouraging results 

in terms of detection limit (2.5 x 10-5 µM for paraoxon), linear range (10-2 

to 105 ppb), stability (~ 230 days) and response time (under 10 seconds) 

(White and Harmon 2005). In terms of sensitivity, the enzyme-modified 

fiber optic sensor developed by Mulchandani et al., displays a high 
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sensitivity of 0.0022/µM (steady-state) or 0.0092/µM (kinetic) and a linear 

range of 5000 - 35000 µM (Mulchandani et al. 1999). Although UV-vis 

absorbance-based sensing has some advantages concerning lower costs 

and potential to detect additional contaminants through other specific 

peaks, this method has limitations of poor signal-to-noise ratio which 

affects the sensitivity as well as selectivity. In cases where the costs are 

not a concern and highly specific and selective detection is required, 

fluorescence sensors are often considered to be a better choice (Nemzer 

and Epstein 2010). 

1.8.1.2.2 Fluorescence-based sensors 

Fluorescence-based sensors are either based on the quenching of 

fluorescence or an increase in fluorescence intensity when an analyte is 

converted into a product. Interaction of OPs with OPH leads to the 

formation of PNP with the release of protons which can very easily be 

linked to fluorescence-based estimation. The pH drop occurring during the 

catalytic reaction may be linked to pH-based fluorescent sensors 

(Chaudhari et al. 2017). Among the several methods of using OPH for the 

detection of OPs, the use of pH-sensitive fluorophores like FITC, 

coumarin 1, poly-thiophene-3-acetic acid (PTAA), etc., are the most 

common transduction mechanisms followed in the literature reports. An 

example of a fluorophore with pH-sensitive properties is FITC which 

causes a depletion of fluorescence intensity as the reaction of OPH 

progresses. Mulchandani et al., and Roger et al., used this principle to 

covalently immobilize FITC to OPH, and then adsorb the FITC-labelled 

OPH to poly-methyl methacrylate (PMMA) beads. The detection 

mechanism is based on the change of fluorescence due to the change in pH 

caused by the action of OPH on OPs, wherein existing fluorescence is 

quenched as a substrate for OPH (i.e., OPs) is introduced. The observed 

limit of detection was 8 μM for paraoxon and coumaphos, and up to 50 

μM for crotoxyphos (Rogers et al. 1999; Mulchandani et al. 2001a) (Table 

1.2.2).  
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Another fluorescence quenching-based mechanism was employed 

using coumarin 1 in combination with OPH by Paliwal et al., who used an 

excitation wavelength of 343 nm for a solution containing 1:1 coumarin 1: 

OPH and fluorescence quenching measured at 465 nm after addition of 

OPs. A detection limit of 0.7 μM was observed for paraoxon with a linear 

range of 1 - 8 μM (Paliwal et al. 2007). Coumarin 1 was also utilized as an 

indirect assay by Karami et al. wherein electrostatically attached Au 

nanoparticles were immobilized along with OPH and coumarin 1 in 

chitosan. The method of sensing was the change in fluorescence of 

coumarin 1, wherein the fluorescence was quenched in the presence of 

OPH-Au nanoconjugate but was enhanced when paraoxon was introduced 

into the solution, due to the tendency of paraoxon to replace coumarin 1 as 

the substrate for OPH. The limit of detection in this study was as low as 

50 pM (Table 1.2.2) (Karami et al. 2016). Constantine et al., developed a 

quartz substrate comprising of 5 bilayers of chitosan and PTAA on which 

OPH was deposited and the fluorescence spectrum of PTAA with chitosan 

was recorded at 575 nm (excitation wavelength 480 nm) in the absence 

and presence of paraoxon. The fluorescence was quenched by the presence 

of paraoxon and the limit of detection was found to be 1 nM (Constantine 

et al. 2003b). The use of nanomaterials for enhancing the sensitivity of 

detection is a very common approach used in all biosensors including 

fluorescent biosensors. Light responsive nanomaterials like gold 

nanoparticles, quantum dots, core-shell nanoparticles of silica, etc., are 

very commonly employed with OPH for detection. Kamelipour et al., used 

glutaraldehyde-cystamine as a linker to develop a conjugate of Au 

nanoparticles and OPH expressed in Pseudomonas aeruginosa and 

appropriately purified to detect paraoxon in human serum. The sensing 

mechanism is similar to that mentioned previously, and a detection limit 

of 50 pM was observed (Table 1.2.2) (Kamelipour et al. 2014). Ji et al., 

designed a conjugate of OPH with (CdSe) ZnS quantum dots, and detected 

paraoxon using the principle of photoluminescence quenching at 570 nm 

with a 350 nm excitation in the presence of paraoxon, which they 

concluded, was caused by a secondary structure change in OPH during the 

interaction with paraoxon, which in this case interacts with OPH as a 
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substrate rather than as an inhibitor. The detection limit was found to be 

0.01 µM of paraoxon (Ji et al. 2005). Khaksarinejad et al., using OPH 

conjugated with APTES activated Fe3O4-SiO2 core-shell nanoparticles 

wherein glutaraldehyde was used as a cross-linker. In this study, a low 

detection limit of 5 pM was reported (Table 1.2.2) (Khaksarinejad et al. 

2015). The whole cell-based biosensors using OPH and fluorescence 

transduction mechanisms are meagre in literature. In one of the fluorescent 

whole cell-based biosensors described by Fleischauer et al., OPH 

expressing E. coli bacteria were immobilized in a hydrogel precursor and 

crosslinked by adding in mineral oil and crosslinked by 

photopolymerization in UV light for 5 seconds. The fluorescence intensity 

of a standard solution containing a pH sensitive fluorescent dye and a 

standard quantity of paraoxon was recorded with and without the beads. 

The reaction between OPs and OPH causes an increase in acidity, 

changing the pH and consequently the fluorescence intensity ratio. A 

detection limit of 3 μM was observed for this sensor (Fleischauer and Heo 

2014). 

In terms of linear range and detection limit, Khaksarinejad et al., 

have obtained the best results for their sensor based on competitive binding 

of coumarin 1 to OPH, with values of 10 - 250 nM and 5 pM, respectively 

(Table 1.2.2) (Khaksarinejad et al. 2015). Rogers et al., have obtained an 

impressive linear range of 25 - 400 µM and good stability of 90 days in 

their sensor based on fluorescence signal quenching of FITC bound OPH 

in the presence of paraoxon, but this study falls behind in terms of the 

detection limit (8 µM for paraoxon) (Table 1.2.2) (Rogers et al. 1999). 

Thakur et al., have reported a fast response time of less than 3 minutes in 

their study based on metal nanoparticle enhanced fluorescence of OPH 

conjugated with a pyranine complex (Table 1.2.2) (Thakur et al. 2013). 

Fluorometric sensors have the advantages of sensitivity. However, this 

method is dependent on the components and materials in the test setup, 

which can absorb or reflect the light and hence affect the readings. In 

practice, this necessitates an expensive setup and is not easily deployed in 

real-world scenarios and on-site detection methodology due to such 

limitations (Ryškevič et al. 2010).  
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1.8.1.3 Other methods of sensing 

In addition to the methods described above, efforts have also been 

made towards utilizing new and upcoming principles of science towards 

the sensing and detection of organophosphorus compounds. For example, 

Walker et al., developed a photonic crystal-based sensing platform 

wherein a bimodular sensing motif was utilized in Intelligent Polymerized 

Crystalline Colloidal Array (IPCCA) with OPH as the first sensing 

material and 3-aminophenolate as the second sensing material, added as 

functionalizing agents in the IPCCA matrix. The IPCCAs comprise of 

colloidal nanoparticles polymerized in a hydrogel which diffracts light in 

the visible spectral region. The OPH degrades methyl parathion to PNP 

and dimethyl phosphate at pH 9.7, with two protons as a byproduct. The 

protons protonate the 3-aminophenolate, causing a change in the steady-

state volume in the IPCCA. This causes a change in the wavelength of 

diffracted light, a blue-shift, and is directly proportional to the number of 

protons generated, i.e. the quantity of methyl parathion. In practice, the 

difference was measured by the change in reflectance using a UV-Vis 

spectrophotometer, in contrast to the measurement of absorbance of PNP 

in other studies concerning detection of OP compounds. A detection limit 

of 0.2 μM for methyl parathion was observed (Walker et al. 2007). 

Magnetoelastic sensors have come up as new advanced sensors 

which are based on substrates made of amorphous ferromagnetic materials 

which vibrate when subjected to an AC (alternating current) signal. The 

resultant magnetic flux can be easily sensed by means of an excitation coil 

and an acoustic wave that can be monitored over several meters. 

Furthermore, one can also visualize the vibration of the magnetoelastic 

strip by observing the attenuation of a laser beam reflected from its surface. 

Zourob et al., developed a sensor based on the magnetoelastic concept 

wherein OPH was dropped on a pH-sensitive polymer layer coated on the 

top of a ribbon of a magnetoelastic material. On interaction with the target 

analyte, the reaction between OPH and the OP compound would induce 

changes in pH, causing the polymer layer to swell, which changes the 

density and elasticity of the composite strip comprising of a 
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magnetoelastic material, polymer layer, and OPH. The result is a change 

in fundamental frequency. The sensor was found to have a detection limit 

of 0.1 μM for paraoxon and 0.85 μM for methyl parathion, respectively 

(Zourob et al. 2007a).  

1.8.2 Organophosphorus Acid Anhydrolase (OPAA) sensors 

Biosensors have been designed to use integrated enzymes, 

antibodies, cellular and DNA-based biosensors to detect pesticides. 

1.8.2.1 Electrochemical 

Electrochemical OPAA-based biosensors are based on the 

enzyme’s activity to hydrolyze pesticides, leading to the generation of 

electroactive byproducts that generate a current upon oxidation. 

Electrochemical sensors are usually based on an electrochemical cell, in 

which the enzyme would be loaded on one of the electrodes. The 

electrodes are usually made out of materials with high carrier mobility and 

conductivity, such as graphite, glassy carbon, gold, or carbon. In the case 

of OPAA, OPs (such as methyl parathion or paraoxon) are the analytes 

introduced in specific concentrations into the electrolyte. The reaction of 

OPs with OPAA results in the formation of PNP, which gives a current 

when oxidized that serves as the response of the electrochemical sensor. 

In principle, electrochemical methods are preferred due to relative ease of 

use, convenience, and speed of analysis. Commonly, electrochemical 

sensors are of two types - amperometric i.e., current-based, and 

potentiometric i.e. voltage-based. Recently, Harvey and Wang et al. 

designed an electrochemical sensor with a solid contact ion-selective 

electrode and OPAA for the detection of DFP with a detection limit of 100 

µM and a linear range of 250-3000 µM (Goud et al. 2020). 

1.8.2.2 Optical sensors 

Optical sensors generally involve a fluorescent or luminescent 

output that is readily viewable through an instrument or to the naked eye. 

A representative mechanism for using a fluorescence-based OPAA 
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biosensor is the quenching of fluorescence due to pH changes and the use 

of pH-sensitive fluorophores (Fig. 1.11). Fluorescence-based sensors are 

considered attractive in the present day due to their simplicity and 

advantages in terms of sensitivity, selectivity, and convenience of use 

(Choi et al. 2014). On the other hand, colorimetric sensing methods have 

been part of the analytical toolkit for a long time, due to the obvious 

advantage of naked-eye visual monitoring and relatively rapid response to 

analytes (Xiao-wei et al. 2018). UV-vis spectroscopy, in addition to 

serving as a sensing tool, can provide useful insights into the chemistry of 

the analyte. In the upcoming sections, we shall discuss the main types of 

optical sensors encountered in the literature. Reports about the use of 

OPAA in the optical sensor to detect OPs are limited in the literature. 

1.8.2.2.1 UV-Vis based sensors 

In UV-vis-based detection, absorbance changes are observed 

against the analyte concentration. This method has mainly a cost and time 

advantage over the fluorescence-based method. The current research in 

this area focuses on the production of certain compounds during enzymatic 

hydrolysis of organophosphates, which are detectable under UV-vis 

spectroscopic analysis. In the year 1993, Luqi pei et al., determined OPAA 

in blood using a colorimetric method to develop a pioneered approach in 

which OPAA was encapsulated in erythrocytes. OPAA activity was 

determined with paraoxon as a substrate. The activity was reported based 

on the amount of liberation of PNP and diethyl phosphoric acid formed 

during the reaction. The detection limit was reported 0.01 mM of PNP (Pei 

et al. 1993). Contemporarily, Reynolds and group designed a sensing 

platform for pesticides based on OPAA immobilized on luminescent 

porous silicon devices, which could detect a minimum concentration of 25 

µM of p-nitrophenyl-soman (Létant et al. 2005). Future research is 

expected to explore the synergistic effect of nanoparticles functionalized 

with enzymes to enhance the absorption characteristics and increase the 

sensitivity of the sensor. 
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1.8.2.2.2 Fluorescence-based sensors 

In terms of OPAA, reports too far have been limited, and are 

inclined towards emission-based sensing. Earlier in 2003, Sarita V. Mello 

and group built a fluorescence-based biosensor in which they developed a 

Langmuir and Langmuir-Blodgett monolayer film of OPAA. One layer of 

OPAA was labeled with fluorescein isothiocyanate (FITC), a fluorescent 

probe. It was deposited onto the quartz slide and tested against DFP as a 

sensor. The stability of the Langmuir and Langmuir-Blodgett film as a 

sensor showed the potential of the system as a biosensor and a clear 

pronounced response was reported (Mello et al. 2003). Two protons and 

an alcohol are generated upon hydrolysis of the OP compound, which are 

often electroactive or chromophoric (Pedrosa et al. 2010; Kirsch et al. 

2013). The two protons produced reduce the pH of the environment and 

thus drop the intensity of the FITC (Choudhary et al. 2019). There exist 

many opportunities in the development of fluorescent biosensors using the 

OPAA enzyme, either through the construction of fusion proteins with 

known fluorophores, or by immobilization into nanostructures with the 

desired optical properties (Li et al. 2016). 

1.8.2.3 Other methods of sensing 

Wild and coworkers reported two approaches to biosensor 

development using OPAA, based on pH changes during P-X bond 

hydrolysis by the enzyme. The first approach was based on covalent 

immobilization of OPAA on silica gel, which was used in batch 

measurements with a flat glass pH electrode in order to sense changes due 

to P-X cleavage. In the second approach, OPAA was immobilized to 

porous silica-modified gate insulator of a pH-sensitive field-effect 

transistor (FET), and the changes in current relative to a second transistor 

without the enzyme coating were compared in stop-flow mode. Both 

approaches were used for the detection of DFP, with the FET-based 

method displaying a better limit of detection (Simonian et al. 2001). In 

2004, Simonian and his group invented a new approach of using a multi-

enzyme strategy for the detection of various classes of neurotoxins based 
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on the substrate specificity of the enzymes. OPAA was used in a modified 

pH-sensitive field-effect transistor. Sensor response of DFP was reported 

and linear order kinetics was reported between 12.5 to 500 µM 

concentration of DFP whereas barely any measurable signals were 

reported in the case of paraoxon (Simonian et al. 2004). On the other hand, 

Marc-Michael Blum and coworkers developed an in-situ FTIR-based 

organophosphate detection platform using a related enzyme, DFPase, to 

detect DFP, GB, GD, and GF, with observed detection limits of 0.5, 0.54, 

0.78, and 0.74 mM respectively (Gäb et al. 2009). Based on these results, 

it can be surmised that several methods of detection are possible, including 

fiber optic-based, potentiometric and impedance-based sensors. 

1.9 Strategies to improve performance of enzymatic sensors  

Though enzymes such as OPH and OPAA have great potential for 

developing as biosensors, their in-vivo functioning is quite different than 

that used in the laboratory and industrial settings. To improve the substrate 

specificity, various mutants have been created by site-directed 

mutagenesis in the active site(s) of OPH and OPAA. By altering specific 

residues of amino acids, the electrostatic interaction between the side chain 

and hydrogen bond can be disrupted that decrease the affinity towards the 

smaller substrate, and add flexibility for the larger molecules that enter 

into the active site (Theriot and Grunden 2011). In the rational design 

approach, researchers use structural data and crystal structures to identify 

portions of a compound that may be mutated specifically to obtain certain 

designed characteristics. Alternatively, in the directed evolution approach, 

libraries of mutant genes are created through means of gene recombination 

and/or random mutagenesis. These mutant genes are cloned into 

expression vectors and inserted into microbes for protein expression. The 

expressed proteins are then identified and screened to be used as templates 

for the next rounds of development (Johannes and Zhao 2006). Both 

rational design and directed evolution approaches have been used in 

contemporary literature to try and improve the specificity, activity, and 

stability of OPH and OPAA. 
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Schofield and Di Novo created 8 OPH mutants using site-directed 

mutagenesis, displaying immensely improved activity for the degradation 

of demeton s-methyl with a 24 times improvement in specificity and 

established a correlation between enzymatic activity for demeton s-methyl 

degradation and VX (Schofield and DiNovo 2010). Similarly, Gopal et al., 

described a rationally designed L136Y mutant of OPH, based on 

similarities in structure to AChE, which displayed a 33% increase in 

hydrolysis rates of VX compared to the wild-type enzyme (Gopal et al. 

2000). On similar lines, Reeves et al., also created several mutants, two of 

which displayed 10 and 39 times greater activity for the degradation of VX 

compared to the wild-type enzyme. They postulated that substitutions of 

histidines at the 254th and 257th position in the wild-type OPH with 

arginine and phenylalanine residues, respectively, have a significant 

impact on the catalytic activity towards hydrolysis of P-S bonds, bringing 

the best balance between higher catalytic activity and uncompromised 

stability (Reeves et al. 2008). On the other hand, Jeong et al., used a 

rational design based on substrate docking simulation and studies on the 

structure of OPH to design a double mutant L271/Y309A which delivered 

a striking 150 fold increase in catalytic efficiency for VX compared to the 

wild-type protein (Tokuriki and Tawfik 2009).  

To enhance the protein expression at the cell surface, Cho et al., 

altered the OPH enzyme obtained from P. diminuta to include a truncated 

ice nucleation motif, in which the mutagenized variants were screened by 

checking for hydrolysis activity and production of a byproduct, PNP. The 

first study yielded an enzyme 22A11, which was found to break down 

methyl parathion 25 times faster than wild-type OPH (Cho et al. 2002). 

This variant was then used as a template in directed evolution to create a 

new variant (Cho et al. 2004) B3561, which was able to hydrolyze 

chlorpyrifos at a rate of 750 times greater than wild-type OPH. It was also 

observed that these variants were able to perform faster hydrolysis of 

parathion and its metabolic byproduct, paraoxon. These studies identified 

three key mutations that affected the hydrolysis activity of OPH - A80V, 

I274N, and K185R. The other substitutions found in variants 22A11 and 

B3561 had led Cho et al., to believe that conformational changes led to a 



52 
 

wider active site, which improved catalytic turnover and efficiency (Cho 

et al. 2006). Naqvi et al., described a variant of OPH from Agrobacterium 

radiobacter with S308L/T309A substitutions in the substrate-binding 

pocket, which displayed over 5000-fold increase in activity towards 

degradation of malathion. They confirmed that widening of the active site 

of OPH was responsible for the enhanced activity (Naqvi et al. 2014). 

Cherny et al., used iterative computational modeling to design 

variants of OPH which resulted in a 5000 fold increase in catalytic 

efficiency for detoxification of V-series of nerve agents (VE, VG, VM, 

VR, and VX) and also was effective for detoxification of G-series of nerve 

agents (GA, GB, GD, GF, and GV) (Cherny et al. 2013). In another study, 

DiSioudi et al., replaced the histidine at position 254 with arginine 

(H254R) and the one at position 257 with leucine (H257L) independently, 

as well as double mutation (H254R/H257L) in the OPH enzyme. 

Interestingly, these mutants of OPH possessed only two metals per dimer, 

as compared to four per dimer in native OPH. All three of these altered 

enzymes demonstrated a 2 – 30 fold increase in substrate specificity 

(kcat/Km) for demeton S (P−S bond), an analogue for the chemical 

warfare agent VX. Furthermore, two of the altered enzymes, H257L and 

H254R/H257L, showed an 11- and 18-fold increase, respectively, in 

specificity for NPPMP, the analogue for the chemical warfare agent soman 

(diSioudi et al. 1999). 

Interestingly, to increase the solubility of OPH, Tokuriki et al., 

expressed OPH in a strain in which chaperonins are overexpressed, as they 

assist in the proper folding of proteins. Their experiments showed that 

OPH solubility is 2.4 times enhanced in the presence of overexpressed 

chaperonins. Similarly, a few novel cloning strategies were explored to 

express OPH on the cell surface to increase its access to the substrate and 

thereby enhancement in its activity (Tokuriki and Tawfik 2009). Towards 

this approach, a new anchor system based on the ice nucleation protein 

from Pseudomonas syringae INA5 was employed to display functional 

OPH on the cell surface of Moraxella sp. The OPH activity for this new 

cell was reported to be 80-fold higher than in E. coli and thus offers 

potential for greatly improved biosensor performance (Mulchandani et al. 
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2001b). Mulchandani et al. developed a fiber optic sensor based on OPH 

expressed on E. coli cell surface. This method allowed for developing a 

sensor without the need to purify OPH. The developed sensor displayed a 

detection limit of 3 µm for paraoxon and parathion (Table 1.2.3) 

(Mulchandani et al. 1998) 

Attempts have similarly been made to enhance the properties of 

OPAA in terms of enzymatic hydrolysis and potential sensor applications. 

Latifi’s group performed in silico docking studies to demonstrate the 

increased catalytic activity of two mutants of OPAA, namely 4ZWU and 

4ZWP, and detailed the importance of amino acids at positions 342 and 

212 for the small pocket of OPAA (Heidari et al. 2019). Steven Harvey’s 

group reported enhanced activity on sarin, soman, and GP nerve agent 

using an OPAA FL mutant, which is based on mutations at the 

aforementioned 212 and 342 sites (Bae et al. 2018). The same group also 

reported the FL, FLY and FLYD variants of OPAA with increased 

stereospecificity and enhanced activity for the hydrolysis of Russian VX 

(Daczkowski et al. 2015). In comparison to OPH, OPAA is less well-

studied and there is much scope to study mutations as well as develop 

functional applications of both the wild type and mutated enzyme. 

Attempts are ongoing to develop recombinant strains of E. coli with high 

levels of OPH and OPAA expression for industrial-grade applications 

(Yair et al. 2008). 

1.10 Advantages of fluorescent sensors 

Fluorescent sensors are considered to have traditional advantages 

in terms of sensitivity, fast response, easy operation, and detection in 

aqueous/liquid solutions with the possibility of in-vitro as well as in-vivo 

experiments (Gao and Tang 2017; Fan et al. 2019). Research groups have 

explored the use of fluorescent proteins, for example, in in-situ monitoring 

and high-throughput screening applications (VanEngelenburg and Palmer 

2008). Fluorescent sensors also deliver the benefits of tunable excitation 

and emission wavelengths and surface modification flexibility, which are 

instrumental for the design of substrate-specific sensing platforms. Some 
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of the approaches used include the use of nanomaterials, fluorescent dyes, 

or proteins as the signaling element, with the molecular recognition done 

by another compound or protein/enzyme. The use of fluorophores is of 

particular importance for the development of biosensors, due to the nature 

of biologically-relevant media to experience changes in pH during the 

course of a reaction, which necessitates the requirement of a pH-sensitive 

method of detection. In the following section, some important 

fluorophores of interest will be discussed in detail. 

1.10.1 Common fluorophores 

The reaction of an OP-degrading enzyme, such as OPH or OPAA, 

with an OP compound, involves the production of PNP and the generation 

of protons, which contribute to the pH of the medium. This presents an 

opportunity to develop fluorescent biosensors that track the generation of 

protons and modulate the optical output based on the infinitesimal and 

gradual changes in pH over time. Commonly used fluorophores for such 

purposes fall into the fluorescein derivatives category, the anthracene dye 

family, boron-dipyrromethene (BODIPY) based dyes, benzoxanthene 

dyes, cyanine-based dyes, quantum dot nanomaterials, and fluorescent 

proteins  (Han and Burgess 2010). In this thesis, however, the main 

fluorophores used are fluorescein derivatives and fluorescent proteins. 

Fluorescein is a xanthene fluorophore prepared from the ZnCl2-

catalyzed synthesis of resorcinol-phthalein from phthalic anhydride and 

1,3-dihydroxybenzene (Lee et al. 1997). It exists in an equilibrium 

between a “closed” lactone and an “open” quinoid form, leading to pH-

dependent absorption and emission characteristics in a pH range of 5 to 9. 

A number of fluorescein derivatives are reported in the literature and have 

been used for various purposes involving imaging, biosensing, and 

bioconjugation. The sensing mechanism is usually based on the 

enhancement or decrease of fluorescence upon interaction with the target 

analyte. This property is based on the aforementioned equilibrium between 

the “closed” and “open” forms, with the “closed”, non-fluorescent form 

being more dominant with increased protonation (Rajasekar 2021). 
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Several derivatives of fluorescein have been reported in the literature with 

the optical properties being dependent on the structural changes in the 

derivatives (Zhang et al. 2014). In the literature, fluorescein and its 

derivatives have largely been utilized for metal-ion, bacterial, and amino 

acid sensing (Panchompoo et al. 2012; Hong et al. 2013; Hu et al. 2016; 

Yan et al. 2017; Ma et al. 2019). 

Fluorescent proteins are responsible for the luminescence of 

marine creatures. Green fluorescent protein (GFP) from jellyfish Aequorea 

victoria was originally cloned in 1992 (Prasher et al. 1992), and its first 

use as a fluorescent tag for in vivo labeling was reported in 1994 (Chalfie 

et al. 1994). Subsequently, many GFP-like proteins were discovered in 

bioluminescent Hydrozoa and Anthozoa species. Fluorescent proteins 

make it possible to observe the localization, movement, turnover, and even 

aging of proteins, allow the labeling of nucleic acids, and the visualization 

of cell morphology and basic processes like fusion/fission, cell division, 

etc. Much like fluorescein, structural modifications incorporated either by 

mutagenesis or by protein engineering are able to tune the optical 

properties of the green fluorescent protein. Apart from GFP, other 

fluorescent proteins are also available like Blue fluorescent protein (BFP), 

Cyan fluorescent protein (CFP), monomeric teal fluorescent protein1 

(mTFP1), Yellow fluorescent protein (YFP), Orange fluorescent protein 

(OFP), Red fluorescent protein (RFP), and Far-red fluorescent protein 

(FRFP). GFP derivatives like CFPs are super folder GFP derivatives 

(Pédelacq et al. 2006) created by site-directed mutagenesis. mTFP1 also 

belongs to the GFP family and mTFP1 is engineered by a 31 amino acid 

replacement from naturally tetrameric Clavularia CFP wild type (WT) 

protein, to address the limitations of  CFPs (Ai and Campbell 

2008).  mTFP1 is 3 times brighter than enhanced CFP (ECFP) and about 

twice as bright as enhanced GFP (EGFP). mTFP1 has high photostability, 

pH stability, quantum yield, and maturation rate and does not interfere 

with the function or localization of its fusion partner (Ai et al. 2008). 

Currently, modified variants of fluorescent proteins exist to cover the 

entire visible light spectrum (Chudakov et al. 2010). In the current 

literature, fluorescent proteins are majorly used for biological labeling and 
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imaging purposes (Wiedenmann et al. 2009; Liu et al. 2020), and the 

analytical/sensing applications are less commonly evaluated. 

1.11 Background work and objectives of the research work presented 

in this thesis 

Agricultural advancements and the urge to increase crop 

production have led to excessive usage of insecticides and pesticides 

across many countries. This eventually, resulted in the leaching and 

accumulation of these highly toxic chemicals in soil, water, and food-

chain. Organophosphorus (OP) compounds are the most commonly used 

insecticides and pesticides, which cause a wide range of long-lasting and 

life-threatening conditions.  

Continuous or prolonged exposure of the OPs leads to the 

deposition of these compounds at the human organ depot sites, from where 

they are uninterruptedly released into the blood. Subsequently, from blood, 

they reach the nervous system where one of their targets is the AChE 

enzyme (Masson et al. 1998). In addition to AChE, these compounds target 

other enzymes like lipases and esterases that are crucial for the proper 

functioning of the human body. Due to acute toxicity and long-term side 

effects of OP compounds, their timely, on-the-spot, and rapid detection 

can be of great importance, for effective healthcare management.  

In this respect, several OP degrading enzymes have gained the 

spotlight in developing enzyme-based biosensors, owing to their high 

activity and broad specificity. Among these enzymes, OPAA and OPH 

have emerged as a promising candidate for the detection of OP 

compounds, due to their ability to act on a broad range of substrates having 

a variety of bonds, like P-F, P-O, P-S, and P-CN, as well as chemical 

warfare agents and nerve agents (Kang et al. 2008). Enzymatic hydrolysis 

is reportedly 40-2450 times faster compared to chemical hydrolysis 

(Shimazu et al. 2003), and thus attracts great interest from a scientific 

viewpoint for the remediation as well as detection of organophosphorus 

compounds.  



57 
 

There are many reports in the literature, on the sensing of 

organophosphorus compounds using OPAA and OPH through 

electrochemical, optical, and other methods (Xiong et al. 2018). However, 

an optimal sensor that achieves good enzymatic catalytic activity and low 

enough detection limits to detect organophosphorus compounds remains 

elusive, primarily due to reproducibility and cost concerns. This study 

focuses on colorimetric, as well as fluorescence-based sensing by using a 

known fluorescent dye FITC and fluorescent protein, mTFP1 of 

organophosphorus compounds, by the interaction of OPAA and OPH with 

OP compounds such as methyl parathion and ethyl paraoxon. 

 Thus, the main objectives of the present thesis are defined as 

follows and are covered in three major objectives: 

1. Expression and purification of recombinant organophosphorus acid 

anhydrolase (OPAA)-FL variant, organophosphorus hydrolase (OPH), 

and organophosphorus acid anhydrolase (OPAA)-FL-monomeric teal 

fluorescent protein1 (mTFP1) fusion protein in E. coli. 

2.  Development of recombinant OPAA-FL variant, OPH, and OPAA-FL-

mTFP1 fusion protein-based biosensors for detection of OP 

compounds. 

3. Detection and quantification of pesticides using the recombinant 

OPAA-FL-variant, OPH, and OPAA-FL-mTFP1 fusion protein-based 

biosensor. 

The thesis additionally includes the research experience on 

encapsulation of recombinant enzymes and the effects of such 

encapsulation on the hydrolysis performance of OPs. The 

experimentations and contents of this thesis are envisioned to be of great 

importance for researchers working in the area of enzymatic biosensor 

development. 
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Chapter 2  

Materials, Methods, and Instrumentation 

 

2.1 Materials 

2.1.1 Primers and enzymes  

All oligos used in this study were procured from Sigma Aldrich Pvt. Ltd. 

(Appendix B). All restriction enzymes used were purchased from New 

England Biolabs and Fermentas (Thermo Fisher). 

2.1.2 Cloning vectors and competent cells  

The bacterial cloning and expression vectors used are pET28a and pET43a 

vector (Novagen) containing a T7 promoter. Bacterial competent cells 

used were E. coli DH5α and Rosetta (DE3) cells (Appendix A). 

2.1.3 E. coli strains 

An opd gene construct was received from Prof. D. Siddavattam (Dept. of 

Animal Biology, School of Life Sciences University of Hyderabad, 

Hyderabad-500046, India). In this study, an OPH gene without signal 

peptide was used. The E. coli cells, DH5α and Rosetta, were used as host 

cells and pET43a and pET28a vector (Novagen) were used for cloning and 

expression of OPH.  

LB/ Amp plate streaked with OPAA FL was obtained from Prof. Steven 

Harvey, U.S. Army Edgewood Chemical Biological Center, MD, 21010-

5424, USA.  

2.1.4 Chemicals  

The chemical agent used are: Trizma base, Glycine (C2H5NO2), Ethylene 

diamine tetra acetic acid (EDTA), Sodium hydrogen phosphate 

(Na2HPO4), Sodium dihydrogen phosphate (NaH2PO4), Ethidium bromide 
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(EtBr), Manganese chloride (MnCl2), Sodium chloride (NaCl), Cobalt 

chloride (CoCl2), Calcium chloride (CaCl2), Sodium hydroxide (NaOH), 

Sodium dodecyl sulphate or Sodium lauryl sulphate (SDS), Commassie 

brilliant blue G-250, β-mercaptoethanol (HOCH2CH2SH), Agarose, Luria-

Bertani agar (LB-agar), Luria-Bertani broth (LB-broth), Ampicillin, 

Chloramphenichol, Kanamycin, Acrylamide (C3H5NO), N, N′-Methylene 

bisacrylamide (MBAA), Triethylenetetramine or Tetramethylethylene 

diamine (TEMED), Ammonium per sulphate ((NH4)2S2O8), bromophenol 

blue or 3′,3″,5′,5″-tetrabromophenol sulfonphthalein (C19H10Br4O5S), 

Bovine serum albumin (BSA), Isopropyl-β-D-thiogalactopyranoside 

(C9H18O5S), Imidazole (C3H4N2), Triton X-100 C14H22O(C2H4O)n, 

Glycerol (C3H8O3), RNase A, Methanol (CH3OH), Glacial acetic acid 

(CH3COOH), Ethanol (C2H5OH), Protease inhibitor cocktail, Bradford 

reagent, Lysozyme. Ethyl paraoxon (O2NC6H4OP(O)(OCH5)2, Methyl 

parathion (C8H10NO5PS), alginic acid sodium salt from brown algae or 

Sodium alginate and Fluorescein isothiocyanate-dextran 500 kDa, 1,3 

Bis[tris(hydroxymethyl)methylamino]propane (Bis-Tris propane) 

C11H26N2O6, 2-(Cyclohexylamino)ethanesulfonic acid (CHES) 

(C8H17NO3S). 

All chemicals were of molecular biology grade and procured from 

different manufacturers like Sigma Aldrich Chemical Pvt. Ltd., Invitrogen 

Pvt. Ltd., MP Biomedical USA, Himedia Pvt. Ltd. India, Alfa Aesar Pvt. 

Ltd., Sisco Research Lab Pvt. Ltd. India, and Otto. Chemie Pvt. Ltd.  

2.1.5 Reagents and Kits  

Plasmid isolation kit, Gel extraction kit, and PCR purification kit were 

purchased from Thermo Fisher Scientific, USA, and Favorgen Biotech 

Corporation, Taiwan.  

T4 DNA ligase10X Buffer with Mg++, Deoxyribonucleoside triphosphates 

(dNTPs), Taq DNA Polymerase, Q5 DNA polymerase, NdeI, XhoI, 

BamHI, SpeI, 100bp DNA ladder, 1kb DNA ladder, unstained protein 

marker, prestained protein marker, were purchased from New England 

Biolabs, USA.  
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Dithiothreitol, dNTP mix, was purchased from Invitrogen Pvt. Ltd. Ni-

NTA columns and Amicon ultra were purchased from GE Healthcare. 

2.2 Methods and Instrumentation  

2.2.1 E. coli competent cell preparation  

Competent cells were prepared by using 0.1 M CaCl2 solution. E. coli was 

grown on LB Agar plates and single colonies from overnight grown culture 

were transferred to LB broth medium. Cells were incubated in a bacterial 

incubator shaker at 250 rpm and 37 °C. After reaching optical density (OD) 

0.45 at 600 nm, cells were treated with 0.1 M CaCl2 solution and incubated 

for 45 min and then for 4 hrs on ice. Competent cells were stored in 15 % 

glycerol from 50 % stock solution. 

2.2.2 Transformation of E. coli competent cells  

E. coli strains DH5α were transformed with a gene construct. For each 

transformation, 10-50 ng of DNA were added to 200 μl of chemically 

competent cells and incubated on ice for 30 min followed by heat shock at 

42 °C for 90 sec in a water bath and incubated on ice for 2 min. The cells 

were allowed to recover in 1 ml Luria-Bertani broth (LB broth: 1 % Bacto-

Tryptone, 1 % NaCl, and 0.5 % Bacto-Yeast extract) and then incubated 

for 90 min at 37 °C in a water bath. Cells were plated on a LB-agar plate 

containing appropriate antibiotic (ampicillin, 100 μg/ml, or kanamycin, 20 

μg/ml) and incubated at 37 °C overnight in a bacterial incubator to select 

the transformants.  

2.2.3 Plasmid DNA isolation  

Plasmid DNA was isolated from transformed cells by using Gene JET 

Plasmid Miniprep Kit (Thermo Scientific) and Plasmid isolation Miniprep 

kit (Favorgen). The isolated single colony from transformed cells was 

inoculated in 5 ml LB broth containing appropriate antibiotics and 

incubated at 250 rpm at 37 °C for overnight. Resuspension buffer was 

added to the overnight grown culture. Cells were lysed by lysis solution 

and neutralization buffer was added. After centrifuge, the upper aqueous 



64 
 

layer was collected in a spin column and washed by washing solution. 

Plasmid DNA was eluted by using elution buffer and stored at 4 °C.  

2.2.4 Polymerase chain reaction  

Gene sequences were amplified from genomic DNA by using PCR. 

Plasmid DNA was used as a positive control. A PCR reaction mixture of 

20-50 µl containing 10X PCR Buffer with Mg++(NEB), 2 mM dNTPs 

(Invitrogen), Primers (Forward and Reverse), Taq DNA Polymerase or Q5 

DNA Polymerase (NEB). The thermal cycle was programmed for 5 min at 

95 °C as initial denaturation, followed by 30 cycles of 30 sec at 92 °C for 

denaturation, annealing temperature based on primer, extension based on 

template size, and a final extension at 72 °C for 10 min.  

2.2.5 Agarose gel electrophoresis  

Gene sequences amplified by PCR were confirmed by using 0.7 % 

Agarose in 0.5X TAE Buffer. Ethidium bromide was added to the gel of 

100 µg/ml from the stock concentration. Samples were loaded with 6X 

Loading Dye. 1 Kb DNA ladder and 100 bp DNA Ladder were used as a 

standard. Bands were visualized using a UV transilluminator and images 

were taken by Image Quant (GE Healthcare).   

2.2.6 PCR purification  

The PCR amplified product was purified by a PCR purification kit 

(Thermo scientific). Further, PCR purified DNA fragment was checked on 

agarose gel electrophoresis. PCR purified DNA was stored at -20 °C and 

used for cloning.  

2.2.7 Restriction digestion  

Appropriate amounts of plasmid DNA as a vector, and PCR product as an 

insert, were mixed with sterile ddH2O to a final volume of 50 μl. Further, 

10X CutSmart buffer was added in a 1X dilution. Finally, the mixture was 

supplemented with 1U of restriction enzyme per μg of DNA. Digestion 

was carried out for 1-2 hrs for plasmid DNA and PCR products at an 

appropriate temperature as recommended by the manufactures in a water 
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bath. The samples were gel electrophoresed and gel purified as described 

below.  

2.2.8 Gel extraction  

Restriction digested product of respective DNA fragment were gel eluted 

by Gel extraction kit (Thermo scientific). The eluted DNA fragment was 

further checked on agarose gel electrophoresis. Eluted DNA was stored at 

-20 °C and used for cloning with respective insert DNA.  

2.2.9 Ligation  

For a ligation reaction, the following solution was mixed in an appropriate 

molar ratio (linearized purified vector DNA: a purified insert DNA), 1 μl 

of 10X T4 DNA ligase buffer, 1 μl of T4 DNA ligase (NEB) to the total 

volume of 10 μl. Ligation control was without the insert DNA. The ligation 

mixture was incubated at 24 °C for 1 hr. 2-5 μl of ligation mixture and 

ligation control were used for transformation.  

2.2.10 Cloning of OPH, OPAA-FL- variant, and OPAA-FL-mTFP1 in 

the pET expression vector 

OPH, OPAA-FL-variant, and OPAA-FL-mTFP1 were cloned in 

appropriate pET expression vectors with respective restriction enzymes 

and DNA ligase as described below. 

2.2.10.1 Cloning of OPAA-FL-variant with N- terminal His tag in 

pET28a expression vector 

OPAA-FL -variant was cloned into pET28a expression vector by using 

NdeI and BamHI site with N-terminal 6X His tag. OPAA-FL-variant was 

amplified from the pSE420-OPAA-FL vector using primers PK702F and 

PK706R (Appendix B), and Pfu DNA Polymerase. (Sigma Aldrich, 

USA). Thermal cycles were programmed for 2 minutes as initial 

denaturation, followed by 30 cycles of 30 seconds at 95 ºC for 

denaturation, 30 seconds at 59 ºC as annealing temperature, 2 minutes at 

72 ºC for the extension, and a final extension at 72 ºC for 10 minutes. The 

resultant PCR product is 1320 bps and a clone was obtained with a size of 
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6649 bps. Insert and vector DNA were both double digested by NdeI and 

BamHI restriction enzymes. The vector and insert DNA were ligated in a 

1:4 molar ratio, followed by the transformation of ligated samples into 

DH5 α cells. The presence of insert DNA in the plasmid construct was 

confirmed by colony PCR, further recombinant plasmids were isolated 

from the replica plates and then sequenced by Sanger sequencing 

(Eurofins). Recombinant clones designated as p28-His-OPAA-FL were 

then transformed into E. coli Rosetta (DE3) cells. 

2.2.10.2 Cloning of OPH with N- terminal His tag in pET28a 

expression vector 

OPH was cloned into pET28 expression vector by using NdeI and XhoI 

site with N-terminal 6X His tag. OPH was amplified by using Pfu DNA 

polymerase and primers PK671F and PK673R (Appendix B) (Sigma 

Aldrich, USA). Thermal cycles were programmed for 2 minutes as initial 

denaturation, followed by 30 cycles of 30 seconds at 95 ºC for 

denaturation, 30 seconds at 59 ºC as annealing temperature, 90 seconds at 

72 ºC for the extension, and a final extension at 72 ºC for 10 minutes. The 

resultant PCR product is 1011 bps and a clone was obtained with a size of 

6300 bps. Insert and vector DNA were both double digested by NdeI and 

XhoI restriction enzymes. The vector and insert DNA were ligated in a 1:4 

molar ratio, followed by the transformation of ligated samples into DH5 α 

cells.  The presence of insert DNA in the plasmid construct was confirmed 

by colony PCR, further recombinant plasmids were isolated from the 

replica plates and then sequenced by Sanger sequencing (Eurofins). 

Recombinant clones designated as p28-His-OPH were then transformed 

into E. coli Rosetta (DE3) cells. 

2.2.10.3 Sequential cloning of OPH in pET43 and pET28 with N- 

terminal His tag and NusA tag 

Briefly, OPH was initially cloned into pET43 by using SpeI and XhoI site 

with N-terminal NusA tag, with preScission protease site in between NusA 

tag and OPH to generate p43-Nus-OPH (8023 bps). Subsequently, the 
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Nus-OPH fragment was released using NdeI and XhoI sites and cloned into 

the pET28 expression vector to generate an N-terminal His-NusA tag. 

OPH was amplified by using Pfu DNA polymerase and primers PK672F 

and PK673R (Appendix B) and cloned into plasmid pET43. Thermal 

cycles were programmed for 5 minutes as initial denaturation, and 

subsequently 30 cycles of 30 seconds for denaturation at 95 ºC, 30 seconds 

at 73 ºC as annealing temperature, 90 seconds at 72 ºC for the extension, 

and a final extension at 72 ºC for 10 minutes. The resultant PCR product 

of the oph gene is 1011 bps. Insert and vector DNA were both double 

digested by using SpeI, XhoI restriction enzymes, and cloned into pET43 

vector. Later, the Nus-OPH fusion gene fragment was excised using NdeI 

and XhoI sites, and cloned into pET28 vector, to generate p28-His-Nus-

OPH (7819 bps). The presence of insert DNA in the plasmid construct was 

confirmed by colony PCR, recombinant plasmids were isolated from the 

replica plates and then sequenced by Sanger sequencing (Eurofins). 

Recombinant clones were then transformed into E. coli Rosetta cells. 

2.2.10.4 Sequential cloning of OPAA-FL-variant with N- terminal His 

tag and C- terminal mTFP1 in pET28a expression vector 

OPAA-FL -variant was cloned into pET28a expression vector by using 

NdeI and BamHI site with N-terminal 6X His tag. OPAA-FL-variant was 

amplified from the Hp28FLS1 vector using primers PK702F and PK765R 

(Appendix B), and Pfu DNA Polymerase. (Sigma Aldrich, USA). 

Thermal cycles were programmed for 2 minutes as initial denaturation, 

followed by 30 cycles of 30 seconds at 95 ºC for denaturation, 30 seconds 

at 59 ºC as annealing temperature, 2 minutes at 72 ºC for the extension, 

and a final extension at 72 ºC for 10 minutes. The resultant PCR product 

is 1320 bps and a clone was obtained with a size of 6649 bps. Insert and 

vector DNA were both double digested by NdeI and BamHI restriction 

enzymes. The vector and insert DNA were ligated in a 1:4 molar ratio, 

followed by the transformation of ligated samples into DH5 α cells.  The 

presence of insert DNA in the plasmid construct was confirmed by colony 

PCR, further recombinant plasmids were isolated from the replica plates 
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and then sequenced by Sanger sequencing (Eurofins). Recombinant clone 

designated as p28-His-OPAA-FL. 

To sequentially clone mTFP1 at C-terminal, p28-His-OPAA-FL was used 

as a vector by using BamHI and NotI sites. mTFP1 was amplified from 

pcDNA3.1-mTFP1 clone using primers PK762F and PK780R (Appendix 

B), and Pfu DNA Polymerase. (Sigma Aldrich, USA). Thermal cycles 

were programmed for 2 minutes as initial denaturation, followed by 30 

cycles of 30 seconds at 95 ºC for denaturation, 30 seconds at 50 ºC as 

annealing temperature, 1.30 minutes at 72 ºC for the extension, and a final 

extension at 72 ºC for 10 minutes. The resultant PCR product is 711 bps 

and a clone was obtained with a size of 7328 bps. Insert and vector DNA 

were both double digested by BamHI and NotI restriction enzymes. The 

vector and insert DNA were ligated in a 1:3 molar ratio, followed by the 

transformation of ligated samples into DH5 α cells.  The presence of insert 

DNA in the plasmid construct was confirmed by colony PCR, further 

recombinant plasmids were isolated from the replica plates and then 

sequenced by Sanger sequencing (Eurofins). Recombinant clone 

designated as p28-His-OPAA-FL-TFP was then transformed into E. coli 

Rosetta (DE3) cells. 

2.2.10.5 Cloning of mTFP1 with N- terminal His tag in pET28a 

expression vector 

mTFP1 was cloned into pET28 expression vector by using NdeI and XhoI 

site with N-terminal 6X His tag. mTFP1 was amplified by using Pfu DNA 

polymerase and primers PK810F and PK763R (Appendix B) (Sigma 

Aldrich, USA). Thermal cycles were programmed for 2 minutes as initial 

denaturation, followed by 30 cycles of 30 seconds at 95 ºC for 

denaturation, 30 seconds at 50 ºC as annealing temperature, 1.30 minutes 

at 72 ºC for the extension, and a final extension at 72 ºC for 10 minutes. 

The resultant PCR product is 711 bps and a clone was obtained with a size 

of 6000 bps.  Insert and vector DNA were both double digested by NdeI 

and XhoI restriction enzymes. The vector and insert DNA were ligated in 

a 1:3 molar ratio, followed by the transformation of ligated samples into 
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DH5 α cells.  The presence of insert DNA in the plasmid construct was 

confirmed by colony PCR, further recombinant plasmids were isolated 

from the replica plates and then sequenced by Sanger sequencing 

(Eurofins). Recombinant clone designated as p28-His-mTFP1 was then 

transformed into E. coli Rosetta (DE3) cells. 

2.2.11 Expression of recombinant OPH, OPAA-FL, OPAA-FL-

mTFP1 and mTFP1 proteins 

A single colony of E. coli Rosetta transformed recombinant clone was 

inoculated into a 5 ml LB tube containing appropriate antibiotic 

(Kanamycin 10 µg/ml or Ampicillin 100 µg/ml) working concentration 

and was incubated at 37 °C and 200 rpm for 10-12 hrs, followed by re-

inoculation of 50 µl overnight grown culture into a fresh 5 ml LB tube with 

appropriate antibiotic and incubated at 37 °C and 200 rpm for 2 to 3 hours 

till OD 600 reached 0.8. This culture was then induced with 0.1 mM IPTG 

and 0.1 mM CoCl2 for all recombinant clones of OPH and 1 mM IPTG 

and 1 mM MnCl2 for recombinant clones of OPAA-FL variant and 0.1 

mM IPTG for recombinant clones of OPAA-FL-mTFP1 and mTFP1 and 

incubated at 180 rpm, with the conditions set at 37 °C/3 and 16 °C/16 hours 

for p28-His-OPH, and p28-His-Nus-OPH, 20 °C/20 hours for p28-His-

OPAA-FL variant, p28-His-OPAA-FL-mTFP1 and p28-His-mTFP1. 

Subsequently, the cells were harvested at 10000 rpm at 4 °C for 10 

minutes. The resultant pellet was washed and resuspended with 50 mM 

Tris-Cl (pH 7.4) with 10% glycerol. Afterwards, Lysozyme was added to 

a final concentration of 100 µg/ml and then incubated at 30 °C for 20 

minutes, followed by sonication and centrifugation of cell lysate at 14000 

rpm and 4 °C for 10 minutes. The lysate was then analysed on 8% SDS-

PAGE (Sodium dodecyl sulphate polyacrylamide gel electrophoresis) for 

p28-His-Nus-OPH and on 12 % SDS-PAGE for p28-His-OPH, p28-His-

OPAA-FL, p28-His-OPAA-FL-mTFP1, and p28-His-mTFP1. 
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2.2.12 Purification of recombinant OPH, OPAA-FL-variant, OPAA-

FL-mTFP1 and mTFP1 proteins 

All affinity chromatography steps (Ni NTA column) were performed at 4 

°C using His-trap Ni-column (GE) with AKTA Unichromat 1500. After 

expression, the concentration of components in the input sample for 

purification was made equivalent to the equilibration buffer (50 mM Tris-

Cl pH 8.0, 500 mM NaCl, and 10 mM imidazole). This input sample was 

loaded on a pre-equilibrated column at a flow rate of 1ml/minute. 

Subsequently, the column was washed with wash buffers comprising of 50 

mM Tris-Cl pH 8.0 and 500 mM NaCl, with 50 mM and 90 mM imidazole 

for OPH and only with 50 mM imidazole for OPAA-FL variant, 30 mM 

and 50 mM imidazole for OPAA-FL-mTFP1 and only with 50 mM 

imidazole for mTFP1. The expression level of the 6X His tagged protein 

chiefly determines the number of wash steps required for a high level of 

purification. The sample was then eluted using elution buffer comprising 

of 50 mM Tris-Cl pH 8.0, 500 mM NaCl, and a fixed concentration of 

imidazole, i.e. with 150 mM imidazole for recombinant clones of OPH, 

OPAA-FL-variant, OPAA-FL-mTFP1, and mTFP1 clones. All fractions 

were analysed on SDS-PAGE. 

 

2.2.13 Buffer exchange and concentration of the purified OPH, 

OPAA-FL-variant, OPAA-FL-mTFP1, and mTFP1 recombinant 

proteins  

The purified protein was in 500 mM NaCl, 50 mM Tris-Cl of pH 8.0, and 

a fixed concentration of imidazole i.e. 150 mM for OPH, OPAA-FL 

variant, OPAA-FL-mTFP1, and mTFP1. It was then buffer exchanged and 

concentrated to 500 mM NaCl, 50 mM Tris-Cl of pH 8.0 with 15 mM 

Imidazole for OPH, and 50 mM NaCl, 50 mM Tris-Cl of pH 8.0 with 15 

mM Imidazole for OPAA-FL-variant and OPAA-FL-mTFP1 and mTFP1. 

The purified protein was loaded (500 µl) into the amicon and centrifuged 

at 4000 g until the volume of the protein in the amicon reached 10 times 

lesser (50µl) than the loaded protein. The volume was again made up to the 
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initial volume using 50 mM Tris-Cl of pH 8.0 and 500 mM NaCl for OPH 

and 50 mM Tris-Cl of pH 8.0 and 50 mM NaCl for OPAA-FL-variant, 

OPAA-FL-mTFP1, and mTFP1 recombinant proteins. Amicons were 

again centrifuged at 4000 g until the volume was reduced to 10 times lesser 

than the initial volume. In the collection tube, amicon was inverted and 

centrifuged at 1000 g for 2 minutes for the collection of the desalted and 

concentrated sample. The temperature was maintained at 4° C throughout 

the procedure of buffer exchange and concentration. The buffer exchanged 

and concentrated proteins were then collected in a fresh autoclaved 

microcentrifuge tube and tested for its activity against OPs. 

2.2.14 SDS-PAGE for recombinant OPH, OPAA-FL-variant, OPAA-

FL-mTFP1 and mTFP1 proteins 

Before purification, the cell pellet was dissolved in 50 mM Tris-Cl, pH-

7.4, with 10% glycerol and treated with 100 µg/ml (final concentration) 

lysozyme for 20 min at 30 °C in a water bath followed by sonication of 

cell lysate. Lysed and the purified protein was mixed with 5X sample 

loading buffer (10% SDS, 0.05 M β mercapto-ethanol, 0.25 M Tris-Cl pH 

6.8, 50 % glycerol, 0.5 % bromophenol blue), and boiled at 95 °C. Proteins 

were separated on an 8 % and 12 % SDS-PAGE gel in a mini protean tetra 

cell (Bio-Rad).  

2.2.15 Activity assay of the recombinant proteins  

2.2.15.1 Activity assay of the recombinant OPH protein  

To perform OPH assay, 1µl of purified protein was mixed with 50 mM 

CHES [2-(N-cyclohexyl amino) ethane-sulfonic acid] buffer, pH 9.0, 0.1 

mM CoCl2, 1 mM methyl parathion and/or ethyl paraoxon (Sigma), and 

final volume was made up to 200 µl with SDW. A blank sample was made 

similarly except that methyl parathion and/or ethyl paraoxon were not 

added. The reaction mixtures were incubated at 37 ºC for 5 minutes in the 

case of solution-phase His-Nus-OPH, 10 minutes for encapsulated His-

Nus-OPH with ethyl paraoxon, and 20 minutes for encapsulated His-Nus-

OPH with methyl parathion. The activity was calculated by measuring the 
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absorbance of PNP produced due to the hydrolysis of methyl parathion 

and/or ethyl paraoxon at 400nm (ε400 = 17,000/M/cm for PNP (Cheng et 

al. 1996) by using a plate reader (SYNERGY H1 microplate reader). 

Specific activities were expressed as units (micromoles of methyl 

parathion and/or ethyl paraoxon hydrolyzed per minute) per milligram of 

total protein.   

Enzymatic activity of encapsulated OPH protein was also performed in a 

similar manner by taking 330 µl encapsulated protein and making up to 

500 µl.  

The kinetic parameters of solution phase and encapsulated His-Nus-OPH 

with ethyl paraoxon and methyl parathion were determined using substrate 

concentrations of 0.1 to 9 mM. kinetic parameters for ethyl paraoxon and 

methyl parathion substrate (kcat, Km, Vmax, kcat/Km) were calculated 

following the method described in previously published literature 

(Robinson 2015). 

 

2.2.15.2 Activity assay of the recombinant OPAA-FL-variant and 

OPAA-FL-mTFP1 protein  

1 µl of cell lysate or purified OPAA-FL-variant protein was mixed with 

50 mM Bis-Tris propane buffer, pH 8.5, 1 mM methyl parathion and/or 

ethyl paraoxon (Sigma), 1 mM MnCl2, and the final volume was made up 

to 200 µl with SDW and the reaction was incubated at 50 °C for 15 

minutes. Similarly, to check the activity of OPAA-FL-mTFP1 on ethyl 

paraoxon, 1 µl of cell lysate or purified OPAA-FL-mTFP1 protein was 

mixed with Bis-Tris propane buffer, pH 8.5, 1 mM MnCl2 was used at 65 

°C for 15 minutes. A blank sample was made similarly except that methyl 

parathion and/or ethyl paraoxon were not added. OPAA-FL-variant and 

OPAA-FL-mTFP1 enzyme activity was calculated by measuring the 

increase in absorbance of PNP formed at 400 nm using extinction 

coefficient 17,000 M/cm for PNP (Hill et al. 2000). Specific activity was 

calculated as U/mg. 
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Enzymatic activity of encapsulated OPAA-FL-variant protein was also 

performed in a similar manner by taking 330 µl encapsulated protein and 

making up to 500 µl.  

2.2.16 Effect of temperature and pH on the activity of recombinant 

OPH and OPAA-FL and OPAA-FL-mTFP1 proteins  

To determine the optimal temperature for His-Nus-OPH with ethyl 

paraoxon, its activity at varying temperatures ranging from 20 to 45 ºC for 

10 minutes, in 50 mM CHES buffer, pH 9.0, 0.1 mM CoCl2, and 1 mM 

ethyl paraoxon was tested. To know the optimum temperature for OPAA-

FL-variant and OPAA-FL-mTFP1 with ethyl paraoxon, its activity at 

various temperatures between 20 to 60 ºC and 30 to 80 ºC respectively for 

15 minutes, in 50 mM Bis-Tris propane buffer, pH 8.5, 1 mM ethyl 

paraoxon, and 1 mM MnCl2 was tested. To determine the pH optima for 

His-Nus-OPH with ethyl paraoxon, the activity tests were performed at a 

pH range of 6 – 10, at 37 ºC for 10 minutes, in either 50 mM sodium 

phosphate buffer (pH 6.0, 6.5, 7.0, 7.5 and 8.0, respectively) or 50 mM 

CHES buffer (pH 8.5, 9.0, 9.5 and 10.0, respectively), 0.1 mM CoCl2, and 

1 mM ethyl paraoxon. To know the optimum pH for OPAA-FL variant 

and OPAA-FL-mTFP1 with ethyl paraoxon, we tested its activity at 

various pH between 6 – 10, at 50 ºC and 65 ºC respectively for 15 minutes, 

in either 50 mM phosphate buffer (pH 6.0, 6.5, 7.0, 7.5 and 8.0, 

respectively) or 50 mM Bis-Tris propane buffer (pH 8.5, 9.0 and 10.0, 

respectively), 1 mM ethyl paraoxon and 1 mM MnCl2. Enzymatic activity 

assays were performed similarly as described in the above section. 

2.2.17 Encapsulation of recombinant OPH and OPAA-FL-variant 

proteins in alginate microspheres using an ultrasonic atomizer 

Proteins (His-Nus-OPH, 0.2 to 0.65 mg/ml and OPAA-FL-variant 0.7 to 

0.8 mg/ml) were encapsulated in 0.7% sodium alginate microspheres 

formulated via ionic gelation technique by using 4% calcium chloride to 

form Calcium alginate microspheres. The protein alginate mixtures were 

sprayed using an ultrasonic atomizer (Sonozap, USA) at optimized 
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instrumental parameters like frequency 130 kHz and 3.5 Watt of power 

with the flow rate of 0.3 ml/min using a syringe pump (Multi-phaserTM, 

model NE-300, New Era pump system, USA) and collected in 40 ml 4% 

w/v calcium chloride stirred on a magnetic stirrer at 1500 rpm. Particles 

prepared were separated using a refrigerated high-speed centrifuge 

(Kubota-7000, Japan) at 7000 X, after three washing cycles of 15 minutes. 

FITC dextran (1 mg)/His-Nus-OPH (0.5 mg) was encapsulated in alginate 

(0.7% w/v) microspheres formed by ionic gelation technique using an 

ultrasonic atomizer with optimized instrumental parameters as described 

above using 4% w/v calcium chloride as a crosslinker. FITC dextran (1 

mg) was separately encapsulated in alginate (0.7% w/v) microspheres by 

the same technique to act as a control. Both dye-loaded particles and co-

immobilized particles prepared were separated using a refrigerated high-

speed centrifuge (Kubota-7000) at 7000 X, after three washing cycles of 

15 minutes. 

2.2.18 Characterization of microspheres and encapsulation efficiency 

of recombinant OPH and OPAA-FL-variant proteins  

Morphological characterization was done by scanning electron 

microscopy (SEM) using a Zeiss Supra 55 (Germany) machine. A thin 

layer of microspheres was evenly spread onto the glass slide. The slide was 

kept on the desiccator for 3 hours in which silica adsorbed all the moisture 

present in the sample. The sample was coated with copper metal (Q150R 

Rotary-pumped sputter coater/ carbon coater) and observed at an operating 

voltage of 5 kV. Alginate encapsulated FITC-Dextran and FITC-

Dextran/His-Nus-OPH high-resolution images were taken at 60 X 

magnification using a confocal laser scanning microscope (CLSM) 

(FluoView 1000, Olympus America Inc. USA). The fluorescence 

excitation and emission wavelengths were selected as 488 nm and 520 nm, 

respectively. Particle size distribution measurements were performed 

using ImageJ software. (Dhirhi et al. 2016). To confirm encapsulation of 

His-Nus-OPH and OPAA-FL variant, beads were boiled at 95 °C for 15 

minutes and then loaded on the 8% and 12% SDS-PAGE, respectively. 
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2.2.19 Colorimetric bio-sensing studies of organophosphates with 

recombinant OP degrading enzymes 

Colorimetric biosensing of ethyl paraoxon and methyl parathion in 

solution phase was performed by mixing His-Nus-OPH fusion protein 

with 50 mM CHES buffer, pH 9.0, 0.1 mM CoCl2, and incubating at 37 °C 

for 5 minutes. On the other hand, for encapsulated protein, enzymatic 

activity was also performed in a similar manner that is, incubating at 10 

minutes for His-Nus-OPH encapsulated alginate microspheres with ethyl 

paraoxon and 20 minutes for methyl parathion. The His-Nus-OPH enzyme 

activity was calculated by introducing different concentrations of ethyl 

paraoxon and methyl parathion (0.005 - 1 mM) and measuring the increase 

in absorbance of PNP formed at 400 nm using extinction coefficient 

17,000 M/cm for PNP.  

Colorimetric biosensing of ethyl paraoxon was performed by mixing 

OPAA-FL- variant protein or protein-containing alginate microspheres 

with 50 mM Bis-Tris propane buffer, pH 8.5, 1 mM MnCl2 and incubating 

at 50 °C for 15 minutes. OPAA-FL-variant enzyme activity was calculated 

by exposing different concentrations of ethyl paraoxon (0.01 - 1 mM) for 

purified OPAA-FL variant and (0.025 - 1 mM) for encapsulated OPAA-

FL variant and measuring the increase in absorbance of PNP formed at 400 

nm using extinction coefficient 17,000 M/cm for PNP. For OPAA-FL-

mTFP1, colorimetric biosensing of ethyl paraoxon was performed by 

mixing purified OPAA-FL-mTFP1 protein with 50 mM Bis-Tris propane 

buffer, pH 8.5, 1 mM MnCl2 and incubating at 65 °C for 15 minutes. 

OPAA-FL-mTFP1 enzyme activity was calculated by exposing different 

concentrations of paraoxon (0.005 - 1 mM) and measuring the increase in 

absorbance of PNP formed at 400 nm using extinction coefficient 17,000 

M/cm for PNP. Limits of detection and sensitivity values were calculated 

as per the standard practice (Arshak and Gaidan 2005; Yin and Guo 2014; 

Nieuwoudt et al. 2016) 

 

 



76 
 

2.2.20 Fluorometric bio-sensing studies of organophosphates with 

recombinant OP degrading enzymes  

Fluorometric biosensing assay comprised of His-Nus-OPH fusion protein 

and FITC-dextran (1 mg/ml) which were mixed in ratio 1:12 (w/w) in 

solution phase. Initially, a solution comprising of His-Nus-OPH, sterile 

distilled water, and 0.1 mM CoCl2 was prepared. Subsequently, FITC-

dextran and ethyl paraoxon (0.001- 0.5 mM) / methyl parathion (0.005- 

0.5 mM) were added to the mixture and the volume was made up to 1 ml. 

A blank sample was made in a similar way except that ethyl 

paraoxon/methyl parathion was not added. The reaction mixture was 

incubated for 5 minutes at 37 °C, and the decrease in the fluorescence 

intensity was recorded at 488 nm excitation and 519 nm emission by using 

a fluorimeter (Horiba Fluoromax 4, Japan). Fluorescence changes in 

response to the catalytic activity of His-Nus-OPH in the solution phase 

were observed to evaluate the performance of His-Nus-OPH for the 

detection of OP compounds (Cao et al. 2004).  

Fluorometric biosensing assay comprised of OPAA-FL-variant protein 

and FITC-dextran (1 mg/ml) were mixed in six ratios 0.25:1, 0.5:1, 0.75:1, 

1:1, 3:1 and 5:1, respectively (w/w, 20 ug of OPAA-FL and FITC-dextran 

for 1:1 ratio). Initially, a solution comprising of OPAA-FL, sterile distilled 

water, and 1 mM MnCl2 was prepared. Subsequently, FITC-dextran and 

ethyl paraoxon (0.1 mM - 1 mM) was added to the mixture of OPAA-FL-

variant protein, and the volume was made up to 1 ml. A blank sample was 

made in a similar way except that ethyl paraoxon was not added. The 

reaction mixture was incubated for 5 minutes at 50 °C, and the decrease in 

the fluorescence intensity was recorded. Fluorescence excitation of FITC 

was performed at 488 nm, and emission was measured at 519 nm.  

A temperature optimization experiment for OPAA-FL-mTFP1 was 

performed, taking the temperature range from 25 to 70 °C. OPAA-FL-

mTFP1 protein was mixed with 1 mM MnCl2, and the volume was made 

up to 1 ml with sterile distilled water. The reaction mixture was incubated 

for 5 minutes from 25 to 70 °C, and the decrease in the fluorescence 

intensity was recorded. Fluorescence excitation of mTFP1 was performed 
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at 462 nm, and emission was measured at 491 nm. In each of these 

experiments, the average of at least three separate repetitions was 

considered.  

For fluorometric biosensing assay of OPAA-FL-mTFP1 fusion protein, 

initially, a solution comprising of 25 mM Bis-Tris-Propane buffer pH 8.0, 

1 mM MnCl2, and sterile distilled water was prepared. Subsequently, 

OPAA-FL-mTFP1 (80 µg) and ethyl paraoxon (0.1 -1 mM) were added to 

this mixture, and the volume was made up to 1 ml. A blank sample was 

made in a similar way except that ethyl paraoxon was not added, and 

mTFP1 was used as a control with the same experimental conditions. The 

reaction mixture was incubated for 10 minutes at 50 °C, and the decrease 

in the fluorescence intensity was recorded. Fluorescence excitation of 

mTFP1 was performed at 462 nm, and emission was measured at 491 nm. 

Fluorescence emission intensity ratios were plotted with respect to 

different concentrations of ethyl paraoxon and methyl parathion, and a 

linear regression analysis was performed to determine the calibration 

curves for estimation. 

2.2.21 Fluorescent protein mTFP1 as a pH sensor 

To determine the pH-dependence of the fluorescence emission of mTFP1, 

the protein (stock solution of 1 mg/ml in 5 mM Tris-Cl, pH 7.4 at room 

temperature) was diluted 1:100 in a corning half area black 96-well-plate 

containing 0.1 ml of buffer (100 mM) at pH values ranging from 2 to 8 

(2.5- 5.5 citrate phosphate buffer and pH 6-8 Bis-Tris-Propane buffer). 

Fluorescence excitations of mTFP1 for each pH were acquired with a 

SYNERGY H1 plate reader (Biotech) at 462 nm, and emission was 

measured at 491 nm. 

2.2.22 Statistical analysis  

The statistical analysis was performed by one-way ANOVA and 

calculated by Graph-Pad Prism (****) p<0.0001, (***) p <0.0002, (**) 

p<0.0021, (*) p<0.0332, (ns) p<0.123, standard deviation (s.d.) was 

calculated as per the proper method. 
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Chapter 3 

A novel biosensor for the detection of 
organophosphorus (OP) based pesticides using 
Organophosphorus acid anhydrolase (OPAA) 
-FL variant  

 

3.1 Introduction 

The commonly used pesticides are classified mainly into three 

categories: organochlorines, carbamates, and organophosphates. Due to 

their low-cost synthesis and high efficacy, organophosphates are most 

widely used. Structurally, OPs have alkyl or aryl groups that are either 

bonded to phosphorous via oxygen or sulfur linkage, or such groups are 

directly bonded to the phosphorus. The leaving group attached to the 

phosphorus may be an aromatic group, halogen, aliphatic, or heterologous 

cyclic group (Jain et al. 2019). The central atom phosphorus, if bound to 

the Sulphur then the OPs are called as thions and if the central atom is 

bound to the oxygen then such OPs are called oxons (Peter et al. 2010). 

These OPs are extensively used as pesticides for the last several decades. 

These compounds inactivate the AChE enzyme and a variety of serine 

hydrolases (lipases and esterases) that are important for the proper 

functioning of the human body (Mangas et al. 2017). Incidentally, 

poisoning by OPs has a high mortality rate of up to 10 – 20 % (Eddleston 

2000; Liu et al. 2012) and therefore is a serious cause of concern for 

healthcare professionals and clinicians (Kang et al. 2009). Thus, measures 

to facilitate fast, accurate, and convenient detection of OPs in humans, as 

well as other environmental samples, are necessary (Jain et al. 2019). 

In recent times, enzymatic sensors based on the hydrolysis of OPs 

have emerged as important candidates for enzymatic detection of OP 

compounds. The first enzymatic sensor using the principle of hydrolysis 

of OP compounds was developed by Wild and group in 1996 (Rainina et 

al. 1996). 
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OPAA (EC 3.1.8.2) is one of the promising enzymes which can 

hydrolyze hazardous OPs (Li et al. 2016). The wild-type OPAA is reported 

to act on various OPs, including nerve agents of G-series (Jeong et al. 

2012), and OPAA variants are reported to act on V-series nerve agents as 

well (Daczkowski et al. 2015). The OPAA enzyme isolated from an 

aerobic, short rod, gram-negative bacterium Alteromonas sp. has drawn a 

keen focus due to its efficiently high expression in E. coli as well as its 

high activity against nerve agent GD (DeFrank and Cheng 1991). Luqi Pei 

and group conducted some early research on encapsulation of OPAA into 

erythrocytes for the UV-vis spectrophotometric sensing of paraoxon 

poisoning in blood samples through the detection of PNP, with a detection 

limit of about 0.01 mM (Pei et al. 1993). 

DeFrank’s group, for example, demonstrated a Langmuir-Blodgett 

film of OPAA labeled with a fluorescent probe, FITC on a quartz slide as 

a platform for the sensing of DFP (Mello et al. 2003). Reports about the 

use of OPAA for the detection of paraoxon are meagre in literature.  

In this study, a variant of OPAA-FL was expressed in E. coli and 

purified to study its kinetics against ethyl paraoxon. The colorimetric and 

fluorometric detection method was employed for the measurement of ethyl 

paraoxon based on the production of PNP and the interaction of protons 

produced in the catalytic reaction with FITC. Additionally encapsulated 

OPAA-FL variant matrices were developed using alginate microspheres 

and combined with the above optical measurements to quantify paraoxon 

concentration by observing changes in the fluorescence/absorption spectra 

with addition of the analyte (Mulchandani et al. 2001a).  
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3.2 Results 

OPAA has been demonstrated as an effective and active catalyst 

for the hydrolysis of OPs and nerve agents, due to which it has attracted 

widespread attention for the purpose of both detection and remediation of 

OPs (Iyer and Iken 2015). Fig. 3.1 shows the diagrammatic representation 

of using the OPAA-FL variant enzyme for the detection of ethyl paraoxon. 

OPAA, in presence of MnCl2 (Vyas et al. 2010), hydrolyses ethyl paraoxon 

into diethyl phosphoric acid and PNP, a yellow-colored product, which 

can be detected colorimetrically (Fig. 3.1). This reaction also releases two 

protons, which eventually decreases pH and in conjunction with a pH-

sensitive fluorophore like FITC can be used for indirect fluorometric 

detection of OP substrates.  

3.2.1 Cloning of OPAA-FL variant in the pET expression vector 

 The wild-type gene coding for OPAA was initially cloned from 

Alteromonas sp. JD6.5 (Cheng et al. 1996). Subsequently, using site-

directed mutagenesis, several mutants of OPAA were reported which have 

greater activity against various OPs. One of those mutants, FL, having 

unique Y212F and V342L mutations, shows 5 – 10 fold increased catalytic 

activity on nerve agents soman and GP (Bae et al. 2018). The amino acid 

sequence of the OPAA-FL variant is shown in Fig. 3.2.  

 In order to enhance the expression and simplify the purification, 

the variant of the OPAA-FL gene was cloned downstream of the strong 

promoter (T7) into the expression vector pET28. OPAA-FL variant gene 

was amplified from the pSE420-OPAA-FL vector using primers PK702F 

and PK706R (Appendix B), and Pfu DNA Polymerase. The OPAA-FL 

variant gene was digested with NdeI and BamHI, respectively, and cloned 

into a pET28 vector. The cloning was performed in such a way that the 

recombinant protein codes for an N-terminal His-tag (Fig. 3.3 A). Cloning 

of OPAA-FL variant in pET28 was confirmed by restriction analysis 

followed by DNA sequencing. The resultant recombinant plasmid was 

then transformed into E. coli Rosetta (DE3) cells.   
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Figure 3.1.  The reaction of the OPAA-FL variant with ethyl paraoxon. 
Sensing scheme of fluorometric and colorimetric detection of OP 
compound using OPAA-FL variant. 
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Figure 3.2. OPAA-FL variant amino acid sequence. OPAA-FL variant 
contains substitution mutations at Y212F and V342L. Additionally, 77 C- 
terminal amino acid residues are deleted compared to wild-type OPAA 
from Alteromonas sp. JD 6.5. 
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3.2.2 Expression and purification of recombinant OPAA-FL variant 

E. coli Rosetta (DE3) cells with OPAA-FL variant expression 

vector were induced with 1 mM IPTG. Induced cells were harvested, 

washed, and resuspended in buffer containing 50 mM Tris-Cl, pH 7.4 with 

10 % glycerol. Cells lysates were prepared and separated as supernatant 

and pellet to evaluate the amount of protein present in the soluble form. 

The results of the expression of the OPAA-FL variant in both pellet and 

supernatant are shown in Fig. 3.3 B. Most of the expression of 50 kDa 

OPAA-FL variant protein was observed in the soluble fraction (Fig. 3.3 B, 

lane 2).  

Since the OPAA-FL variant carries an N-terminal His-tag, this 

study performed affinity purification of recombinant OPAA-FL variant 

protein on a Ni-NTA resin. The input sample was prepared in the 

equilibration buffer (50 mM Tris-Cl buffer, pH 8.0, 500 mM NaCl, and 10 

mM imidazole), and loaded on the pre-equilibrated column at a flow rate 

of 1 ml/ minute. Subsequently, the column was washed with wash buffer 

comprising of 50 mM Tris-Cl, pH 8.0, 500 mM NaCl, with 50mM 

imidazole. The sample was eluted using elution buffer comprising of 50 

mM Tris-Cl, pH 8.0, 500 mM NaCl, with 150mM imidazole. The samples 

were collected for analysis by SDS-PAGE. Fig. 3.3 C shows that the 

OPAA-FL variant protein was able to bind to the Ni-NTA resin, as most 

of the protein was absent in the flow-through (Fig. 3.3 C, lane 2). More 

than 95 % pure OPAA-FL variant protein was purified (Fig. 3.3 C, lane 

6). 

3.2.3 Activity assay of recombinant OPAA-FL variant  

To know whether the purified OPAA-FL variant protein is indeed 

enzymatically active, the OPAA-FL variant enzyme assay with ethyl 

paraoxon was performed. To perform OPAA-FL variant assay, 1 µl of cell 

extract or purified protein was mixed with 50 mM Bis-Tris propane buffer, 

pH 8.5, 1 mM ethyl paraoxon, and 1 mM MnCl2, and the final volume was 

made up to 250 µl with SDW and reaction mixtures were incubated at 50 

ºC for 15 minutes.  
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Figure 3.3. Cloning, expression and purification of OPAA-FL variant. 
(A)  Map of pET28 with OPAA-FL variant, N-His tag. (B) Induction of 
recombinant OPAA-FL variant fusion protein. Induction of OPAA-FL 
variant was performed at 20 °C for 20 hrs. lane 1: Protein marker, lane 2: 
Induced supernatant, lane 3: Induced pellet, lane 4: Uninduced 
supernatant, lane 5:  Uninduced pellet. (C) Purification of recombinant 
OPAA-FL variant fusion protein. Lane 1: Protein marker, lane 2: Lysate, 
lane 3: Flow-through, lane 4: Elution 1 with 150 mM Imidazole, lane 5: 
Wash 50 mM Imidazole, Lane 6: Elution 2 with 150 mM Imidazole.
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OPAA-FL variant activity was calculated by measuring the absorbance of 

PNP produced due to the hydrolysis of ethyl paraoxon at 400 nm (ε400 = 

17,000/M/cm for PNP, UV-Vis spectrum is shown in Fig. 3.4). Specific 

activities were expressed as units (micromoles of substrate hydrolysed per 

minute) per milligram of total protein.  

Specific activities of various samples of OPAA-FL variant protein 

are mentioned in Fig. 3.5 A. As expected, induced cell lysate showed 

several folds higher specific activity as compared with the un-induced cell 

lysate. Furthermore, purified recombinant OPAA-FL variant protein 

demonstrated higher specific activity as compared to that in the induced 

cell lysate. The specific activity in the induced cell lysate was around 0.826 

U/mg, and purified OPAA-FL variant showed even higher specific 

activity, that is, 1.96 U/mg. 

Similarly, to know whether the purified protein is indeed 

enzymatically active against other OPs, an OPAA-FL variant enzyme 

assay with methyl parathion was done. To perform OPAA-FL variant 

assay, 1 µl of cell extract or purified protein was mixed with 50 mM Bis-

Tris propane buffer, pH 8.5, 1 mM methyl parathion, and 1 mM MnCl2, 

and final volume was made up to 250 µl with SDW and reaction mixtures 

were incubated at 50 ºC for 15 minutes. OPAA-FL variant activity was 

calculated by measuring the absorbance of PNP produced due to the 

hydrolysis of methyl parathion at 400 nm (ε400 = 17,000/M/cm for PNP). 

Specific activities were expressed as units (micromoles of substrate 

hydrolysed per minute) per milligram of total protein.  

Specific activities of various samples of OPAA-FL variant protein 

with methyl parathion are mentioned in Fig. 3.5 B. Surprisingly, almost 

identical specific activity in both un-induced, as well as induced cell 

lysates, was observed. However, the purified recombinant OPAA-FL 

variant protein demonstrated a higher specific activity as compared to that 

in the induced cell lysate. The specific activity in the induced cell lysate 

was around 0.096 U/mg, and the purified OPAA-FL variant showed higher 

specific activity of 0.149 U/mg.  
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Figure 3.4. UV-Vis spectrum of p-nitrophenol in 50 mM Bis-Tris 
propane buffer at pH 8.5 using ethyl paraoxon as a substrate for 
OPAA-FL variant. 
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Figure 3.5. Colorimetric activity assay of OPAA-FL variant. OPAA-
FL variant with 1 mM substrate in presence of Bis-tris propane buffer, pH 
8.5, at 50 ºC for 15 minutes. (A) 1 mM of ethyl paraoxon, (B) 1 mM of 
methyl parathion. The values are an average of duplicate samples and error 
bars represent standard deviation. At least three independent experiments 
were performed, and a representative result is shown.
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Considering the relatively low specific activities observed for 

methyl parathion substrate with OPAA-FL variant as compared to ethyl 

paraoxon substrate, further experiments were carried out using ethyl 

paraoxon as a substrate to develop a working biosensor. With this in mind, 

the kinetic parameters for ethyl paraoxon as substrate concentrations of 0.1 

to 9 mM and 0.25 to 9 mM using purified as well as encapsulated OPAA-

FL variant have been reported in Fig. 3.6 A and B respectively and Table 

3.1. The enzyme kinetic parameters for ethyl paraoxon substrate (kcat, Km, 

Vmax, kcat/Km) are calculated following the published literature (Robinson 

2015). 

3.2.4 Effect of pH and temperature on OPAA-FL variant activity 

 The study observed a significant specific activity with substrate 

ethyl paraoxon, the effect of pH and temperature on the activity of the 

OPAA-FL variant was examined. To know the optimum temperature for 

the OPAA-FL variant with ethyl paraoxon, tests were done on the activity 

at various temperatures between 20 – 60 ºC for 15 minutes, in 50 mM Bis-

Tris propane buffer, pH 8.5, 1 mM ethyl paraoxon, and 1 mM MnCl2. 

Similar to earlier reports (DeFrank and Cheng 1991), OPAA-FL variant 

activity was gradually increasing until 50 ºC, and any further increase in 

the temperature led to a decrease in the specific activity. The experiments 

suggested that 50 ºC is the optimum temperature for the OPAA-FL variant 

with ethyl paraoxon (Fig. 3.7 A). 

 To know the optimum pH for OPAA-FL variant with ethyl 

paraoxon, tests were done on activity at various pH between 6 – 10, at 50 

ºC for 15 minutes, in either 50 mM phosphate buffer (pH 6.0, 6.5, 7.0, 7.5 

and 8.0, respectively) or 50 mM Bis-Tris propane buffer (pH 8.5, 9.0 and 

10.0, respectively), 1 mM ethyl paraoxon and 1 mM MnCl2. The optimum 

activity was observed at pH 8.5 for the OPAA-FL variant (Fig. 3.7 B). 
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Figure 3.6. Lineweaver Burk plot for OPAA-FL variant using ethyl 
paraoxon. (A) For purified OPAA-FL variant, (B) For encapsulated 
OPAA-FL variant. The values are average of duplicate samples and error 
bars represent standard deviation.  
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Table 3.1 Kinetic parameters of OPAA-FL variant enzyme 

Sample 
Ethyl paraoxon 

(mM) 
 

Vmax  
(U/mg) 

Km  
(mM) 

kcat  

(min-1) 

kcat / Km  

(mM-1 min-1) 

 

Purified OPAA-FL 
 

0.1 to 9 196 6.58 9800 1489.362 

Encapsulated OPAA-FL 0.25 to 9 1.168 2.85 58.4 20.49 
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Figure 3.7. Effect of temperature and pH on the OPAA-FL variant 
activity. (A) Effect of temperature on the specific activity of the OPAA-
FL variant with ethyl paraoxon. (B) Effect of pH on the specific activity 
of OPAA-FL variant ethyl paraoxon. The values are an average of 
duplicate samples and error bars represent standard deviation. At least 
three independent experiments were performed, and a representative result 
is shown.

 

 



95 
 

3.2.5 Encapsulation of OPAA-FL variant in alginate microspheres  

Typically, encapsulation of proteins in polymers is performed to 

maintain the activity and the function of the protein over a prolonged time, 

reduce the chances of interference and increase the sensitivity of the 

biosensor response (Yap et al. 2014). The OPAA-FL variant was 

encapsulated into the sodium alginate by using CaCl2 as a crosslinker (Fig. 

3.8 A). Alginate was selected for encapsulation of the OPAA-FL variant 

as it is a natural polymer with numbers of favorable properties such as 

biocompatibility, ease of gelation, and it enables the protein to retain its 

activity for a longer period of time while maintaining its structure and 

function (Lee and Mooney 2012). Subsequently, the encapsulation 

efficiency of the OPAA-FL variant into the alginate microsphere was 

estimated, by boiling the alginate microspheres and running these on 12 % 

SDS-PAGE, along with input and wash controls (Fig. 3.8 B). In general, 

25 – 30 % encapsulation efficiency was observed. After confirming the 

encapsulation of OPAA-FL variant protein in the alginate microsphere, the 

surface characterization using SEM was performed (Fig. 3.8 C-E). SEM 

analysis revealed the spherical-shaped microspheres ranging from 0.1 to 

0.8μm.  

3.2.6 Colorimetric biosensing of ethyl paraoxon 

 The bio-sensing activity of the OPAA-FL variant with ethyl 

paraoxon was evaluated colorimetrically using substrate concentrations 

ranging from 0.005 mM to 1 mM (Fig. 3.9 A). A linear range of 0.01 mM 

to 1 mM for the detection of ethyl paraoxon was observed with a LOD of 

0.04 mM. The sensitivity of such estimation was found to be 1.44 

U/mg/mM. For encapsulated OPAA-FL variant with ethyl paraoxon as the 

substrate, a linear range of 0.025 to 1 mM was observed (Fig. 3.9 B). The 

LOD of bio-sensing was 0.036 mM, and the sensitivity was 0.538 U/mg/ 

mM. 
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Figure 3.8. Encapsulation of the OPAA-FL variant enzyme. (A) 
Schematic representation of immobilization procedure for the OPAA-FL 
variant using an atomizer. (B) Analysis of OPAA-FL variant loaded 
alginate microspheres using SDS-PAGE. Lane 1: Input, lane 2: unloaded 
OPAA-FL variant in wash 1, lane 3: encapsulated OPAA-FL variant, lane 
4 to 7: 0.5, 1, 2, 4 µg of BSA. (C-E) Characterization of microspheres: 
SEM images of OPAA-FL variant loaded alginate microspheres with 0.7% 
alginate. (C) At 6.32 K X magnification, (D) At 32.0 K X magnification, 
and (E) At 57.95 K X magnification.  
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Figure 3.9. Colorimetric biosensing of ethyl paraoxon using the 
OPAA-FL variant enzyme. (A) Purified OPAA-FL variant (B) 
Encapsulated OPAA-FL variant. The values are an average of duplicate 
samples and error bars represent standard deviation. At least three 
independent experiments were performed, and a representative result is 
shown. 
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3.2.7 Fluorescent biosensing of ethyl paraoxon 

OPAA-FL variant on hydrolysis of OPs release PNP as well as two 

protons. The protons released result in lowering the pH of the reaction 

mixture. A pH-sensitive fluorescent probe like FITC can be efficient in 

detecting such a reaction and indirectly quantify paraoxon. Fluorescence 

intensity of FITC decreases as the H+ concentration of the reaction mixture 

increases, lowering pH results in quenching of fluorescence, and this 

phenomenon was exploited to detect the presence of OPs (Fig. 3.10). FITC 

has known to exhibit a linear range of pH determination between pH 4–8. 

This property of FITC is exploited in most of the enzymatic reactions 

especially those producing and utilizing protons. The ionization of FITC 

in basic pH leads to an increase in fluorescence intensity and vice versa. 

The effects of ionization produced also are affected by the buffering of 

biological and environmental samples. Generally, the buffer system is 

responsible for maintaining the conditions under which the enzyme can 

express maximum activity and stability. A high buffer concentration leads 

to high buffering capacity, which can suppress pH changes in the medium 

and hence suppresses the sensitivity of the sensor (Gła̧b et al. 1994), thus 

explaining the better results observed for the fluorometric sensing of ethyl 

paraoxon with 0 mM buffer. 

To know optimum buffer and reaction conditions for fluorometric 

detection of OPs using the OPAA-FL variant, initially, it was tested a 

decrease in fluorescence values of FITC in different buffer concentrations. 

The reaction mixture was prepared with 1 mM MnCl2, 1 mM ethyl 

paraoxon, OPAA-FL variant, FITC-dextran, and sterile distilled water up 

to 1 ml. 0 mM, 25 mM, and 50 mM activity buffer (Bis-Tris propane) were 

used, respectively, and measured loss in the fluorescence values (Fig. 

3.11). Interestingly, the maximum decrease in the fluorescence values was 

observed in the absence (0 mM) of activity buffer (P value= 0.0058), 

indicating that the higher buffering capacity of reaction inhibits the loss in 

fluorescence values.  
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Figure 3.10 Depiction of fluorescence assay mechanism of OPAA-FL 
variant using FITC dextran for detection of organophosphorus 
compounds.
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Figure 3.11. Optimization of concentration of Bis-tris propane buffer 
for OPAA-FL variant fluorescence assay. 0 mM, 25 mM, and 50 mM 
Bis-tris propane buffer were used at 50 ºC, pH 8.5 for 5 minutes with ethyl 
paraoxon. The values are an average of duplicate samples and error bars 
represent standard deviation. At least three independent experiments were 
performed, and a representative result is shown. The statistical analysis 
was performed by one-way ANOVA and calculated by Graph-Pad Prism 
(****) p<0.0001, (***) p <0.0002, (**) p<0.0021, (*) p<0.0332, (ns) 
p<0.123, Error bars, standard deviation (s.d.). 
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Subsequently, to identify an optimum ratio of OPAA-FL:FITC-

dextran that gives a higher decrease in fluorescence values, six ratios, 

namely, OPAA-FL:FITC-dextran 0.25:1, 0.5:1, 0.75:1, 1:1, 3:1 and 5:1, 

were analyzed respectively (Fig. 3.12 A-F). A relative decrease in 

fluorescence values at three different concentrations of ethyl paraoxon, 

that is, 0.1 mM, 0.5 mM, and 1 mM, were tested, respectively. Incidentally, 

it was observed OPAA-FL:FITC-dextran ratio 1:1 gives a higher and 

consistent decrease in the fluorescence values of FITC (P = < 0.0001) (Fig. 

3.12 D), possibly due to optimal labeling of FITC and protein 

(Chakraborty et al. 2015; Breen et al. 2016). In fact, with increasing the 

concentration of ethyl paraoxon, the fluorescence intensity of FITC 

decreased faster confirming that the higher number of H+ released at higher 

substrate concentrations. 

The fluorescence-based bio-sensing activity of the OPAA-FL 

variant with different concentrations of ethyl paraoxon showed that a 

linear range in 0.1 mM to 0.5 mM of paraoxon (Fig. 3.13). The LOD of 

bio-sensing was 0.038 mM, and the sensitivity was 104 % /mM. 

Incidentally, the encapsulated OPAA-FL variant microspheres did not 

show the expected biosensing response in the fluorescence assay. 
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Figure 3.12. Optimization of the ratio of OPAA-FL variant protein: 
FITC-dextran in fluorescence assay. Three ratios of OPAA-FL variant 
protein: FITC-dextran (A) 0.25:1; (B) 0.5:1; (C) 0.75:1 (D) 1:1; (E) 3:1; 
(F) 5:1 were analyzed using 1 mM ethyl paraoxon at 50 ºC, for 5 minutes 
without activity buffer. The values are an average of duplicate samples and 
error bars represent standard deviation. At least three independent 
experiments were performed, and a representative result is shown. The 
statistical analysis was performed by one-way ANOVA and calculated by 
Graph-Pad Prism (****) p<0.0001, (***) p <0.0002, (**) p<0.0021, (*) 
p<0.0332, (ns) p<0.123, Error bars, standard deviation (s.d.).
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Figure 3.13. Bio-sensing of ethyl paraoxon using the OPAA-FL 
variant via fluorescence assay.  1:1 ratio of OPAA-FL variant and FITC-
dextran were used with 1 mM paraoxon as the substrate at 50 ºC, for 3 
minutes without activity buffer. The fluorescence intensity of FITC 
decreased linearly with an increase in the concentration of ethyl paraoxon. 
The values are an average of duplicate samples and error bars represent 
standard deviation. At least three independent experiments were 
performed, and a representative result is shown. 
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3.3 Summary 

The detection methods for OPs commonly used so far are costly 

and have several limitations for infield analysis. Recombinant expression 

of OPAA-FL variant and deployment of OPAA-FL variant into a 

biosensing assay can help to quantify OPs effectively. The OPAA enzyme 

is reported to hydrolyze OP compounds with P-F, P-O, P-S, and P-CN 

bonds in the published literature. A representative comparison table of 

OPAA-FL with P-F and P-O bond containing OPs, OPAA WT with P-O 

bond containing compounds, as well as a comparison of OPAA FL and 

wild-type OPAA for the hydrolysis of P-S bond containing Russian VX is 

given in Table 3.2 and Table 3.3, respectively. This chapter describes the 

utilization of the OPAA-FL variant for the development of a biosensing 

assay for ethyl paraoxon using a colorimetric and fluorometric estimation. 

OPAA-FL variant was successfully expressed and purified from E. coli 

Rosetta (DE3) cells. The purified OPAA-FL variant showed higher 

specific activity than the induced cell lysate and exhibited an optimum 

temperature of 50 °C and optimum pH of 8.5. Colorimetric estimation of 

ethyl paraoxon via the PNP method showed a capability of detection to an 

extent of 0.01 - 1 mM. OPAA-FL variant was also immobilized in alginate 

microspheres using a novel technique of ultrasonic atomization to enhance 

stability, activity, and biosensing. After encapsulation of the OPAA-FL 

variant, the microspheres also were able to detect ethyl paraoxon at similar 

detection limits. Fluorometric detection tests with ethyl paraoxon as the 

substrate showed a detection capability in the range of 0.1 - 0.5 mM after 

a short incubation time of 3 minutes. Both colorimetric and fluorometric 

methods can form the basis of new OPAA-FL variant-based optical 

biosensors and their transformation into point-of-care devices for in-field 

and facile analysis of insecticides and pesticides. This study, therefore, 

establishes the use of OPAA variants towards detection of common 

organophosphate pesticides and paves the way for the research community 

to develop sensitive, user friendly and portable point-of-care devices for 

the timely and accurate detection of these toxic compound.  
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Table 3.2 Kinetic parameters of OPAA-FL variant enzyme on P-F and P-O hydrolysis and OPAA-WT with P-O hydrolysis 

Substrate kcat 

 

Km  kcat / Km  

 

Vmax 
 

References 

OPAA-FL variant P-F and P-O hydrolysis 

P-F bond 
hydrolysis 

 

     

Sarin / GB 

 

4.52E + 04 ± 4.62E + 03  
min-1 

 
 

5.31E + 03 ± 1.01E + 
03 μM 

 

8.50E + 06 ± 2.49E + 06  
M−1 min−1 

  

- (Bae et al. 2018) 

Soman /GD 

 

6.60E + 04 ± 3.40E + 03  
min-1 

 

883.16 ± 156.395  
μM 

 

7.48E + 07 ± 1.71E + 07  
M−1 min−1 

 
  

-  

GP 6.90E + 04 ± 3.08E + 03  
min-1 

 

534.924 ± 6.78E + 01 
μM 

 

1.29E + 08 ± 2.21E + 07  
M−1 min−1 

 
 

-  

Soman / GD 

 

1.18E+05 
± 6.12E+03 min-1 

2.19E+03 
± 3.09E+02 μM 

 

5.38 E+07 

± 1.04E+07 M−1 min−1 
 

- (Guelta et al. 2018) 
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P-O bond 
hydrolysis 

 

     

Ethyl paraoxon 9800  
min-1 

6580  
μM 

1489.362  
mM−1 min−1 

 

196 
U/mg 

Our study 

WT OPAA P-O hydrolysis 

P-O bond 
hydrolysis 

 

     

Ethyl paraoxon 1.8  
s-1 

 

>7.6  
mM 

280±10  
M-1 s-1 

- (Hill et al. 2000) 

 3.0 ± 0.526  

s-1  

3.203 ± 0.929 mM  

 

0.000935 ± 0.089M-1 s-1 10.277 ±1.803 
μmol/min/ml 

(Xiao et al. 2017) 

 4.64  

s-1 

0.6  

mM 

7.75 × 103  

M-1 s-1 

 

- (Simonian et al. 
2001) 

 - 14.2  
mM 

- 6.11 
mmol/min/mg 

 

(Petrikovics et al. 
2000) 
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Table 3.3 Kinetic parameters of OPAA-WT and OPAA-FL variant enzyme on P-S bond (Russian VX) hydrolysis  

Enzyme 

 

 

kcat (min−1) Km (μM) kcat/Km (M−1 min−1) Reference 

WT OPAA 1.8 ± 0.12 3280 ± 551 

 

548 ± 128 

 

(Daczkowski et al. 
2015) 

OPAA-FL 21 ± 1.1 

 

 

1767 ± 258 
 

11894 ± 2349 
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Chapter 4 

Recombinant organophosphorus hydrolase 
(OPH) expression in E. coli for the effective 
detection of organophosphate pesticides 

 

4.1 Introduction 

In modern times, due to the needs and demands of an increasing 

population, pesticides have gained popularity in different sectors, from 

agriculture to industry. Due to cost-effective synthesis and widespread and 

proven use as pesticides/insecticides, OPs are widespread, especially in 

developing countries. OPs have several nicotinic and muscarinic side 

effects on human health. The AChE in our nervous system is severely 

affected by OP poisoning, resulting in neurological complications - a 

problem that extends to all vertebrates including humans (Yang et al. 

2008b; Watson et al. 2014; Ortiz-Delgado et al. 2019). OPs can enter the 

human body through the dermal, ocular, respiratory, and oral routes. 

Dermal exposure is more probable (49%) than other exposure routes (Toe 

et al. 2013). Long-term exposure of OPs leads to permanent inactivation 

of AChE enzyme, leading to muscarinic and nicotinic toxicity on account 

of accumulation of acetylcholine in the neuromuscular junctions and 

synapses. Combined with the relative ease and prevalence of exposure, 

these compounds present a significant risk of concern for interventions 

from the scientific community and healthcare processions. 

Due to the concerns of pesticide toxicity and accumulation in 

environmental and biological systems, the development of a reliable, 

selective, sensitive detection and detoxification method for these 

compounds is necessary. Some soil microbiotas have been shown to have 

enzymes that can degrade these toxic compounds into non-toxic 

compounds (Laveglia and Dahm 1977). OPH enzyme isolated from 

Flavobacterium sp. and Pseudomonas diminuta has shown this activity of 

degradation of OPs. OPH has a broad substrate specificity, including the 
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cleavage of P-O, P-S, P-F, and P-CN bonds, it catalyzes the hydrolysis of 

organophosphorus compounds, such as methyl and ethyl parathion, 

paraoxon, chlorpyrifos, coumaphos, cyanophos, and diazinon as well as 

chemical warfare agents, such as sarin and soman (Kang et al. 2008). 

Enzymatic hydrolysis is reportedly 40-2450 times faster compared to 

chemical hydrolysis (Shimazu et al. 2003), and thus attracts great interest 

from a scientific viewpoint for the remediation as well as detection of 

organophosphorus compounds in the environment. The catalytic action of 

OPH is based on a reaction mechanism most similar to SN2 with the active 

site histidine residue acting as a water deprotonating base during the 

hydrolysis of OP compounds with PNP as a product (Thakur et al. 2012), 

as shown in Fig. 4.1. Detailed discussions on the reaction mechanism of 

OPH with OP compounds have been described in earlier reports (Jain et 

al. 2019; Bigley and Raushel 2019). 

In the literature, there are several reports on the sensing of 

organophosphorus compounds using OPH through electrochemical, 

optical, and other methods (Xiong et al. 2018). However, an optimal 

sensor that achieves good enzymatic catalytic activity and low enough 

detection limits to detect organophosphorus compounds in practical use 

cases remains elusive primarily due to reproducibility and cost concerns. 

This study reported colorimetric, as well as fluorescence-based sensing 

using a known fluorescent dye FITC of organophosphorus compounds, by 

the interaction of His-Nus-OPH with OP compounds such as methyl 

parathion and ethyl paraoxon. 

4.2 Results 

OPH has attracted widespread attention of the scientific 

community due to its ability to hydrolyze a variety of organophosphate 

compounds, such as ethyl paraoxon and methyl parathion. Fig. 4.1 shows 

a representative schematic of the hydrolysis of ethyl paraoxon and methyl 

parathion. The hydrolysis process in the presence of CoCl2 (Cho et al. 

2006) results in the production of PNP along with the release of two 

protons, which form the basis of the colorimetric and fluorometric 
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detection methods used in this study, with FITC-dextran as a fluorophore 

in the case of fluorometric detection of OPs.  

4.2.1 Cloning and expression of OPH with N-terminal His tag in pET 

vector  

The oph gene from Pseudomonas diminuta was cloned into a 

pET28 expression vector, giving p28-His-OPH (Fig. 4.2 A). The results 

of the expression of His-OPH in both pellet and supernatant are shown in 

Fig. 4.2 B, C. From Fig. 4.2 B at 37ᵒC for 3 hrs and Fig. 4.2 C at 16ᵒC for 

16 hrs induction, no expression of His-OPH protein in the uninduced 

supernatant and pellet was observed but, surprisingly, it was found that on 

induction, the 38 kDa His-OPH protein was expressed in the pellet but not 

in the supernatant. Most likely, improper folding resulted in the formation 

of inclusion bodies (Itkonen et al. 2014), and hence more than 90% of the 

expression of His-OPH protein was observed in the pellet (Fig. 4.2 B and 

C, lane 4 and 5, respectively).  

4.2.2 Cloning, expression, and purification of OPH with N-terminal 

His and NusA tag in pET vector  

Several recombinant proteins demonstrate poor solubility when 

expressed in a heterologous host (Habibi et al. 2014). To overcome the 

problem of solubility, the NusA solubilization tag was used. To obtain 

soluble OPH by bringing the N-terminal NusA tag, the oph gene was 

sequentially cloned into pET43 and pET28 expression vectors to give p43-

Nus-OPH and p28His-Nus-OPH respectively. In pET43, the oph gene was 

cloned in such a way that a preScission protease site is present in between 

the NusA tag and the OPH protein. The expression of these proteins along 

with the solubilization tag helps in getting expression in the soluble 

fraction (Bell et al. 2013). To explore the possibility that bringing His tag 

on the N-terminal will assist in the purification step (Spriestersbach et al. 

2015), the oph gene along with the NusA tag was double digested from 

the p43-Nus-OPH clone and sequentially cloned into pET28a expression  
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Figure 4.1. OPH reaction mechanism. Depiction of hydrolysis of OP 
compounds in presence of His-Nus-OPH with p-nitrophenol and H+ as a 
product which can be detected by colorimetric and fluorometric detection 
methods, respectively. 
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Figure 4.2. Cloning and expression of OPH (p28-His-OPH) with N-
terminal His tag in pET vector. (A) Map of pET28a with OPH, N-His 
tag. (B) Induction of recombinant His-OPH fusion protein. Induction of 
His-OPH was performed with 0.1 mM IPTG at 37 °C for 3 hrs. Lane 1: 
Uninduced supernatant, lane 2: Uninduced pellet, lane 3: Induced 
supernatant, lane 4: Induced pellet, lane 5: Protein marker. (C) Induction 
of His-OPH was performed at 16 °C for 16 hrs. Lane 1: Protein marker, 
lane 2: Uninduced supernatant, lane 3: Uninduced pellet, lane 4: Induced 
supernatant, lane 5: Induced pellet. 
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vector by using NdeI and XhoI sites (Fig. 4.3 A). The recombinant cloned 

plasmid was transformed into E. coli Rosetta cells and induced with 0.1 

mM IPTG. Cell lysates were prepared and separated as supernatant and 

pellet to evaluate the amount of protein present in the soluble form. From 

Fig. 4.3 B at 37 ᵒC for 3 hrs induction, no expression of His-Nus-OPH 

protein in the uninduced supernatant and pellet was observed but 

surprisingly, it was found that on induction, the His-Nus-OPH protein was 

expressed in the pellet but not in the supernatant (Fig. 4.3 B, lane 4 and 

5). To explore the possibility of getting soluble protein via induction at a 

lower temperature, cells were induced at 16 ᵒC. From Fig. 4.3 C at 16 ᵒC 

for 16 hrs induction, no expression of His-Nus-OPH protein was observed 

in the uninduced supernatant and pellet, but it was found that on induction, 

the 93 kDa His-Nus-OPH protein expression was higher in the supernatant 

than the pellet (Fig. 4.3 C, lane 4 and 5). 

An induced band of 93 kDa for His-Nus-OPH fusion protein in the 

soluble fraction was observed, suggesting that low-temperature expression 

of OPH along with solubilization Nus-tag assists in getting His-Nus-OPH 

expressed in the soluble fraction. Since His-Nus-OPH carries an N-

terminal His-tag, affinity purification of the recombinant His-Nus-OPH 

fusion protein was performed on a Ni-NTA resin. N-terminal His-tagged 

protein was able to bind to the Ni-NTA resin and His-Nus-OPH protein 

was eluted by using 150 mM Imidazole elution buffer (Fig. 4.3 D, lanes 6 

to 8). Moreover, more than 90% pure His-Nus-OPH fusion protein was 

purified due to the proper folding of protein facilitated by the presence of 

the NusA tag (Nallamsetty and Waugh 2006). 

4.2.3 Activity assay of recombinant His-Nus-OPH 

To determine whether the recombinant protein is indeed 

enzymatically active, an OPH enzyme assay was performed. Recombinant 

His-Nus-OPH fusion protein demonstrated activity in the induced cell 

lysate as well as in purified fraction. Induced cell lysates were observed to 

be significantly more active than uninduced cell lysates for methyl   
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Figure 4.3. Cloning, expression, and purification of OPH (p28-His-
Nus-OPH) with N-terminal His and NusA tag in pET vector. (A) Map 
of pET28a with OPH, N-His-Nus tag. (B) Induction of recombinant His-
Nus-OPH fusion protein. Induction was performed with 0.1 mM IPTG at 
37 °C for 3 hrs. Lane 1: Protein marker, lane 2: Uninduced supernatant, 
lane 3: Uninduced pellet, lane 4: Induced supernatant, lane 5: Induced 
pellet. (C) Induction of recombinant His-Nus-OPH fusion protein. 
Induction was performed at 16 °C for 16 hrs. Lane 1: Protein marker, lane 
2: Uninduced pellet, lane 3: Uninduced supernatant, lane 4: Induced 
supernatant and lane 5: Induced pellet. (D) Purification of recombinant 
His-Nus-OPH fusion protein. Lane 1: Protein marker, lane 2: Induced cell 
extract, lane 3: Flow-through, lane 4, 5: Wash with 50, 90 mM Imidazole, 
lane 6 to 8: Elution with 150 mM Imidazole. 
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parathion and ethyl paraoxon. However, purified samples showed higher 

specific activity as compared with the induced cell lysate. 

The specific activity of uninduced, induced, and purified His-Nus-

OPH fusion protein was found to be 0.21 U/mg (± 0.006), 24.12 U/mg (± 

1.22), and 333 U/mg (± 45.11), respectively, for ethyl paraoxon and 0.57 

U/mg (± 0.003), 13.79 U/mg (± 0.89), and 90.2 U/mg (± 6.07), 

respectively, for methyl parathion (Fig. 4.4 A and B) using a 1 mM 

concentration of the substrates. Thus, it was observed that purified His-

Nus-OPH has 13.8 and 6.5 times greater specific activity than the induced 

His-Nus-OPH with respect to ethyl paraoxon and methyl parathion, 

respectively, suggesting significant fold purification using affinity 

chromatography.  

The kinetic parameters with ethyl paraoxon and methyl parathion 

as substrate using solution phase as well as encapsulated His-Nus-OPH 

have been reported in Table 4.1 and Fig. 4.5 and 4.6. Kinetic parameters 

with ethyl paraoxon and methyl parathion as a substrate for OPH, as 

reported by other groups are listed in Table 4.2. 

4.2.4 Effect of temperature and pH on recombinant His-Nus-OPH 

activity 

Considering the significant specific activity with ethyl paraoxon, 

the effect of temperature and pH on the activity of His-Nus-OPH in the 

solution phase was studied. The effect of temperature on the activity of 

purified recombinant His-Nus-OPH was determined at varying 

temperatures ranging from 20 – 45 ºC with an interval of 5 ºC but also 

including 37 ºC. In concurrence with earlier studies (Liu et al. 2016), His-

Nus-OPH activity was found to gradually increase until 37 ºC, and a 

subsequent rise in temperature decreased the activity. Hence, it is 

suggested that 37 ºC is the optimum temperature for His-Nus-OPH with 

ethyl paraoxon (Fig. 4.7 A). 

The effect of pH on the activity of purified recombinant His-Nus-

OPH was determined at a pH range of 6 – 10 with an interval of 0.5 pH 



119 
 

units. These experiments showed the optimum activity at pH 9.0 for His-

Nus-OPH (Fig. 4.7 B). 

 

 

Figure 4.4. Colorimetric activity assay of solution-phase His-Nus-
OPH with different substrates. His-Nus-OPH with 1 mM substrate in the 
presence of CHES buffer, pH 9.0, at 37 ºC for 5 minutes (A) 1 mM of ethyl 
paraoxon (B) 1 mM of methyl parathion. The values are represented as the 
average of duplicate samples and the standard deviation is indicated by 
error bars. A representative result is shown based on at least three separate 
experiments. 
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Table 4.1 Kinetic parameters of His-Nus-OPH with ethyl paraoxon and methyl parathion 
 

Sample Substrate  
 

Concentration 
 

 (0.1 to 9 mM) 
 

Vmax  
 

(U/mg) 

Km  
 

(mM) 

kcat  

 

(min-1) 

         kcat / Km  

 

     (mM-1 min-1) 

 

 
Solution phase His-

Nus-OPH 
 
 
 

 
Ethyl paraoxon 

 
Methyl parathion 

 
 

 
416.6 

 
45.248 

 
1.916 

 
1.217 

 
38743.8 

 
4208.064 

 
20217.4 

 
3457.249 

Encapsulated His-
Nus-OPH 

 
 

Ethyl paraoxon 
 

Methyl parathion 
 
 

77.5 
 

6.281 

2.123 
 

0.538 

7207.5 
 

584.133 

3394.16 
 

1085.181 
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Table 4.2 Kinetic parameters of purified OPH with ethyl paraoxon and methyl parathion 

S. No. Vmax 
 

Km 
 

kcat kcat / Km 
References 

Kinetic parameters of purified OPH with ethyl paraoxon 

1  0.12 mM 11500 S-1 9.6 × 107 M-1 S-1 (Simonian et al. 2001) 

2 2070 U/mg 0.05 mM   (Petrikovics et al. 2000) 

3  0.12 ± 0.01 mM 15000 ± 300 S-1 1.3 * 108 M-1 S-1 (diSioudi et al. 1999) 

4    1 * 108 M-1 S-1 (Di Sioudi et al. 1999) 

5    5.5 *107 M-1 L S-1 (Karpouzas and Singh 2006) 
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6   2100 S-1  (Dave et al. 1993) 

7  0.058 mM 3170 S-1 55,000 mM-1 S-1 (Theriot and Grunden 2011) 

8  0.12 mM 10,500 S-1 8.75 * 107 M-1 S-1 (Grimsley et al. 2005) 

9  0.40 ±0.02 mM 4010 ± 40 S-1 10 *106 M-1 S-1 (Carletti et al. 2009) 

10  0.12 ± 0.003 mM 11700 ± 580 S-1 1.0 * 108 M-1 S-1 (Cho et al. 2006) 

11  0.016 ± 0.5 mM 4900 ± 100 S-1 (3.0 ± 0.2) * 108 M-1 S-1 (Votchitseva et al. 2006) 

 
 
 
 
 



123 
 

Kinetic parameters of purified OPH with methyl parathion 

S. No. Vmax Km kcat kcat / Km 
References 

1  0.08 mM 189 S-1 2400 mM-1 S-1 (Theriot and Grunden 2011) 

2 2.5 µM/min 0.2862 mM   (Maheshwari et al. 2017) 

3 50 µM/min 0.28571 mM   (Gothwal et al. 2014) 

4 508 U/ml 0.599 mM 369.7 S-1  (Rowland et al. 1991) 

5  1.22 ± 0.03 mM 2300 ± 130 S-1 1.9 * 106 M-1 S-1 (Cho et al. 2006) 

6  0.21 ± 10 mM 75 ± 5 S-1 (3.5 ± 0.2) * 105 M-1 S-1 (Votchitseva et al. 2006) 
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Figure 4.5. Lineweaver burk plot for solution phase His-Nus-OPH. (A) 
Ethyl paraoxon. (B) Methyl parathion. The values are average of duplicate 
samples and error bars represent standard deviation. 
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Figure 4.6. Lineweaver burk plot for encapsulated His-Nus-OPH. (A) 
Ethyl paraoxon. (B) Methyl parathion. The values are average of duplicate 
samples and error bars represent standard deviation. 
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Figure 4.7. Effect of temperature and pH on solution-phase His-Nus-
OPH activity. (A) Effect of temperature on the specific activity of 
solution-phase His-Nus-OPH with ethyl paraoxon. (B) Effect of pH on the 
specific activity of solution-phase His-Nus-OPH ethyl paraoxon. The 
values are represented as the average of duplicate samples and the standard 
deviation is indicated by error bars. A representative result is shown based 
on at least three separate experiments.
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4.2.5 Encapsulation of His-Nus-OPH and FITC-dextran/His-Nus-

OPH in alginate microspheres using an ultrasonic atomizer 

In recent times, encapsulation of proteins and cells are increasingly 

being explored in order to protect biomolecules from detrimental 

environmental factors such as pH changes, salts, or reactive oxygen 

species, etc. (Dong et al. 2013). To this end, materials such as 

polysaccharides and lipids have been used as encapsulants.  

Among these, alginate-based encapsulation has gained 

prominence due to its favourable properties such as good immobilization 

capacity, mechanical stability, water retention capability, heat stability, 

controllable porosity, low toxicity, and biocompatibility (A. Chaudhari et 

al. 2015). Proteins are encapsulated in different natural/synthetic polymers 

with an aim to maintain enzyme activity and increase stability. His-Nus-

OPH protein was encapsulated in 0.7% sodium alginate by using an 

ultrasonic atomizer, chosen for reasons of high productivity, 

biocompatibility, mild gelation and formation conditions, industrial 

relevance, and good particle size distribution (Joshi et al. 2010; Leong et 

al. 2016). 4% CaCl2 was used as a cross-linker to maximize bead formation 

and achieve a smaller particle size (Park et al. 2012; Jiang et al. 2015; Kim 

et al. 2016). Ionic gelation is the main principle behind the formation of 

alginate microspheres from atomized droplets created using the ultrasonic 

atomizer due to ultrasonic waves. To optimize the particle size distribution 

of alginate microspheres different instrumental parameters like frequency, 

flow rate, the distance of crosslinking were evaluated. Ultrasonic atomizer 

was utilized as described previously to co-immobilize FITC-dextran 

which acts as a pH-sensitive fluorophore along with His-Nus-OPH.  

4.2.6 Characterization of alginate microspheres 

SEM analysis was performed to observe the encapsulation of His-

Nus-OPH into the alginate microspheres revealing the spherical-shaped 

porous microspheres of His-Nus-OPH ranging from 7 to 37 µm, and the 

average size of the particle was found to be 18.8 µm (Fig. 4.8 A and B). 

Moreover, the spherical morphology has been reported to enhance the 
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stability and mechanical strength of the constituents (Sandoval-Castilla et 

al. 2010). Higher porosity of the alginate microsphere aids in the transport 

of analyte and product across the beads for continuous catalysis by the 

enzymes. The encapsulated FITC-Dextran and FITC-Dextran/His-Nus-

OPH were characterized by CLSM, which confirmed the successful 

incorporation of FITC-Dextran/His-Nus-OPH in the alginate 

microspheres (Fig. 4.8 C and D). The CLSM analysis revealed that FITC-

Dextran and FITC-Dextran/Nus-OPH microcarriers have typical particle 

sizes ranging from 3 to 22 µm and 10.7 to 30.4 µm, respectively, and 

average particle sizes of 13.0 µm and 20.5 µm, respectively. 

Encapsulation efficiency is the percentage of protein that is 

successfully entrapped into the microspheres, which was determined in 

this study (Fig. 4.8 E, lanes 3 and 4 to 6). Subsequently, it was estimated 

that the encapsulation efficiency of His-Nus-OPH into the alginate 

microspheres by boiling the alginate microspheres and running these on 

8% SDS-PAGE, along with input and wash controls (Fig. 4.8 E). In 

general, 10 – 20% encapsulation efficiency was observed, and this value 

was used to calculate the amount of protein present inside alginate 

microspheres after encapsulation.   

4.2.7 Colorimetric biosensing of ethyl paraoxon and methyl parathion  

Colorimetric biosensing of His-Nus-OPH was performed with 

0.005, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 0.9 and 1 mM of ethyl 

paraoxon and 0.005, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 and 1 mM 

methyl parathion and specific activity with respect to the aforementioned 

concentrations was found to be 10.04, 12.49, 14.23, 21.38, 37.64, 55.02, 

69.64, 81.61, 89.78, 114.53, 131.30, 148.68 U/mg with ethyl paraoxon and 

0.16, 0.23, 2.39, 3.51, 6.53, 8.24, 10.37, 12.62, 13.25, 17.74, 21.86 U/mg 

for methyl parathion (Fig. 4.9 A and B). Colorimetric biosensing of 

encapsulated His-Nus-OPH was performed with 0.005, 0.01, 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6, 0.8, 0.9, and 1 mM of ethyl paraoxon and 0.005, 0.01, 0.025, 

0.05, 0.2, 0.3, 0.6, 0.8, 1 mM methyl parathion, respectively, and specific 

activity with respect to the after mentioned concentrations was found to 

be 1.69, 2.09, 3.62, 6.42, 9.07, 11.03, 12.9, 15.11, 20.76, 22.57 and 25.39 
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U/mg with ethyl paraoxon (Fig. 4.10 A), and 0.07, 0.12, 0.34, 0.72, 1.67, 

2.97, 4.77, 6.37 and 8.66 U/mg for methyl parathion (Fig. 4.10 B). The 

detailed parameters such as linear range, sensitivity, LOD, and linearity of 

the solution-phase, as well as encapsulated His-Nus-OPH used in the 

colorimetric assay for ethyl paraoxon and methyl parathion, are given in 

Table 4.3 A. The linear range for the detection of ethyl paraoxon was 

found to be 0.005-1 mM for both the solution-phase and encapsulated 

phase, of the His-Nus-OPH enzyme. 

Similarly, for methyl parathion linear range was 0.005-1 mM in 

the case of purified His-Nus-OPH enzyme in both solution-phase and 

encapsulated forms. In general, better detection limits are observed for 

encapsulated His-Nus-OPH compared to solution-phase His-Nus-OPH, 

that is, 0.024 and 0.049 mM for encapsulated His-Nus-OPH compared to 

0.034 and 0.06 mM for solution-phase His-Nus-OPH, w.r.t. ethyl 

paraoxon and methyl parathion, respectively. It is observed that the assay 

with solution-phase and encapsulated His-Nus-OPH is more sensitive with 

greater linearity and lower LOD for ethyl paraoxon compared to methyl 

parathion. Response time for the purified enzyme was found to be about 5 

min, for both paraoxon and methyl parathion, in the solution phase. For 

the encapsulated enzyme, however, the response time for ethyl paraoxon 

and methyl parathion respectively was 10 minutes and 20 minutes. The 

increase in response time in the encapsulated phase is likely due to the 

additional diffusion barrier of alginate microspheres for interaction with 

the substrates. 
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Figure 4.8. Encapsulation and characterization of His-Nus-OPH and 
FITC-dextran/His-Nus-OPH. SEM images of His-Nus-OPH loaded 
alginate microspheres with 0.7% alginate. Spherical-shaped beads were 
observed in SEM. (A-B) His-Nus-OPH loaded alginate microspheres at 
513 X and 55 K X magnification respectively. (C) CLSM image of FITC-
Dextran loaded alginate microcarriers at 60 X. (D) CLSM image of FITC-
Dextran/His-Nus-OPH loaded alginate microcarriers at 60 X.  At least 
three independent experiments were performed, and a representative result 
is shown. (E) Analysis of His-Nus-OPH loaded alginate microspheres 
using SDS-PAGE. Lane 1:  Unencapsulated His-Nus-OPH in wash 1 after 
buffer exchange, lane 2: protein marker, lane 3:  input sample, lane 4 to 6: 
encapsulated His-Nus-OPH, lane 7: 2 µg of BSA.
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Figure 4.9. Colorimetric activity assay of solution-phase His-Nus-
OPH with different substrate concentrations. His-Nus-OPH with 0.005 
to 1 mM of the substrate in the presence of CHES buffer pH 9.0, at 37 ºC 
for 5 minutes. (A) With ethyl paraoxon (B) With methyl parathion. The 
values are represented as the average of duplicate samples and the standard 
deviation is indicated by error bars. A representative result is shown based 
on at least three separate experiments. 
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Figure 4.10. Colorimetric activity assay of encapsulated His-Nus-OPH 
with different substrate concentrations. (A) Activity assay of His-Nus-
OPH with 0.005, 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 0.9, and 1 mM of 
ethyl paraoxon, CHES buffer at 37 ºC for 10 minutes. (B) Activity assay 
of His-Nus-OPH with 0.005, 0.01, 0.025, 0.05, 0.2, 0.3, 0.6, 0.8 and 1 mM 
of methyl parathion, CHES buffer at 37 ºC for 20 minutes. The values are 
represented as the average of duplicate samples and the standard deviation 
is indicated by error bars. A representative result is shown based on at least 
three separate experiments. 
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4.2.8 Fluorescence biosensing of ethyl paraoxon and methyl parathion  

The assay was developed based on a decrease in fluorescence 

intensity of pH-sensitive fluorophore FITC-dextran (Chen et al. 2015). 

Upon the interaction of OPH with OP compounds a decrease in pH of the 

solution occurs due to the release of protons with the concurrent release of 

PNP (Prieto-Simón et al. 2006). The resultant drop in pH causes 

protonation of negatively charged FITC results in quenching of 

fluorescence, and this phenomenon was exploited to detect the presence 

of OPs (Chaudhari et al. 2017). To know optimum buffer and reaction 

conditions for fluorometric detection of OPs using His-Nus-OPH in 

solution-phase initially, it was tested for a decrease in the fluorescence 

values (if any) of FITC in the different buffer concentrations. The reaction 

mixture was prepared with 0.1 mM CoCl2, 1 mM ethyl paraoxon, His-

Nus-OPH, FITC-dextran, and sterile distilled water up to 1 ml. 0 mM, 10 

mM, and 50 mM activity buffer (CHES), was used respectively, and 

measured loss in the fluorescence values. It was observed that the reaction 

mixture with 0 mM CHES buffer showed a greater decrease in the 

intensity in comparison to the reaction mixture with the 10 and 50 mM 

concentration of CHES buffer in it. This could be because the presence of 

buffer neutralized the H+ ions released during the reaction due to the 

inherent buffering capacity of the buffers. It is observed that the interaction 

of His-Nus-OPH with OP compounds such as ethyl paraoxon result in a 

decrease in fluorescence intensity of FITC dye over a time period of 0-20 

minutes due to the progressive release of H+ ions by the hydrolysis of OP 

compounds (Fig. 4.11 A and B). Thus, for all fluorescent sensing 

experiments, no CHES buffer was used. Moreover, when His-Nus-

OPH:FITC (1:12) was used in solution-phase with 0.001, 0.005, 0.025, 

0.05, 0.1, 0.3, 0.5 mM of ethyl paraoxon and 0.005, 0.025, 0.05, 0.1, 0.5 

mM of methyl parathion, respectively, the rate of fluorescence decay 

increased with the concentration of substrate (Fig. 4.12 A and B). The 

1:12 ratio of His-Nus-OPH : FITC was selected to optimize for good 

sensitivity (Wischke and Borchert 2006). 
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Fluorescence-based bio-sensing of His-Nus-OPH with different 

concentrations of ethyl paraoxon and methyl parathion showed a linear 

range of 0.001 to 0.5 mM and 0.005 to 0.5 mM, respectively. The LOD of 

bio-sensing was 0.014 mM for ethyl paraoxon and 0.044 mM for methyl 

parathion, and the sensitivity defined as the slope of the linear 

concentration curve, (Gauglitz 2018) was 95.96 % / mM for ethyl 

paraoxon and 47.18 % / mM for methyl parathion, respectively. The 

fluorescence intensity of FITC decreased linearly with an increase in the 

concentration of ethyl paraoxon or methyl parathion. Due to the increase 

in enzymatic activity, there is a decrease in pH, which eventually results 

in a decrease in the fluorescence intensity of FITC. The detailed 

parameters such as linear range, sensitivity, LOD, and linearity of the 

solution-phase His-Nus-OPH used in fluorescence assay with ethyl 

paraoxon and methyl parathion are given in Table 4.3 B.  It is observed 

that the assay with His-Nus-OPH is more sensitive with greater linearity 

and lower LOD for ethyl paraoxon compared to methyl parathion. 

Incidentally, the encapsulated His-Nus-OPH microspheres did not show 

expected biosensing response in the fluorescence assay which can be 

postulated to be because of interference of polymer in pH-based detection.  
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Table 4.3 Biosensing parameters of His-Nus-OPH 

Table 4.1 A Colorimetric biosensing parameters of solution-phase and encapsulated His-Nus-OPH 

 

S. No. Sample 

 

Substrate LOD 

(mM) 

 

Sensitivity 

(U/ mg/ mM) 

Linear range 

(mM) 

Response time 

(Minutes) 

Linearity 

(R2) 

1 
Solution-phase His- 

Nus-OPH 

Ethyl paraoxon 0.034 139.3 0.005-1 5 0.9961 

Methyl 

parathion 
0.06 21.8 0.005-1 5 0.9873 

2 
Encapsulated His-

Nus-OPH 

Ethyl paraoxon 0.024 23.8 0.005-1 10 0.9983 

Methyl 

parathion 
0.049 8.6 0.005-1 20 0.9936 



136 
 

 

 

 

 

 

Table 4.1 B Fluorometric biosensing parameters of solution-phase His-Nus-OPH 

 

S. No. Sample 

 

Substrate LOD 

(mM) 

Sensitivity 

(% / mM) 

 

Linear range 

(mM) 

Response time 

(Minutes) 

Linearity 

(R2) 

1 

 

Solution-phase His-

Nus-OPH 

 

Ethyl paraoxon 0.014 95.96 0.001-0.5 5 0.9982 

Methyl 

parathion 

0.044 47.2 0.005-0.5 5 0.9898 
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Figure 4.11. Optimization of the concentration of CHES buffer for 
solution-phase His-Nus-OPH fluorescence assay. Fluorescence activity 
assay of solution-phase His-Nus-OPH enzyme detected using FITC, a pH-
sensitive dye. With an increase in enzymatic activity, there is a decrease 
in pH which eventually results in a decrease in fluorescence intensity of 
FITC. (A) 0 mM CHES buffer was used at 37 ºC, pH 9.0 for 20 minutes 
with an interval of 5 minutes with ethyl paraoxon, and with an increase in 
time fluorescence intensity was decreased. (B) 0 mM, 10 mM, and 50 mM 
CHES buffer were used at 37 ºC, pH 9.0 for 20 minutes with an interval 
of 5 minutes with ethyl paraoxon. The decrease in the intensity of FITC 
was more in the case of the reaction mixture in which a 0 mM CHES buffer 
was used. The values are represented as the average of duplicate samples 
and the standard deviation is indicated by error bars. A representative 
result is shown based on at least three separate experiments. 
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Figure 4.12. Bio-sensing of OPs using solution-phase His-Nus-OPH via 
fluorescence assay. The 1:12 ratio of His-Nus-OPH and FITC-dextran 
was used at 37 ºC, without activity buffer. (A) Fluorescence assay of His-
Nus-OPH with 0.001, 0.005, 0.025, 0.05, 0.1, 0.3 mM, 0.5 mM of ethyl 
paraoxon, for 5 minutes. (B) Fluorescence assay of His-Nus-OPH with 
0.005, 0.025, 0.05, 0.1, 0.5 mM of methyl parathion, for 5 minutes. The 
values are represented as the average of duplicate samples and the standard 
deviation is indicated by error bars. A representative result is shown based 
on at least three separate experiments. 
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4.3 Summary 

This chapter demonstrated that NusA-tagged OPH (His-Nus-OPH) 

was found to be soluble and hence purified to be used in colorimetric and 

fluorometric assays for organophosphate detection. The study also 

demonstrated that His-Nus-OPH yields enhanced enzymatic activity for 

the degradation of organophosphate compounds while being a good 

candidate for use as a colorimetric biosensor when encapsulated with 

alginate microspheres. This study indicates good specific activity for the 

purified His-Nus-OPH, i.e., 333 U/mg and 90.2 U/mg for ethyl paraoxon 

and methyl parathion, respectively. Solution phase His-Nus-OPH protein 

and protein encapsulated using a novel method of ultrasonic atomization 

used in a colorimetric assay where encapsulated protein gave improved 

LOD than solution-phase His-Nus-OPH with a same linear range of 

substrates. A fluorescence-based method was also established using FITC 

dextran for solution-phase His-Nus-OPH. Fluorescence emission drop 

suggested a linear decrease over a concentration range of 0.001-0.5 mM 

in the case of ethyl paraoxon, and 0.005-0.5 mM in the case of methyl 

parathion, respectively. As expected, the limit of detection was found to 

superior for fluorescence assay than a colorimetric assay for ethyl 

paraoxon and methyl parathion. The results indicate that the NusA-tagged 

OPH enzyme can be used in both colorimetric and fluorescence-based 

sensor systems with good detection limits, response time, and linearity. 

Future research efforts to further enhance the performance should be 

focused on structural modifications to enhance the catalytic activity, as 

well as enhancing the long-term stability of the sensor. 
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Chapter 5 

Fluorometric biosensing of organophosphates 
using a recombinant organophosphorus acid 
anhydrolase (OPAA)-FL variant with 
monomeric teal fluorescent (mTFP) fusion 
protein expressed in E. coli. 
 

5.1 Introduction 

In the previous chapters, the structure, properties, and benefits of 

the OPAA enzyme for biosensor development have been discussed in 

detail. In continuous efforts to explore the development of sensing 

platforms, the use of fusion proteins with OPAA-FL and a fluorescent 

protein that is a mTFP1 was done. Unlike several widely used fluorescent 

proteins, mTFP1 is a true monomer and possibly does not interfere with 

its fusion partner's function. Fusion proteins have advantages in terms of 

stability, repeatability easier purification, and avoid the requirement of 

specific labelling and complex processing while providing enhanced 

fluorescent outputs for analytical and sensing applications (Wu et al. 

2018). In the current chapter, the use of mTFP1 has been explored as the 

fluorophore, and a fusion protein has been developed with OPAA-FL and 

mTFP1. mTFP1 is one of several known and popular fluorescent proteins 

in the life sciences, belongs to the green fluorescent protein (GFP) family, 

and is popularly used for imaging applications (Ai et al. 2008; Topol et al. 

2010). Corals are among the most common and frequently encountered 

sources of fluorescent proteins. mTFP1 is a codon-optimized and 

monomeric version of cFP484, a tetrameric cyan FP (CFP) from 

Clavularia coral, developed for narrower and single-peaked emission 

characteristics, photostability, pH sensitivity, and improved brightness (Ai 

et al. 2008). It is desirable to combine the molecular recognition element 

with a signal output element for sensor development. With this in mind, a 

fluorescent fusion protein of OPAA-FL-mTFP1 was designed, which was 
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utilized in one of very few known studies with fusion proteins for 

analytical purposes (Wu et al. 2018). This chapter describes the first use 

of an OPAA-FL-mTFP1 fluorescent fusion protein for the sensing of 

organophosphate compounds with the use of a fluorescent mTFP1 fusion 

partner. This study indicated that OPAA-FL-mTFP1 works favourably for 

the detection of OP compound ethyl paraoxon, with detection limits as low 

as 0.0254 mM and 0.098 mM, and a linear range of 0.005 – 1 mM and 0.05 

– 0.75 mM for colorimetric and fluorometric sensing, respectively. A 

detailed experimental procedure of cloning, expression, purification, 

kinetics, and interpretation is provided in the following sections, along 

with the colorimetric and fluorometric sensing results.  

5.2 Results  

5.2.1 Cloning, expression, and purification of mTFP1, N- terminal His 

tag fusion protein in pET vector 

A gene for the mTFP1 was cloned into a pET28 expression vector 

giving pET28-His-mTFP1 (Fig. 5.1 A) and subsequently transformed into 

expression host E. coli Rosetta (DE3) cells with the mTFP1 expression 

vector were induced with 0.1 mM IPTG at 20 ᵒC for 20 hrs. The results of 

the expression of mTFP1 in both pellet and supernatant are shown in Fig. 

5.1 B, no expression of mTFP1 protein was observed in the uninduced 

supernatant and pellet. As expected, it was found that on induction, the 

mTFP1 protein was expressed more in the supernatant. (Fig. 5.1 B, lane 

5). The soluble form of 27 kDa His-mTFP1 was obtained, and 

subsequently, affinity purified on a Ni-NTA resin as mTFP1 protein has 

an N-terminal His tag with an affinity towards Ni-NTA resin and eluted in 

150 mM imidazole elution buffer. (Fig. 5.1 C, lane 5).  
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Figure 5.1 Cloning, expression, and purification of His-mTFP1. (A)  
Map of pET28 with mTFP1, N-His tag. (B) Induction of His-mTFP1 
protein. Induction of His-mTFP1 was performed at 20 °C for 20 hrs. lane 
1: Protein marker, lane 2: Uninduced pellet, lane 3: Uninduced 
supernatant, lane 4: Induced pellet, lane 5: Induced supernatant. (C) 
Purification of recombinant His-mTFP1 protein. Lane 1: Prestained 
protein marker, lane 2: Input, lane 3: Flow-through, lane 4: Wash 50 mM 
Imidazole, lane 5: Elution with 150 mM Imidazole. 
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5.2.2 Cloning, expression, and purification of recombinant OPAA-FL-

mTFP1 fusion protein 

A gene for the OPAA-FL variant without stop codon was cloned 

into a pET28 expression vector, sequentially mTFP1 gene was cloned after 

OPAA-FL sequence giving pET28-OPAA-FL-mTFP1 (Fig. 5.2 A). and 

subsequently transformed into expression host E. coli Rosetta (DE3) cells. 

E. coli Rosetta (DE3) cells with the OPAA-FL-mTFP1 expression vector 

were induced with 0.1 mM IPTG at 20 ᵒC for 20 hrs. The results of the 

expression of OPAA-FLmTFP1 in both pellet and supernatant are shown 

in Fig. 5.2 B, no expression of OPAA-FL-mTFP1 protein was observed in 

the uninduced supernatant and pellet. As expected, it was found that on 

induction, the OPAA-FL-mTFP1 protein was expressed more in the 

supernatant (Fig. 5.2 B, lane 4). The soluble form of 77 kDa OPAA-FL-

mTFP1 was obtained, and subsequently, affinity purified on a Ni-NTA 

resin as this fusion protein has an N-terminal His tag with an affinity 

towards Ni-NTA resin and eluted in 150 mM imidazole elution buffer. 

(Fig. 5.2 C, lane 4). 

5.2.3 Activity assay of recombinant OPAA-FL-mTFP1 

An OPAA-FL-mTFP1 enzyme assay was done to know whether 

the recombinant protein is enzymatically active or not. In both the induced 

cell lysate and the purified fraction, the recombinant OPAA-FL-mTFP1 

fusion protein showed activity with ethyl paraoxon. The induced cell lysate 

was significantly more active than uninduced cell lysates. However, when 

compared with the induced cell lysate, purified samples displayed higher 

specific activity. The specific activity of uninduced, induced, and purified 

OPAA-FL-mTFP1 fusion protein was found to be 0.006 U/mg (± 0.0007), 

0.02 U/mg (± 0.002), and 0.668 U/mg (± 0.199), respectively, for 1 mM 

ethyl paraoxon (Fig. 5.3). It was observed that purified OPAA-FL-mTFP1 

has 33.4 times greater specific activity than the induced OPAA-FL-mTFP1 

for ethyl paraoxon, suggesting significant fold purification using affinity 

chromatography 
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Figure 5.2 Cloning, expression, and purification of OPAA-FL-
mTFP1. (A)  Map of pET28 with OPAA-FL-mTFP1, N-His tag. (B) 
Induction of recombinant OPAA-FL-mTFP1 fusion protein. Induction of 
OPAA-FL-mTFP1 was performed at 20 °C for 20 hrs. Lane 1: Uninduced 
pellet, lane 2: Uninduced supernatant, lane 3: Induced pellet, lane 4: 
Induced supernatant lane 5: Protein marker. (C) Purification of 
recombinant OPAA-FL-mTFP1 fusion protein. Lane 1: Input, lane 2: 
Flow-through, lane 3: Wash 50 mM Imidazole, lane 4: Elution with 150 
mM Imidazole, Lane 5: Prestained protein marker.
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Figure 5.3. Colorimetric activity assay of OPAA-FL-mTFP1. OPAA-
FL-mTFP1 with 1 mM ethyl paraoxon as a substrate in presence of Bis-
tris propane buffer, pH 8.5, at 65 ºC for 15 minutes. The values are an 
average of duplicate samples and error bars represent standard deviation. 
At least three independent experiments were performed, and a 
representative result is shown. 
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The kinetic parameters for ethyl paraoxon from 0.05 to 9 mM as a 

substrate using purified OPAA-FL-mTFP1 fusion protein have been 

reported in Fig. 5.4 and Table 5.1. Table 5.1 describes the comparative 

kinetic analysis of OPAA-FL-mTFP1 and OPAA-FL-variant. As per the 

observed data, the catalytic efficiency of OPAA-FL-mTFP1 is lower 

compared to the OPAA-FL-variant enzyme, possibly due to the fusion of 

mTFP1. The enzyme kinetic parameters for ethyl paraoxon substrate (kcat, 

Km, Vmax, kcat/Km) are calculated by curve fitting to Lineweaver Burk plot 

following the published literature (Robinson 2015). 

5.2.4 Effect of pH and temperature on recombinant OPAA-FL-

mTFP1 activity 

The effect of pH and temperature on the activity of the OPAA-FL-

mTFP1 fusion protein was studied. To know the optimum temperature for 

the OPAA-FL-mTFP1 fusion protein with ethyl paraoxon, its activity was 

tested at various temperatures between 30 – 80 ºC for 15 minutes, in 50 

mM Bis-Tris propane buffer, pH 8.5, 1 mM ethyl paraoxon, and 1 mM 

MnCl2. OPAA-FL-mTFP1 fusion protein activity was gradually 

increasing until 65 ºC, and any further increase in the temperature led to a 

decrease in the specific activity. Our experiments suggested that 65 ºC is 

the optimum temperature for the OPAA-FL-mTFP1 fusion protein with 

ethyl paraoxon (Fig. 5.5 A). 

 To know the optimum pH for OPAA-FL-mTFP1 fusion protein 

with ethyl paraoxon, its activity was tested at various pH between 6 – 10, 

at 65 ºC for 15 minutes, in either 50 mM phosphate buffer (pH 6.0, 6.5, 

7.0, 7.5 and 8.0, respectively) or 50 mM Bis-Tris propane buffer (pH 8.5, 

9.0 and 10.0, respectively), 1 mM ethyl paraoxon and 1 mM MnCl2. 

Optimum activity for OPAA-FL-mTFP1 fusion protein was observed at 

pH 8.5 (Fig. 5.5 B). 
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Figure 5.4. Lineweaver Burk plot for purified OPAA-FL-mTFP1 
using ethyl paraoxon. The values are average of duplicate samples and 
error bars represent standard deviation. 
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Table 5.1 Kinetic parameters of OPAA-FL-mTFP1 enzyme 

 

 

Sample Ethyl paraoxon 
(mM) 

 

Vmax  
(U/mg) 

Km  
(mM) 

kcat  

(min-1) 
kcat / Km  

(mM-1 min-1) 

 

Purified OPAA-FL-mTFP1 
 
 

Purified OPAA-FL- 
variant 

0.05 to 9 
 
 

0.1 to 9 

3.374 
 
 

196 

5.18 
 
 

6.58 

261.86 
 
 

9800 

5.055 
 
 

1489.362 
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Figure 5.5. Effect of temperature and pH on the OPAA-FL-mTFP1 
activity. (A) Effect of temperature on the specific activity of the OPAA-
FL-mTFP1 with ethyl paraoxon. (B) Effect of pH on the specific activity 
of OPAA-FL-mTFP1 with ethyl paraoxon. The values are an average of 
duplicate samples and error bars represent standard deviation. At least 
three independent experiments were performed, and a representative result 
is shown. 
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5.2.5 Colorimetric biosensing of ethyl paraoxon 

Colorimetric biosensing of OPAA-FL-mTFP1 fusion protein was 

performed with 0.005, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 

and 1 mM of ethyl paraoxon, and specific activity with respect to the 

aforementioned concentrations was found to be 0.004, 0.005, 0.032, 0.053, 

0.116, 0.164, 0.221, 0.275, 0.325, 0.374, 0.420, 0.473, and 0.502 U/mg 

with ethyl paraoxon (Fig. 5.6). The linear range for detection of ethyl 

paraoxon was found to be 0.005 - 1 mM with a LOD of 0.0254 mM. The 

sensitivity of such estimation was found to be 0.499 U/mg/ mM. 

5.2.6 Fluorescence biosensing of ethyl paraoxon 

The assay was developed based on a decrease of fluorescence 

intensity of pH-sensitive fluorescent protein mTFP1 (Ai et al. 2006). Upon 

the interaction of OPAA-FL-mTFP1 with OP compounds a decrease in pH 

of solution occurs due to the release of protons with the concurrent release 

of  PNP (Prieto-Simón et al. 2006). The fluorescence of mTFP1 is 

dependent on protons. In acidic conditions, the mTFP1 signal decreased, 

with fluorescence quenching below pH 3.5. In less acidic buffer conditions 

of pH 5-6, mTFP1 showed increasing brightness with fluorescence 

plateauing above pH 6.0 (Chin et al. 2020) (Fig. 5.7). 

 To know optimum buffer and reaction conditions for fluorometric 

detection of OPs using OPAA-FL-mTFP1 fusion protein, initially, it was 

tested for a decrease in the fluorescence values of OPAA-FL-mTFP1 in 

the different buffer concentrations. The reaction mixture was prepared 

with 1 mM MnCl2, 1 mM ethyl paraoxon, OPAA-FL-mTFP1, and sterile 

distilled water up to 1 ml. 0 mM, 5mM, 10 mM, 25 mM, and 50 mM, Bis-

Tris propane activity buffer (pH 8.0), was used respectively, and measured 

loss in the fluorescence values. It was observed that the reaction mixture 

with 25 mM Bis-Tris propane buffer showed a greater decrease in the 

intensity in comparison to the reaction mixture with the 0, 5, and 10 mM 

concentration of Bis-Tris propane buffer in it (Fig. 5.8). Further increase 

in buffer concentration did not result in a significant change in the 

fluorescence output, as seen in Figure 5.8.  
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Figure 5.6. Colorimetric biosensing of ethyl paraoxon using OPAA-
FL-mTFP1 fusion protein. Colorimetric activity assay of OPAA-FL-
mTFP1 with 0.005 to 1 mM of the substrate with Bis-Tris propane buffer 
pH 8.5, at 65 °C for 15 minutes. The values are represented as the average 
of duplicate samples and the standard deviation is indicated by error bars. 
A representative result is shown based on at least three separate 
experiments. 
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Figure 5.7. pH dependence of mTFP1 fluorescent proteins. pH sensing 
of mTFP1 was examined using citrate phosphate buffer, pH 2.6 to 5.5 and 
bis tris propane buffer, pH 6 to 8. The values are an average of duplicate 
samples and error bars represent standard deviation. At least three 
independent experiments were performed, and a representative result is 
shown. 
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Figure 5.8. Optimization of concentration of Bis-tris propane buffer 
for OPAA-FL-mTFP1 fluorescence assay. 0 mM, 5 mM, 10 mM, 25 
mM, and 50 mM Bis-tris propane buffer were used at 50 ºC, pH 8.0 for 10 
minutes with ethyl paraoxon. The values are an average of duplicate 
samples and error bars represent standard deviation. At least three 
independent experiments were performed, and a representative result is 
shown. 
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It is observed that the interaction of OPAA-FL-mTFP1 with ethyl 

paraoxon result in a decrease in fluorescence intensity of mTFP1 

fluorescent protein over a time period of 0-10 minutes due to the 

progressive release of H+ ions by the hydrolysis of ethyl paraoxon. 

To know the optimum temperature for the OPAA-FL-mTFP1 

fluorescence assay, temperature optima experiment was performed from 

25 to 70 °C, in 1 mM MnCl2 and sterile distilled water. OPAA-FL-mTFP1 

fusion protein fluorescence intensity was gradually decreasing until 70 ºC 

(Fig. 5.9). As reported earlier, mTFP1 is a temperature-sensitive protein 

(Nakano et al. 2017). To maintain the functional property of mTFP1 in the 

OPAA-FL-mTFP1 fusion protein, an optimum temperature of 50 °C was 

used for the OPAA-FL-mTFP1 fusion protein considering the maximum 

activity OPAA-FL and functional activity of mTFP1 for fluorescence 

sensing purpose at this temperature.  

It is observed that the interaction of OPAA-FL-mTFP1 with OP 

compounds such as ethyl paraoxon result in a decrease in fluorescence -

intensity of mTFP1 over a time of 0-10 minutes due to progressive release 

of H+ ions by the hydrolysis of OP compounds, which does not occur in 

the control comprised of mTFP1 only. Thus, for all fluorescent sensing 

experiments, 50 °C temperature and 25 mM Bis-Tris propane buffer pH 

8.0 was used. Moreover, when OPAA-FL-mTFP1 was used with 0.1, 0.25, 

0.4, 0.5, 0.6, 0.75, 1 mM of ethyl paraoxon the rate of fluorescence decay 

increased with the concentration of substrate (Fig. 5.10).  

Fluorescence-based bio-sensing of OPAA-FL-mTFP1 with 

different concentrations of ethyl paraoxon showed a linear range of 0.1 to 

1 mM. The LOD of bio-sensing was 0.066 mM for ethyl paraoxon, and the 

sensitivity defined as the slope of the linear concentration curve (Gauglitz 

2018) was 36.9 % / mM for ethyl paraoxon. The fluorescence intensity of 

OPAA-FL-mTFP1 decreased linearly with an increase in the concentration 

of ethyl paraoxon. Due to the increase in enzymatic activity, there is a 

decrease in pH, which eventually results in a decrease in fluorescence 

intensity of mTFP1.   
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Figure 5.9. Optimization of temperature for OPAA-FL-mTFP1 
fluorescence assay. The assay was performed with OPAA-FL-mTFP1 in 
the absence of substrate between 25 to 70 °C. The values are an average 
of duplicate samples and error bars represent standard deviation. At least 
three independent experiments were performed, and a representative result 
is shown. 
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Figure. 5.10. Fluorometric bio-sensing of ethyl paraoxon using 
OPAA-FL-mTFP1 fusion protein. Bio-sensing of ethyl paraoxon using 
the OPAA-FL-mTFP1 via fluorescence assay with 0.1 to 1 mM ethyl 
paraoxon as the substrate at 50 ºC, for 10 minutes with bis tris propane 
activity buffer. The fluorescence intensity of OPAA-FL-mTFP1 
decreased linearly with an increase in the concentration of ethyl paraoxon. 
while no significant changes of fluorescence were observed in the mTFP1 
control. The values are an average of duplicate samples, and error bars 
represent standard deviation. At least three independent experiments were 
performed, and a representative result is shown. 
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5.3 Summary 

The chapter demonstrated the fusion of OPAA-FL-variant, an OP 

degrading enzyme, with a pH-sensitive fluorescent protein called mTFP1. 

mTFP1 was used as a fluorophore and fusion partner because it is pH 

sensitive, and it does not interfere with the function of its fusion partner. 

This property was used to make OPAA-FL-mTFP1 fusion protein for 

enzymatic biosensing of OPs. The OPAA-FL-mTFP1 fusion protein was 

expressed, purified, and further used to test its enzymatic activity using 

colorimetric and fluorometric assays for organophosphate detection.  

The results indicate good specific activity for the OPAA-FL-

mTFP1, i.e., 0.668 U/mg for ethyl paraoxon. It was demonstrated that 

OPAA-FL-mTFP1 yields an enhanced limit of detection and good linear 

range for the detection of organophosphate compounds while being a good 

candidate for use as a colorimetric biosensor. This chapter discusses the 

use of mTFP1 as a pH-sensitive fluorophore to test the enzymatic activity 

of OPAA-FL-mTFP1 as a biosensing platform for the sensitive detection 

of ethyl paraoxon. In the case of the fluorometric method, the linear range 

was found to be 0.05 - 0.75 mM with a limit of detection of 0.098 mM. 

The results specify that the OPAA-FL-mTFP1 fusion protein can be used 

in both colorimetric and fluorescence-based sensor systems with good 

linear range, the limit of detection, response time, and linearity. It is the 

first known experimental evaluation of biosensing of ethyl paraoxon using 

OPAA-FL-mTFP1 fluorescent fusion protein.  
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Chapter 6 

Conclusion and scope for future work 

 

6.1 Introduction  

In modern times, pesticides have gained prominence in various 

sectors, from agriculture to the industry, due to a growing population's 

needs and expectations. The global usage of pesticides stands at around 3 

million tons annually (Silva et al. 2019). Of the known pesticides, four 

classes are most prominent: organophosphates (OPs), organochlorines, 

pyrethroids, and carbamates (Clarke et al. 1997; Karami-Mohajeri and 

Abdollahi 2011). Among these, OPs are very popular, especially in 

developing countries, due to cost-efficient synthesis, ubiquitous and 

widespread proven usage as pesticides/insecticides. From a clinical point 

of view, there are some major concerns related to OPs, like blockage of 

the active site of acetylcholinesterase (AChE), which is an important 

enzyme of the nervous system required for breakdown of acetylcholine. 

The build-up of acetylcholine resulting from inhibition of AChE results in 

neurological complications and the problems can extend to all vertebrates, 

including humans (Yang et al. 2008b; Watson et al. 2014; Ortiz-Delgado 

et al. 2019). Long-term OP exposure results in an “ageing effect” on 

neuropathy target esterase (loss of alkyl group bound to phosphorus), 

which progressively and irreversibly inhibits the esterase over time, 

leading to OP-induced neuropathy (Jokanović et al. 2011). OP poisoning 

has a high rate of mortality. Various studies have documented it to be 

between 22% and 50% (Sungur and Güven 2001; Munidasa et al. 2004; 

Sungurtekin et al. 2006) irrespective of the economic status of the country 

or its patients (Hrabetz et al. 2013). Combined with the relative ease of 

exposure, these compounds pose a high risk for healthcare professionals 

to mitigate effectively.   

Initially, separation methods like chromatography were used for 

pesticide analysis in the environment, however, these techniques 
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prevented adequate monitoring and had several limitations (Van Dyk and 

Pletschke 2011). Additionally, it involves a prior clean-up procedure of 

the instruments and requires a tedious extraction process, thereby making 

it not so suitable for the detection of OPs and nerve agents for wide and 

frequent usage. An alternative method of pesticide detection was promoted 

many years back using enzymes. The mainly utilized enzymes were AChE 

and BChE; and using the same the first enzymatic sensors for detection of 

organophosphates were developed (Kulys and D’Costa 1991; Marty et al. 

1992). Both enzymes play a key role in the nervous system's functioning 

(Van Dyk and Pletschke 2011). The OPs and nerve agents were detected 

based on the inactivation of enzymes in proportion to the OPs and nerve 

agents. Based on this property of OPs, various inhibition-based biosensors 

have been designed to accurately detect the OPs (Pundir and Chauhan 

2012; Pohanka 2013). Nevertheless, AChE and BChE are also inhibited 

by various other chemical agents apart from nerve agents and OPs, such 

as hypochlorite, detergents, carbamates, heavy metals, fluoride, and 

nicotine, and therefore, one cannot rely on the detection of inhibition based 

biosensors using AChE and BChE (Karami et al. 2016). Thus, there is a 

need to develop a rapid, selective, and sensitive biosensor for the detection 

of OPs and nerve agents. In this thesis, OP degrading enzymes, OPH and 

OPAA-FL, are cloned in the pET expression vector to express recombinant 

proteins. Subsequently, these recombinant proteins are purified by affinity 

chromatography and used as enzymatic biosensors to detect and quantify 

OPs based on optical sensing methods that are rapid, selective, and 

sensitive for the detection of common OP compounds such as ethyl 

paraoxon and methyl parathion used in this study. 
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6.2 Optical biosensor for the detection of OP based pesticides using 

OPAA-FL-variant 

An enzyme-based biosensor that is safe, non-corrosive, cheap, 

user-friendly, rapid, stable, sensitive, selective, and environmentally 

friendly is needed. Microbial enzymes have proven to be attractive because 

of economic and environmental considerations. Whereby, OPs degrading 

enzymes have attracted widespread attention because of the toxicity of 

pesticides and the use of nerve agents as chemical warfare agents. In this 

study, an OPAA-FL variant enzyme-based biosensor was presented, which 

is safe, user-friendly, and environmentally benign to detect ethyl paraoxon. 

This work provides information about the cloning, expression, 

purification, encapsulation of the OPAA-FL variant into alginate, and 

developing a colorimetric as well as a pH-based biosensor. 

Out of 517 amino acids of OPAA from Alteromonas sp., only 440 

are found to affect the activity of enzyme. Truncation of 77 amino acids 

from the C-terminal is found to not affect the activity of enzyme (DeFrank 

and Cheng 1991). Before 2015, there was no report of OPAA action 

against V-type nerve agents and there were no previous reports of its 

engineering. OPAA structure was engineered by Steven P. Harvey’s group 

to improve the catalytic efficiency of the enzyme. Using site-directed 

mutagenesis, they created few mutations in the small pocket in order to 

increase specific activity of the enzyme. Four mutants of OPAA, namely, 

F (Y212F), FL (Y212F & V342L), FLY (Y212F, V342L & I215Y), and 

FLYD (Y212F, V342L, I215Y, and H343D) were produced (Daczkowski 

et al. 2015), of which OPAA FL variant displayed a 20-fold increase in 

catalytic efficiency for the hydrolysis of Russian VX over wild-type 

OPAA, whereas the FLY mutant of OPAA displayed more than 30-fold 

enhancement in the catalytic activity on VR racemic. In literature, OPAA 

enzyme is reported to hydrolyze OP compounds with P-F, P-O, P-S, and 

P-CN bonds. A representative comparison table of OPAA-FL with P-F and 

P-O bond containing OPs, OPAA WT with P-O bond containing 

compounds, as well as a comparison of OPAA-FL and wild-type OPAA 

for the hydrolysis of P-S bond containing Russian VX is given in Table 
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3.2 and Table 3.3, respectively. A group of scientists in year 2000, proved 

that by encapsulating OPAA hydrolyzing enzyme in conjugation with 2-

PAM and atropine in lysosome to provide 23 LD50s of protection against 

DFP (Petrikovics et al. 2000).  This report attempts to evaluate the OPAA-

FL variant as a potential candidate for the enzymatic hydrolysis of ethyl 

paraoxon, and this study thus would contribute towards developing 

effective sensors and/or mutant enzymes for detection and/or degradation 

of organophosphates, especially ones with P-O bond, such as ethyl 

paraoxon.  

In this study, the OPAA-FL variant gene was cloned into pET28 

expression vector with N-terminal His-tag. The recombinant OPAA-FL 

variant was expressed in E. coli cells, then purified and tested for its 

activity against methyl parathion and ethyl paraoxon. The specific activity 

of the OPAA-FL variant using colorimetric assay was observed to be 1.96 

U/mg against ethyl paraoxon with an incubation time of 15 minutes, which 

is around 1.2 fold higher compared to previously reported OPAA from 

marine bacterium Pseudoalteromonas sp. SCSIO 04301 (1.6 U/mg) by 

Xiao Yunzhu and his group (Xiao et al. 2017). In 2017, Xiao Yunzhu and 

his group showed that OPAA obtained from the sediment of coastal areas 

of south China, specifically the bacterium Pseudoalteromonas sp. SCSIO 

04301 (GIMCC 1.828) expressed activity against methyl paraoxon and 

ethyl paraoxon. They reported specific activity OPAA against methyl 

paraoxon of approximately 0.0314 U/mg and specific activity against ethyl 

paraoxon of about 1.604 U/mg. 

The activity was further validated using fluorometric assay using 

pH-sensitive fluorophore, FITC. For the OPAA-FL variant, the observed 

fluorescence intensity of FITC dropped within a response time of 3 

minutes giving a good linear range and detection limit. The protein was 

encapsulated into alginate using an ultrasonic atomizer. The bead 

morphology was observed by SEM. The average size of the microspheres 

so formed was around 0.2 µm. Microspheres were further used for the 

detection of OPs using a colorimetric assay.  

In the colorimetric and fluorescence assays, a buffer solution of 

Bis-Tris propane was used, which acts as an activity buffer to provide 
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optimal conditions for maximum enzyme activity (Bisswanger 2014). 

Colorimetric estimation using the OPAA-FL variant provided a linear 

range of 0.01 - 1 mM whereas encapsulated OPAA-FL variant provided a 

linear range of 0.025 - 1 mM. The results indicate that both OPAA-FL 

variant and encapsulated OPAA-FL variant colorimetric estimation 

exhibit a limit of detection of ethyl paraoxon of 0.04 mM and 0.036 mM, 

respectively, with ethyl paraoxon as the substrate and response time of 15 

minutes. Thus, encapsulation results in a decrease in the linear range, 

however with a slight improvement in the detection limit. In the case of 

the fluorometric method, the linear range was found to be 0.1 - 0.5 mM 

with a similar limit of detection of 0.038 mM. Incidentally, the 

encapsulated OPAA-FL variant microspheres did not show the expected 

biosensing response in the fluorescence assay. This could be because of 

the interference of alginate in enzymatic reaction or pH response. This 

study establishes use of the OPAA-FL variant for organophosphate 

pesticide detection and provides avenues for the development of sensitive 

real-time sensing platforms. 

6.3 Organophosphate pesticides detection using recombinant OPH 

expressed in E. coli  

This study demonstrated that His-Nus-OPH can show improved 

solubilization by including a NusA tag and yields enhanced enzymatic 

activity for degradation of organophosphate compounds. It was also 

observed that soluble protein was obtained when induction was performed 

at a lowered temperature of 16 ºC compared to 37 ºC. This is attributed to 

increased solubility of protein at lower temperatures owing to increased 

expression of chaperones in E. coli (Ferrer et al. 2003), reduced effect of 

heat shock proteases, and increased stability favouring proper folding 

patterns (Vera et al. 2007; Sahdev et al. 2008). Additionally, growth at 

lower temperatures from 15–23 °C, brings a significant reduction in 

degradation of the expressed protein (Spiess et al. 1999; Hunke and Betton 

2003). These factors allowed proper solubilization of protein when 

induction was performed at 16 ºC. 
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Alginate encapsulation is used in a variety of applications, such as 

controlled drug release, oil encapsulation, nanoparticles, cells, and 

enzymes (Haider and Husain 2009; Yeh et al. 2009; Mandal and Kundu 

2009; Ren et al. 2010; Chan et al. 2011; Stojanovic et al. 2012; Duarte et 

al. 2013; Yadav et al. 2018). Many of these reports have focused on 

encapsulation with calcium alginate. In this report, FITC Dextran with or 

without His-Nus-OPH was successfully encapsulated in sodium alginate 

beads, which posed an important advantage in terms of water solubility 

when compared to calcium alginate (Shilpa et al. 2003), resulting in 

decreased fluorescence quenching, higher fluorescence intensity when 

used with fluorescent dyes, and enhanced chemical availability for the 

encapsulated enzyme (Realdon et al. 2001; Koner and Nau 2007).  FITC 

has been known to be a versatile fluorophore with properties like pH 

sensitivity, the capability to conjugating polymer matrices, and ease of 

characterization by fluorometry and fluorescence microscopy. FITC-

dextran (500 kDa) is also known to have similar fluorescence properties 

as FITC itself while having advantages in terms of water solubility, inert 

nature, non-toxicity, and reduced leachability from alginate matrices 

(Alvarez et al. 1996; Lanz et al. 1997). Co-immobilization of FITC-

dextran with His-Nus-OPH has been shown in this report to aid in 

developing a fluorescent assay for the detection of OP compounds. The 

fluorescence of FITC-dextran is pH-dependent; at pH 0-3, fluorescence 

intensity is minimum. At pH 4 and above, there is a linear increase in 

fluorescence intensity, which saturates at pH 8-9. In essence, acidic pH 

leads to loss of fluorescence intensity due to protonation of FITC, and 

basic pH leads to higher fluorescence intensity due to conversion into a 

mono-anionic or di-anionic form (Chaudhari et al. 2016; Chaudhari et al. 

2017). 

With respect to the colorimetric assay, an increase in the specific 

activity is observed with an increase in substrate concentration of ethyl 

paraoxon and methyl parathion due to the progressive access of substrate 

to the active sites of His-Nus-OPH. Consequently, the intensity of the 

yellow colour observed due to the production of PNP also increases. 

Interestingly, it is observed that in the colorimetric tests, the sensitivity of 
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the encapsulated His-Nus-OPH is lower than that of soluble His-Nus-

OPH. Moreover, a higher response time was seen for the encapsulated His-

Nus-OPH compared to the soluble enzyme. This may be due to the loss of 

some enzyme activity to the substrate after encapsulation (Plekhanova et 

al. 2019). Nevertheless, the encapsulated enzyme does exhibit 

improvements in terms of LOD while maintaining similar linearity as the 

solution-phase His-Nus-OPH.  

Typically, using fluorescence techniques for detection of OP 

compounds provide a lower detection limit, which can also be seen in the 

current study. Use of His-Nus-OPH enzyme in the fluorescence assay 

demonstrated a lower LOD of 0.014 mM and 0.044 mM for ethyl paraoxon 

and methyl parathion, respectively, which was found to be superior 

compared to the colorimetric biosensing. The linear range and response 

time in both colorimetric and fluorescent sensing are comparable (5 min), 

which is mainly a function of enzyme activity of His-Nus-OPH. The 

results also clearly indicate that, although both colorimetric and 

fluorometric methods can be used for estimation, due to sensitivity, FITC 

dextran-based estimation would be preferable for the development of 

biosensor assays and devices.  

6.4 Fluorometric biosensing of ethyl paraoxon using a recombinant 

OPAA-FL-mTFP fluorescent fusion protein  

Fusion proteins, consisting of a protein of interest and a fluorescent 

protein are used to achieve improved association between the fluorescent 

molecule and the enzyme for sensing applications in continuing efforts to 

investigate enzymatic processes and sensing platforms for the detection of 

organophosphorus compounds. Effective devices and methods are needed 

to sensitively detect and/or degrade organophosphorus compounds for 

enzymatic bioremediation. Monomeric teal fluorescent protein 

from Clavularia coral (mTFP1) is a monomeric variant of the tetrameric 

CFP (cyan FP) cFP484 from Clavularia coral family with favorable 

fluorescence and stability characteristics for functional applications 

(Topol et al. 2010). An alternative known as mTFP1 was engineered to fix 
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the shortcomings of CFPs (Ai and Campbell 2008). It has high 

photostability, high brightness of fluorescence, pH stability, quantum 

yield, and maturation rate. Unlike several widely used fluorescent proteins, 

mTFP1 is a true monomer and possibly does not interfere with its fusion 

partner's function or localization. To test the enzymatic behaviour of 

OPAA-FL-mTFP1 as a biosensor based on the OPAA-FL-mTFP1 fusion 

protein for the sensitive detection of ethyl paraoxon, mTFP1 is 

investigated here as a pH-sensitive fluorophore in the fluorometric assay. 

mTFP1, a cyan fluorescent protein variant (pKa of 4.3), has been chosen 

for this purpose. In vitro, mTFP1 has a strong sigmoidal pH response over 

a large spectrum of pH 2.0 ± 9.0 (Ai et al. 2006).  It also has a brightness 

(54 units) and displays good photostability (t1/2 = 163.0 s) (Shaner et al. 

2004; Ai et al. 2006; Cranfill et al. 2016). Hence, mTFP1 provides the 

preferred combination of desirable characteristics for the pH-sensitive 

feature of a pH sensor. mTFP1 has a pH-sensing domain that enables pH 

measurements within the highly acidic range even in physiological 

lysosomes. The fluorescence of mTFP1 is dependent on protons. During 

acidic conditions, the mTFP1 signal decreased, with fluorescence 

quenching below pH 3.5. In less acidic buffer conditions of pH 5-6, 

mTFP1 showed increasing brightness with fluorescence plateauing above 

pH 6.0 (Chin et al. 2020). 

The OPAA-FL-variant gene was cloned into pET28 expression 

vector with N-terminal His-tag and mTFP1 sequentially cloned at C-

terminal in pET28-OPAA-FL vector. The recombinant OPAA-FL-mTFP1 

was expressed in E. coli cells, then purified and tested for its activity 

against ethyl paraoxon. The specific activity of OPAA-FL-mTFP1 using 

colorimetric assay was observed to be 0.668 U/mg against ethyl paraoxon 

with an incubation time of 15 minutes. 

OPAA-FL-mTFP1 was further used in a colorimetric assay for the 

detection of OPs. Colorimetric estimation using OPAA-FL-mTFP1 

provided a linear range of 0.005 - 1 mM. The result indicates that the 

OPAA-FL-mTFP1 colorimetric estimation exhibits a limit of detection of 

0.025 mM, with ethyl paraoxon as the substrate. The activity was further 

analysed through a fluorometric assay using the pH-sensitive fluorescent 
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protein, mTFP1. For OPAA-FL-mTFP1, it was observed the intensity of 

mTFP1 dropped with a response time of 10 minutes giving a linear range 

of detection between 0.1 mM - 1 mM and a detection limit of 0.066 mM 

with ethyl paraoxon. Although the linear range and limit of detection of 

fluorometric estimation are observed to be lower compared to the 

colorimetric method, this method can enable reduced interference in 

complex environmental samples. This chapter represents one of the first 

studies for enzymatic sensing applications with potential mTFP1 and is 

intended to further push research efforts towards the production of 

sensitive, selective, user-friendly organophosphorus pesticide estimation 

probes for in-field determination of OPs. 

6.5 Conclusion 

This thesis explores the activity of recombinant OPH, OPAA-FL-

variant and OPAA-FL-mTFP1 for the enzymatic sensing of 

organophosphate compounds. Significantly, it establishes the use of 

OPAA-FL-variant and OPAA-FL-mTFP1 as a competitive enzymatic 

biosensor for organophosphate detection. The studies with His-Nus-OPH 

serve as a reference point for other researchers for exploiting enzymes 

towards novel sensing applications for organophosphates. 

This thesis establishes the activity of OPAA-FL-variant and 

OPAA-FL-mTFP1 towards the hydrolysis of the P-O bond and also shows 

the applicability of OPAA-FL-variant and OPAA-FL-mTFP1 for use as a 

sensor for ethyl paraoxon. Combined with the well-known analysis in 

literature of the efficacy of OPAA towards the hydrolysis of P-S, P-F, and 

P-CN bonds, this study establishes grounds for the development of 

engineered recombinant OPAA-FL enzymes with highly broad substrate 

activity. It is believed that site-directed mutagenesis can further open 

avenues for enhancing the activity of the OPAA enzyme and its substrate-

specific interactions. 

Similarly, a His-Nus-OPH fusion protein is demonstrated to act as 

an effective sensor for ethyl paraoxon and methyl parathion, with a 

specific mention that His-Nus-tagging significantly enhances the 
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solubility of protein. His-Nus-OPH protein has demonstrated a 

competitive sensing performance to other studies. This thesis thus 

establishes the effectiveness of the OPAA-FL variant and His-Nus-OPH 

fusion protein towards enhanced hydrolysis of OPs and also presents 

important advances on the sensing of organophosphate pesticides. 

Moreover, this thesis explores the possibility of using mTFP1 as 

the fluorophore in an OPAA-FL-mTFP1 fusion protein, which is 

demonstrated to display significant and competitive detection abilities in 

fluorometric and colorimetric assays for the detection of ethyl paraoxon. 

In this thesis, sensing activity using a fluorometric and colorimetric 

assay is demonstrated with low limits of detection, good sensitivity, good 

linearity and high linear range, good response time when tested on ethyl 

paraoxon (Table 6.1). Table 6.1 summarizes comparative biosensing 

parameters of OP degrading enzymes. In the case of colorimetric sensing, 

OPAA-FL-mTFP1 showed better LOD than OPH and OPAA-FL, while 

OPH and OPAA-FL showed similar LOD. In terms of sensitivity and 

response time, OPH exhibits a better performance compared to OPAA-FL 

and OPAA-FL-mTFP1. For colorimetric biosensing, OPH is better than 

OPAA-FL and OPAA-FL-mTFP1 in most parameters, except the LOD. In 

the case of fluorometric biosensing, OPH exhibits the best performance 

for linear range and LOD compared to OPAA-FL and OPAA-FL-mTFP1, 

and has similar sensitivity and response time as OPAA-FL. Based on table 

6.1, it can be concluded that OPH is more suitable for major sensing 

parameters compared to OPAA-FL and OPAA-FL-mTFP1 recombinant 

protein, but when it comes to organophosphate pesticide sensing, OPAA-

FL protein has a significantly wider substrate scope, being effective on a 

series of nerve agents (Table 3.2 and 3.3) other than the OP compounds 

(Table 3.1), making it more practically useful.   

The studies in this thesis are expected to provide useful insight on 

the development of enzymatic biosensing platforms and the utility of 

recombinant enzymes and fusion proteins towards functional applications. 
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 Table 6.1 Comparative biosensing parameters of recombinant OP degrading enzymes with ethyl paraoxon. 

Colorimetric biosensing 
 

Protein Linear Range (mM) LOD (mM) Sensitivity (U/mg/mM) Response time (minutes) 

His-Nus-OPH 0.005-1 0.034 139.3 5 

OPAA-FL 0.01-1 0.04 1.44 15 

OPAA-FL-mTFP1 0.005-1 0.0254 0.5 15 

Fluorometric biosensing 
 

Protein Linear Range (mM) LOD (mM) Sensitivity (% / mM) Response time (minutes) 

His-Nus-OPH 0.001-0.5 0.014 95.96 5 

OPAA-FL 0.1-0.5 0.038 104 3 

OPAA-FL-mTFP1 0.1-1 0.066 36.9 10 
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6.6 Future directions 

This thesis has explored the use of recombinant OPAA-FL- 

variant, an OPAA-FL-mTFP1 fusion protein, and His-Nus-OPH as 

enzymatic sensing elements for the detection and potential remediation of 

organophosphorus compounds. The results indicate great potential for the 

simultaneous use of both enzymes for synergistic degradation of a broad 

spectrum of pesticide compounds. Encapsulation strategies can be adopted 

to improve the stability and lifetime of the enzymatic sensors. In terms of 

microbial remediation, it may be a possibility to utilize two different 

pathways i.e. catabolic and co-metabolic in bacterial strains to remediate 

OP contamination in the environment. Similarly, for sensors – other than 

the enzymatic sensor, it is also possible to develop microbial sensing 

systems based on co-expression of both OPH and OPAA. There are now 

many nanoparticle-based systems reported in the literature which can 

function as enzyme mimics. An important future direction for research 

work would be to utilize bio-mimetic nanoparticles in conjunction with 

enzymes in encapsulated particles to achieve sensitive, linear and precise 

detection of OP compounds (the so-called “nanozyme” system). Similarly, 

enzymes can be embedded among nanoparticles in hydrogel systems, 

which can then be utilized for sensitive and selective detection of OP 

compounds. In terms of analytical protocol, fluorescence, UV 

spectrophotometric, and electrochemical methods are suggested to be best 

suited for developing point-of-care devices, due to their easily accessible 

and visually detectable results. For fluorescent sensors, either or both 

enzymes (OPH and OPAA) may be used along with a suitable fluorescent 

dye (such as FITC-dextran, TFP, GFP, etc.) to achieve highly sensitive 

detection with low detection limits. OPH and OPAA separately and 

together can be used with different fluorescent dyes/proteins like TFP, 

Coumarin, FITC dextran, and FITC isomer, etc. to check the effect of 

dyes/protein on sensing parameters. 
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APPENDIX A 

 

 

Vector Maps 

A I.   pET28a 

A II.  pET43a 
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APPENDIX A I 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A I. pET28a null vector  
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APPENDIX A II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A II. pET43a null vector  
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Appendix B 

List of primers used in cloning 

 

 

a. Nucleotides in the small case are complementary to the genome 

sequence. 

b. Underlined (bold case) in the corresponding sequence. 

 

 

 

 

 

 

 

Primer Sequences (5’ to 3’) 

PK671F ACT CATatg tcg atc ggc aca ggc gat cgg 

PK672F TATAT ACTAGT ctg gaa gtt ctg ttc cag ggg ccc tcg 

atc ggc aca ggc gat cgg 

PK673R TATAT CTCGAG tta tga cgc ccg caa ggt cgg 

PK702F GCGCG CATatg aat aaa tta gcg gtg tta tac gct gaa c 

PK706R ATAT GGATCC tta atc gag ctc tag ctc gcg 

PK762F ATGC GGATCC atg gtg agc aag ggc gag gag  

PK763R ATGC CTCGAG tta ctt gta cag ctc gtc cat gcc 

PK765R ATAT GGATCC atc gag ctc tag ctc gcg ag  

PK780R ATAT GCGGCCGC tta ctt gta cag ctc gtc cat gcc 

PK810F GTC CATatg gtg agc aag ggc gag gag 
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APPENDIX C 

Permissions and Copyright 

The chapters in this thesis adapt or reproduce certain published works, for which appropriate permissions have been obtained from the copyright 

holder, or are covered under open-access CC-BY license. The specific details are listed below. 

Chapter Details 

Chapter 1: Introduction and Literature review Text: Portions adapted from Monika Jain, Priyanka Yadav, Abhijeet Joshi & Prashant 

Kodgire (2019) Advances in detection of hazardous organophosphorus compounds using 

organophosphorus hydrolase-based biosensors, Critical Reviews in Toxicology, 49:5, 387-

410, DOI: 10.1080/10408444.2019.1626800 with permission from Taylor & Francis 

 

Figure 1.1: Adapted from Md. Wasim Aktar, Dwaipayan Sengupta & Ashim Chowdhury 

(2009) Impact of pesticides use in agriculture: their benefits and hazards, Interdisc. Toxicol. 

2, 1-12, DOI: 10.2478/v10102-009-0001-7 
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Figure 1.2: Adapted from Meghdad Pirsaheb & Neghin Moradi (2020) Sonochemical 

degradation of pesticides in aqueous solution: investigation on the influence of operating 

parameters and degradation pathway – a systematic review, RSC Advances 10, 7396–7423, 

DOI: 10.1039/C9RA11025A - Published by the Royal Society of Chemistry 

 

Figure 1.3: Adapted from Miguel A. Sogorb & Eugenio Vilanova (2002) Enzymes involved 

in the detoxification of organophosphorus, carbamate and pyrethroid insecticides through 

hydrolysis, Toxicology Letters 128 (1-3), 215-228, DOI: 10.1016/S0378-4274(01)00543-4 

with permission from Elsevier  

Also adapted from John R. Barr & W. Jack Driskell (2004) Quantitation of Metabolites of the 

Nerve Agents Sarin, Soman, Cyclohexylsarin, VX, and Russian VX in Human Urine Using 

Isotope-Dilution Gas Chromatography-Tandem Mass Spectrometry, Journal of Analytical 

Toxicology 28 (5), 372-378, DOI: 10.1093/jat/28.5.372 with permission from Oxford 

University Press 

 

Figure 1.4 (C): Adapted from the US Department of Agriculture (http://www.usda.gov) 
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Figure 1.5: Adapted from Patrick Masson, Denis Josse, Oksana Lockridge, Nathalie Viguié, 

Claire Taupin & Cyril Buhler (1998) Enzymes hydrolyzing organophosphates as potential 

catalytic scavengers against organophosphate poisoning, Journal of Physiology-Paris, 92 (5-

6), 357-362, DOI: 10.1016/S0928-4257(99)80005-9 with permission from Elsevier 

 

Figure 1.6: Adapted from Frank M. Raushel (2002) Bacterial detoxification of 

organophosphate nerve agents, Current Opinion in Microbiology, 5 (3), 288-295, DOI: 

10.1016/s1369-5274(02)00314-4 with permission from Elsevier 

Chapter 3: A novel biosensor for the detection 

of organophosphorus (OP) based pesticides 

using Organophosphorus acid anhydrolase 

(OPAA) -FL-variant 

Text: Portions adapted from Monika Jain, Priyanka Yadav, Bhavana Joshi, Abhijeet Joshi & 

Prashant Kodgire (2021) A novel biosensor for the detection of organophosphorus (OP)-

based pesticides using organophosphorus acid anhydrolase (OPAA)-FL variant, Applied 

Microbiology and Biotechnology, 105, 389-400, DOI: 10.1007/s00253-020-11008-w with 

permission from Springer Nature Customer Service GmbH 
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